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ABSTRACT

The main goal of this work is the development of a procedure that would allow obtaining the moment
capacity of a column base under combined biaxial bending and axial force.

The component method prescribed in EN 1993-1-8 for the design of column base connections is firstly
described. The method allows the calculation of moment capacity and initial stiffness of the joint
under combined axial force and bending about the major axis.

A numerical model is developed in ABAQUS and validated with data obtained from experiments
carried out at Brno University of Technology. The tests included strong axis bending and biaxial
bending of a simple column base. Then, the column base model is subjected to bending about the
strong axis, with a proportional loading, and the obtained results (moment capacity and initial
stiffness) are compared with the component method results.

Afterwards, an analytical model for the design of column bases subjected to weak axis bending is
introduced. A moment-moment interaction curve is proposed that allows obtaining the resistance of
column bases under out-of-plane bending.

The procedure for obtaining the resistance and stiffness of the column base subjected to weak axis
bending is achieved by modifying the existing component method so that it is suitable for this type of
loading. The interaction curve is created based on the resistances for bending about the main axes. The
validity of the proposed model is checked against the results obtained from nonlinear analysis
performed in ABAQUS.

KEYWORDS: steel structures, column bases, component method, weak axis bending, biaxial bending.
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RESUMO

O objetivo principal deste trabalho é o desenvolvimento de um procedimento que permite a obtencao
do momento resistente da base de um pilar metélico quando sujeita a flexdo desviada composta.

Em primeiro lugar, o método das componentes proposto na norma EN 1993-1-8 para o
dimensionamento bases de pilares é descrito. O método permite o célculo do momento resistente e da
rigidez inicial da ligagdo carregada segundo o eixo principal de maior rigidez (i.e., forga axial e flexdo
segundo o eixo forte). Este analisa 0s componentes principais separadamente e, em seguida, procede a
assemblagem das suas caracteristicas para obter o comportamento da ligacéo.

Apresenta-se o desenvolvimento de um modelo numérico no programa ABAQUS, o qual é validado
com resultados obtidos através de ensaios experimentais realizados na Brno University of Technology.
Os ensaios incluiram flexdo segundo o eixo principal e flexdo desviada de uma base de pilar simples.
Posteriormente, a base do pilar deste modelo é sujeita a flexdo segundo o eixo forte e os resultados
obtidos (momento resistente e rigidez inicial) sdo comparados com o0s resultados do método das
componentes.

De seguida desenvolve-se um modelo analitico para o dimensionamento de bases de pilares sujeitas a
flexdo segundo o eixo fraco. Propfem-se também uma curva de interagdo que permite obter a
resisténcia da ligagdo quando sujeita a flexdo desviada.

O modelo analitico baseia-se na modificagdo do método das componentes proposto na norma
EN1993-1-8, de modo a ser adequado para este tipo de carregamento. A curva de interagdo é criada
com base nos momentos resistentes da flexdo segundo os eixos principais. O modelo ¢é validado com
resultados obtidos de analises ndo lineares efetuadas no programa ABAQUS.

PALAVRAS-CHAVE: estruturas metalicas, bases de pilares, método das componentes, flexdo segundo o
eixo fraco, flexdo desviada.
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Design axial load [KN]

Design capacity in tension/compression [KN]

Design resistance [KN]

Prying force [KN]

Plastic section modulus [mm?]

Length [mm]
Length [mm]
Effective width [mm]

Bolt diameter [mm]
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Eccentricity [mm]

Characteristic strength of concrete [Mpa]

Design strength of concrete [Mpa]

Ultimate tensile strength of the bolt [Mpa]

Ultimate tensile strength of structural steel [Mpa]
Nominal value of the yield strength of structural steel [Mpa]
Height [mm]

Stiffness of bolt [mm]

Stiffness of compressed part [mm]

Stiffness of plate [mm]

Stiffness of tension part [mm]

Effective length of T-stub [mm]

Distance between threaded bolt and headed stud [mm]
Plastic moment capacity per unit [mm]

Distance between bolts and location of the prying [mm]
Initial stiffness [MN.m/rad]

Material thickness [mm]

Thickness of T-stub flange [mm]

Thickness of T-stub web [mm)]

Lever arm of tension/compressed part [mm]

Latin symbols

6
Yc
Ymo

Ym2

XVi

Material coefficient

Partial safety coefficient for concrete

Partial safety coefficient for resistance of any cross section
Partial safety coefficient for resistance for steel
Deformation [mm]

Strain

Poisson’s ratio

Stress [MPa]

Rotation [rad]
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1

INTRODUCTION

1.1 SCOPE OF THE DISSERTATION

One of the biggest problems in steel structures is the connection between the various elements, namely
beam-to-column joints or column bases joints. The mechanical properties of these joints are known to
have big influence on the behavior of the structure, thus, their characterization is very important for
the structural frame analyses and design process.

Regarding column bases, they are one of the most important structural components since their function
is to transfer the acting loads of the superstructure to the foundation system. However, they are still
one of the least studied structural elements. Compared to the beam-to column joints, where there are
more than thousands of published tests, the number of tests on column bases is very small.
Furthermore, within the existing studies concerning column bases, most of them focused on strong
axis bending, very few about weak axis bending and almost none about biaxial bending.

The analytical method that is currently used for studying column bases is the component method
which is described in EN 1993-1-88[1]. It analyses the behavior of the joint when subjected to in-
plane-bending (strong axis bending). However, there is no method that provides the mechanical
properties of the joint when subjected to weak axis bending or biaxial bending.

Consequently, it is very difficult or almost impossible to predict the behavior of column bases in out-
of-plane bending. The accurate way would be to model the joint by a Finite Element Method (FEM).
However, models based on FEM are very complicated and, consequently, very time consuming.
Therefore, the main objective of this work is to provide an analytical method for obtaining the
resistance of column bases under biaxial bending.

1.2 OBJECTIVES

The primary objective of this dissertation is to evaluate the structural behavior of column bases under
biaxial loading conditions. Therefore, there was an effort for obtaining a procedure, based on the
component method described in EN 1993-1-8[1], which would allow the designers to get the joint’s
moment capacity for biaxial bending. Thus, the work presented in this dissertation was divided into
the following tasks:

= Literature review about column bases and the component method (for bending about the
strong axis);

= Searching for existing experiments on column bases that are suitable for comparing with
the component method,;
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= Development of a humerical model, validated against experimental results, and compare
numerical results with the ones provided by the component method (which is described in
EN 1993-1-8 [1]);

= Development of a method that studies the behavior of column bases under weak axis
bending;

= Generation of an interaction curve between the moment capacities for bending about the
main axis (Mygqand M, gq), Which provides the resistance of the column base for any type
of bending;

= Validation of the analytical model based on comparisons with numerical results.

1.3 CHAPTERS OVERVIEW
The current dissertation is organized in five chapters.

The introduction of the topic of the work as well as the objective and organization of the thesis are
presented in the first chapter.

The second chapter contains the literature review about column bases and the method that is in current
use for studying its behavior when subjected to strong axis bending. This method corresponds to the
component method which is in accordance with EN 1993-1-8 [1]. This chapter also contains the
classification of column bases according to that standard.

The third chapter introduces a numerical model which is created through the Finite Element program
ABAQUS. This model is validated with test results, obtained by an experiment carried out on a simple
column base, by Brno University of Technology. These tests included in-plane bending (strong axis
bending) and out-of-plane bending (biaxial bending). The numerical model is then subjected to strong
axis bending with a proportional loading and the results are compared with the ones provided by the
component method.

In the forth chapter, an analytical model is proposed including not only a method that studies the
behavior of column bases subjected to weak axis bending, but also a moment-moment interaction
curve. This curve allows the calculation of the moment capacity of column bases under any type of
bending. Afterwards, the method is validated by the comparison with numerical results. The chapter
closes with a presentation of a worked example.

The fifth and final chapter presents the conclusion of the work and some aspects that should be
improved in further works on this topic.
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2

STATE OF THE ART

2.1 INTRODUCTION

One of the most important structural elements in steel structures is the column base, especially when it
is designed for resisting bending moments. The loads applied in the column have to be transferred by
the anchor bolts and the base plate to the corresponding foundation.

Despite its important role, there is not much concern about their design. This normally leads to
expensive and often inappropriate solutions. Bad solutions could also lead to a big risk for the safety
of the structure.

This chapter presents the most common design of column bases as well as the main elements of it.
Besides that, the most significant characteristics of these elements are also described.

Regarding the study of the behavior of column bases under strong axis bending, the method that is
currently in use is the component method which is described in Eurocode 3 [1]. This method will be
fully described at the current section of the work. The classification of these joints according to
resistance and stiffness is also introduced.

2.2 DESIGN OF COLUMN BASES

A column base connection is a special type of joint that connects the steel column to its foundation
which function is to transfer the loading from the supported member to the supporting member. The
most common type of connection is the exposed base plate (see Figure 2.1a ), but they can also be
embedded in the concrete, as shown in Figure 2.1b). This dissertation is only going to focus on the
exposed ones, since the embedded ones are much less common and demand a different study.

|
|
l
|
y|

al b)

Figure 2.1 - Column bases: a) Exposed column base, b) Embedded column [2]
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The main elements of exposed column base plates, also known as anchored base plate, are (see Figure
2.2):

= column foot;

= base plate welded to the column foot;
= mortar layer;

= anchored bolts;

= concrete block (foundation).

Sometimes the joint can be reinforced using stiffeners. In addition, if necessary, the joint could be
added with a shear resisting key (shear lug).

'\\.\; e Steel Column
weld | Nt
|
Cement Mortar - EL 1 E\_//Basc Plate
Projection of I Anchor Rod

Foundation T

. I .
Anchoring Plate | " Anchoring Nut
-

Foundation
\

Figure 2.2 — Elements of exposed column base [3]

2.2.1 BASE PLATE

A base plate is a steel sheet that is welded to the column. Its main purpose is to increase the contact
area between the column and the concrete block, which will decrease the stress in case of compression
and prevent crushing of the concrete. Another function is to transfer the possible tension in the column
to the anchor bolts.

The welds are made around the whole cross section of the column and they can be designed according
to EN 1993-1-8 [1].

The most common shape of base plates is rectangular and its dimensions are determined by the
effective area method. The method takes into account the area required to transmit the compressive
forces under the base plate at the appropriate strength of the concrete [4]. The calculation of the area is
based on estimation of the effective width or outstand width, c (see Figure 2.3).

Figure 2.3 - Outstand width (c) representation [5]
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Regarding their strength, base plates are roughly sorted according to whether the thickness is smaller,
equal to, or greater than that required to form a plastic hinge in the plate [3]. In Figure 2.4, the three
types of base plates and their expected deformed shapes are illustrated.

8. tot e .‘Dt B I‘tot
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— v \
|\\ / "\II /J
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i . J
TYPE I BEHAVIOR TYPE I1 BEHAVIOR TYPE 1l BEHAVIOR
"THICK PLATE" "INTERMEDTATE PLATE" "THIN PLATE"

Figure 2.4 - Base plates types of behavior [3]

Rigid plates, or thick plates, are the strongest ones but the most likely to present a non-ductile
behavior due to fracture of anchor bolts or the development of crushing and spalling failure of the
grout for large rotations [3]. Flexible plates, or thin plates, have a ductile behavior, in which the
inelasticity is concentrated in the base plate itself. In the case of semi-rigid plates, the failure is due to
the anchor bolts as well as the base plate.

2.2.2 MORTAR LAYER

The contact between the steel plate and the concrete block is provided by the mortar layer allowing the
transition of shear forces from the column to the concrete footing by the friction between themselves.
Its thickness is usually taken as 0.1 (max 0.2) the width of the plate [2].

In the construction process of exposed column bases, this element is the last to be materialized. A
specific space between the base plate and the concrete block is left to be later filled with the mortar.
Sometimes, the base plate has holes so that the air stuck in the process of inserting the grout can
escape, usually when the base plate is thick [6].

2.2.3 CONCRETE BLOCK
The concrete block is the foundation of the column which function is to transfer the loads to the
ground and they are dimensioned according to specific soil conditions.

The method for their design is based on calculation of the effective rigid area under the flexible plate.
The bearing strength of concrete is recalculated into the design value of compressive strength, f.4[2].
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2.2.4 ANCHOR BOLTS

The main purpose of the anchor bolts is to hold down the column by transferring the tensile loads to
the corresponding foundation. These loads may appear in form of pure tension or tension in one side
of the column caused by a bending moment.

There are various types of anchor bolts, as shown in Figure 2.5, and they should be chosen according
to the appropriate conditions. The most common ones are the cast-in-situ anchor bolts and hooked
bars, since they are the most economic ones. Anchoring to grillage beams embedded in the concrete
foundation is designed only for column bases loaded by large bending moment, because it is very
expensive.

Figure 2.5 — Types of anchor bolts: a) cast-in-situ anchor bolts, b) hooked bars, ¢) undercut anchor bolts,
d)bonded anchor bolts, e) grouted anchor bolts, f) anchoring to grillage beams [5]

To avoid brittle failure, the collapse of the anchoring should be avoided and the collapse of anchor
bolts is preferred. For seismic areas, the failure of the column base should occur in base plate rather
than in the anchor bolts because the plastic mechanism in the plate ensures ductile behavior and
dissipation of energy [7].

The bolt resistance is easy to estimate (can be found in EN 1993-1-8 [1]) but the anchoring resistance
calculation is very complicated and not convenient for practical design. Each anchoring has a different
failure mode and consequently a different type way of calculating the resistance. This essay will not
focus on this matter.

The concrete block failure for the in-situ-cast anchors is prevented by concrete reinforcement or by
limited pitch ppin=5d (minimum value is 50 mm) and the edge distance eyj,=3d (minimum value is
also 50mm) [2].

2.3 COMPONENT METHOD FOR COLUMN BASES UNDER STRONG AXIS BENDING

Nowadays, the most common method for analyzing steel and composite joints is the component
method. This method basic principle consists in determining the complex non-linear joint response
through the subdivision into basic joint components and each one contributes to its structural behavior
by means of resistance and stiffness.

The component method also allows the designers to take options more efficiently where the
contribution of each component can be optimized. Thus, the main advantage of the component method
is the possibility to analyze an individual component no matter the type of joint [8].
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The procedure of this method consists on the following steps:

1) Identification of the basic components;

2) Characterization of the mechanical properties of each component;

3) Assembly of the component properties to obtain the properties of the connection;
4) Classification of the joint;

5) Modeling.

The joint components are usually independent of each other and their behavior is easy to describe.
They are generally divided by the type of loading (tension, compression and shear), obtaining the
following main components (see Figure 2.6):

= Base plate in bending and anchor bolts in tension;

= Base plate in bending and concrete block in compression;
= The anchor bolts in shear;

= Column web and flange in compression.

Anchor bolts in tension and NS
bending of the base plate . H: l _
! ' \ # Column ﬂzmgé and web in compression
| | T .
A | _ _ . Conerete in compression and bending
R . o i of the base plate - i -.
| s

o Optloml.stlffmler & @ e & :
P on both sides h X P I ] | |
L —=-c —-== : |
I
I
© @ kil I

Figure 2.6 - Components of column base with anchored base plate [5]

These components are related to the column bases with open sections and anchored base plates,
however the component method is also applicable for other types of column bases if the right
components are chosen.

The most relevant mechanical properties of the components are: resistance, Fq, stiffness, K, and
deformation capacity, dcq. With these parameters it is possible to obtain a curve that reproduces the
component behavior, see Figure 2.7.
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Figure 2.7 - Characteristics of the component [9]

The assembly procedure consists of combining the mechanical properties of each component to obtain
the joint behavior, which can be reproduced by the moment-rotation curve. As it is shown in Figure
2.8, the rotational stiffness, s;, corresponds to a secant stiffness in the moment-rotation curve and the
initial stiffness, s;;n, corresponds to the initial slope of the curve (elastic phase) [10].

Moment
Mgy
Mgqg
2
sMra| [ K
Sj.ini

Rotation

Figure 2.8 - Moment-Rotation curve of the joint [9]

The joint is classified in terms of resistance and stiffness with the purpose of simplification of the joint
behavior under the frame analysis.

The final step is the modeling, which is required to determine how the mechanical properties of the
joint are taken into account in the frame analysis.

2.3.1 BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION

When the column base is loaded with a bending moment, the anchor bolts in the tensile zone are
activated to transfer the applied force and the column base is deformed. This deformation consists of
the elongation of the anchor bolts and bending of the base plate. The failure of the tensile zone can be
caused by: the yielding of the base plate, the failure of the anchor bolts or a combination of both
phenomena [7].

The behavior of this component is described by the help of a T-stub model based on similar
assumptions as used in beam-to-column connections. However, there are some differences between
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their properties and behavior that have to be taken into account. The column base plate has different
requirements from the base plate in the beam-to-column connections since it is designed primarily for
the transmission of compressive forces, which leads to a thicker base plate and longer anchor bolts.
The influence of pad and bolt head might be higher.

In this procedure, the tension part is replaced by a T-stub with a width corresponding to the effective
length, I, see Figure 2.9, so that the loading capacity of the T-section is identical to the resistance of
the corresponding component.

Column flange

eff

Figure 2.9 — a) Tensile zone and equivalent T-stub for bending moment in strong axis [9]; b) Schematic
representation a T-stub [10]

When analyzing this model, two cases should be considered according to the presence of prying
action. In the first case, the bolts are considered as flexible and the base plate as stiff. When loaded in
tension, the plate is separated from the concrete foundation (see Figure 2.10). In the other case, the
edge of the plate is in contact with the concrete and prying occurs, which means that the bolts are
loaded by additional prying force, Q.

Figure 2.10 - T-stub separated from the concrete block [10]

The boundary between these two cases, of prying or no prying, has to be determined and the length of
the bolt is an indicator of this phenomenon. However, not all the bolt length is subjected to
deformations. Therefore, an active length of the bolt needs to be calculated and compared with the
minimum length required to exist prying forces.

To find this limit, the case of prying is studied and beam theory is used to describe deformed shape of
the T-stub [10] (see Figure 2.11).
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Figure 2.11 — Beam model of T-stub and prying force Q [7]

The deformed shape of the curve is derived from the following equation:

EI§" =—-M 2.1)

After writing the above equation for both parts (1) and (2), by the application of suitable boundary
conditions, the equations could be solved. The prying force, Q, is derived from these solved equations
as [10]:

F 3(m?nAg,—21)
2

C=2Twa, Gm+m +31L,1

2.2)

The boundary between prying and no prying is defined by the previous equation when n=1.25m.
Therefore, the minimum length for no prying is:

Ly = 78'18 m A; 2.3)
effat
Where:
A, - Tensile stress area of the bolt
L, - Equivalent length of the anchor bolt (see Figure 2.12)
ler - Equivalent length of the T-stub determined by the help of Yield line method, presented

in following part of the work

10
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\@

Figure 2.12 - Equivalent length of anchor bolt [2]

The equivalent length of the anchor bolt, Ly, is calculated according to Figure 2.12 as:
Lp = Lpe + Lyy (2.4)
Where:

Ly, =8d (2.5)

2.3.1.1 Component resistance

In EN 1993-1-8 [1], three collapse mechanisms of the T-stub are described (shown in Figure 2.13).
These modes can also be used for T-stubs in contact with the concrete foundation [7].

MODE 1 MODE 2 MODE 3

LES

e
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Figure 2.13 - Failure modes of the T-stub in contact with the concrete foundation [2]

11
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These collapse modes are characterized as [2]:

= Mode 1 —occurs when the T-stub is composed by a thin base plate and high strength
anchor bolts. The plastic mechanism takes place in the plate.
= Mode 2 —is a transition between Mode 1 and 3. The collapse is caused by mixed failure of
anchor bolts and base plate.
= Mode 3 —happens for T-stubs with thick base plate and weak anchor bolts thus the failure
is due to the bolts.
The design strength for the case of prying is then the smallest value of the previous modes resistances.

However, since the column bases have longer anchor bolts than beam-to-column connections, bigger
deformations may arise [10]. This can lead to a different failure mode that is not likely to appear in the
beam-to-column joints (Mode 1-2). This mode is similar to the mode 1 but the failure is due to
yielding of the base plate without reaching the bolt strength. As shown in Figure 2.14, the plate is
separated from the concrete and no prying occurs for this mode.

f

Figure 2.14 - T-stub without contact with the concrete foundation [2]

In Mode 1-2, after large deformations of the base plate, the contact between the edges of the plate and
the concrete foundation can develop again [7]. Thus, the bolts are subjected to additional traction loads
until failure is obtained by Mode 1 or 2. However, to reach the resistance necessary for collapse in
these modes, very large deformations are observed which is not acceptable for design. The additional
resistance between Mode 1 and Mode 1-2, which is represented in Figure 2.15, is disregarded.

Thereafter, in case of no contact of the T-stub and the concrete the failure results either from the
anchor bolts in tension (Mode 3) or from yielding of the plate in bending (Mode 1-2).

12
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Figure 2.15 - The design resistance of the T-stub [10]

The following formulas associated to each resisting mechanism can be found in Table 6.2, cl. 6.2.6.5
of EN 1993-1-8 [1]. For modes 1 and 2, the European code provides two methods of calculation, but
this work is only going to focus on method 1.

Mode 1:
4Mpy 1 Ra
Frira = —:n (2.6)
Mode 2:
2 Myipra 1 X Fera
Frora = £ p——— (2.7)
Mode 3:
Frsra = XFtra (2.8)
Mode 1-2:
2 Mpi1-2ra
Friora = 7pm (2.9)

Since my,rq is the plastic bending moment capacity of the base plate per unit:

1t%f,
MpLRa = Z_]/MO (2.10)

13
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The plastic moment capacity for Mode i (i=1,2,1-2), Myirq , iS this value multiplied for its according

lefri -

1t%f,
Mpiira = 2lef fi Myira = Mpiira = Xlef f; ZWZ (2.11)
The Firq is the design resistance of a single bolt and it is given by (EN 1993-1-8 Table 3.4):
_ 0,9 fuhAs
Fipg=—" (2.12)
VYm2
In summary, the design resistance Frgq Of the T-stub for the case of prying action is:
Frra = min(FT,l,Rdx Frarar FT,S,Rd) (2.13)
And for the case of no prying action:
Frra = min(Fm—z,Rdx FT.3,Rd) (2.14)

2.3.1.2 Effective length of the T-stub

In the design procedure, the appropriate effective length should be chosen according the failure mode
of the T-stub. The smallest value obtained for the possible yield mechanisms of each mode is used
when characterizing the T-stub.

The yield line patterns are divided in two groups (watch Figure 2.16):

= Circular patterns — le cp;
= Non circular patterns — lg nc.

®®

p N

(a) (b)

Figure 2.16 - The yield line patterns: a) circular patterns, b) non-circular patterns [7]

The main difference between them is related to the influence of prying forces. For example, if prying
forces have influence in the calculation of the T-stub resistance, only the non-circular patters can be
developed. Thus, the patterns are taken into account in the failure modes as follows [7]:

Mode 1: Prying forces do not have influence on the development of plastic hinges in the base plate.
Thus, both circular and non-circular yield lines can occur in this mode.

Mode 2: First, the plastic mechanism develops in the base plate, closer to the web of the T-stub, which
leads to contact between the plate’s edges and the concrete block. As a result, prying forces are
developed in the anchor bolts leading to the fracture of the bolts. Therefore, only non-circular patterns
are possible in mode 2, since they are the ones that allow development of prying forces.

14
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Mode 3: This mode does not include any yielding of the base plate, thus, no yield patterns are
considered.

Mode 1-2: Since prying does not occur in this mode, both circular and non-circular patterns have to be
taken into account.

Summarizing, the effective length is:
= Mode 1 (index p=prying)
lepra = min(legs.cpi Legrnc) = Min(ly 13 p2i p3i L as bpsi i L) (2.15)
= Mode 2
legra = min(legsnc) = min(la; bsi bpsi p.7) (2.16)
= Mode 1-2 (index np=no prying)

lerpa-2 = Min(legs.cps leprne) = MiN(lnp,15 bnp,2; bnp 3 bnp s lnp 5 np.65 np,7) (2.17)

Finally, Table 2.1 indicates the formulas of the effective lengths for typical base plates (i.e. two bolts
at the tension zone) in cases of prying and no prying, organized by circular patterns and non-circular
patterns. It includes only cases where the bolts are located on the flanges side, no yield lines are given
for corner bolts.

The formulas of the prying case can be found in Table 6.6 of EN 1993-1-8 [1] and the ones of no
prying case were taken from [7] where similar mechanisms for the case of no contact are introduced.
All the illustrations of the mechanism were taken from [9] and the symbols used represent distances,
see Figure 2.17. There are also formulas for the inside bolts, however this paper will only focus on
exterior bolts.

ex m 0.8a\/2—

L

Figure 2.17 - Geometry and distances of the tension zone
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Table 2.1 - Effective length of a T-stub in case of bending about the strong axis [7]

l,1 = 2mm (2.18)

lnp1 = 2mm (2.19)

R

l,e =2m+ 0,625¢e, + e (2.28)

lnpe = 2m + 0,625e, + € (2.29)

Circular l,> = mm + p (2.20) lnp,, = 2rm + 2p (2.21)
patterns
>7 lps =mm+2e (2.22) lups = Tm + 4e (2.23)
E lpa =4m+1,25e, (2.24) lupa = 4m + 1,25e, (2.25)
[zé lps =2m + 0,625e, + 0,5p (2.26) lnps = 2m + 0,625e, + 0,5p (2.27)
Non
circular
patterns i

L

L,, = 0,5b (2.30)

Lnp7 = 0,5b (2.31)

16
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2.3.1.3 Component stiffness

The stiffness of the T-stub is determined through the deformation of the base plate in bending and the
deformation of the bolts in tension. As for resistance, its calculation depends on whether there is
contact or not between the edges of the base plate and the concrete foundation. The method for its
calculation is described in [7].

When prying does not occur, the formula of the plate deformation is:

5 = F m® F
PT23El Ek, (2.32)
And the deformation of bolt in tension is:
_F L, F
=3 A4.E Ek, (2.33)
Where | is the inertia of the base plate’s cross section:
ler mit?
= 2.34
I 1 (2.34)
And the effective length of the T-stub for elastic behavior is assumed as [7]:
legrini = 0,85 lesr (2.35)

Then, stiffness coefficients of the base plate and the bolts are obtained (they can be found in Table
6.11 from Eurocode 3 [1] as Kisand Ky, respectively):

0,425 Lss t3

k, = kys — (2.36)
2A

ky = kyg = D s (2.37)
b

For the case of prying, the stiffness coefficients were obtained through the deformed shape of the
beam model from Figure 2.11. They are as follows (this also can be found in Table 6.11 of Eurocode 3

[1]):

0,85 lpf t3
ky, = kys = TZ (2.38)
1,6 A
ky = ks = T S (2.39)
b

Finally, the stiffness of the component base plate in bending and anchor bolts in tension is obtained:

1 1
ky =7—+—— (2.40)
k,  ky

2.3.2 BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION

The component base plate in bending and concrete in compression represents the compressed part of
the column base connection. Its resistance depends mostly on the bearing strength of the concrete
under concentrated force and it is calculated by replacing the flexible plate by an equivalent rigid
plate. This is done by considering the effective area that corresponds to the footprint of the column.

The grout layer is also considered in the resistance calculation of this component since it has influence
on it. Other important factors which influence the compression resistance are: the concrete strength;

17
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the compression areas; the relative location between the base plate and the concrete block; and the size
of the concrete foundation.

The concrete in compression is mostly stiffer in comparison to the anchor bolts in tension. Thus, the
stiffness behavior of column base connection subjected to a dominant bending moment is dependent
mostly on elongation of anchor bolts. The deformation of concrete block and base plate in
compression is only important in case of dominant axial compressive force [10].

2.3.2.1 Component resistance

The design model for resistance of the component base plate in bending and concrete in compression
is described in [11] and is in accordance with cl. 6.2.5 of EN 1993-1-8 [1].

The resistance of this component, Fcprg, €Xpecting the constant distribution of the bearing stresses
under the effective area, is given by (can also be found in cl. 6.2.5(3)):

FC,pl,Rd = fjd beff leff (2.41)

Where b and I are the dimensions of the T-stub rigid plate, which is equivalent to the flexible base
plate of the component, and fjq is the design value of the bearing strength of the concrete (loaded by
concentrated compression), which is determined as follows:

_ .Bj FRd,u

fia = 2.42
T8 bogs legy (242)

There, 6; is the joint material coefficient and it represents the fact that the resistance under the plate
might be lower due to the quality of the grout layer. The value 2/3 is used in cases where the
characteristic resistance of the grout is at least 0.2 times the characteristic resistance of concrete and
the thickness of the grout layer is 0.2 times bigger than the smallest dimension of the base plate. In
case of a high quality grout, a less conservative procedure with a distribution of stresses under 45° may
be adopted [11], see Figure 2.18. If the layer thickness is superior to 50mm, the characteristic value of
its resistance should be at least the same as the concrete foundation [1].

C ! C

Figure 2.18 - Stress distribution in the grout [5]

And Fgq, is the design resistance for a concentrated compression determined according to cl.6.7(2) of

EN 1992-1-1 [12]:
A
Frau = Aco fea /A—; < 3,0 fea Aco (2.43)
C
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Steel column bases under biaxial loading conditions

Combining formulas (2.42) and (2.43), fis emerges as:

,A
.BjACO fcd AC1 3 ()f
1 d
fu =00 g g |G < PR (2.44)
c0 CO

Where A is the loaded area and, according to [1], it is equal to b.rs X l.rrr. Knowing that these
effective lengths are dependent on the effective width ¢, which in turn is dependent on fj (it will be
demonstrated later in this work), this would lead to an interactive procedure for the calculus of all
these parameters. However, in [11] is proposed that as a first approach, when calculating fjq, A, would
be considered as the area of the plate:

Ao =ab (2.45)

And A, as the corresponding maximum spread area obtained by considering the geometry conditions
imposed by cl.6.7(3) in EN 1992-1-1 [12] (see Figure 2.19):

Ay = ayb, (2.46)
a+h
a, = min[ 3a (2.47)
a;
b+h
b, = min{ 3b (2.48)
b,
Where:
a,b - Dimensions of the plate;
a;,b; - Dimensions of the concrete block;
h - Height of the concrete block;
axb, - Dimensions of the maximum spread area.

Therefore, formula (2.44) becomes:

’ b,
f ﬁ] fcd ab < 3fcd (2-49)
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Load axes

h=(by-b)

z(a-a)

\#
[
&

Ac]

Figure 2.19 - Design distribution for concentrated forces, adapted from [12]

The equivalent width ¢ of the T-stub is then determined assuming that no plastic deformations will
occur in the flange of the T-stub [11]. The formula for its calculation is derived by equating the elastic

bending moment capacity and the acting bending moment on the base plate. The distribution of forces
in the compressed T-stub is represented in Figure 2.20.

Fa

r

T s

Figure 2.20 — Distribution of forces in the compressed T-stub [11]

Therefore, the elastic bending moment per unit length of the base plate is:

1.,/
M =—t2=2 2.50
6 Ymo ( )
And the bending moment per unit length acting on the base plate is:
14 1 2
M = Efjdc (2.51)
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When the moments are the same (formula (2.50) is equal to (2.51) ), means that the plate reaches its
bending resistance and, therefore, the equivalent width is obtained [11]:

_ fyk
c=t ’3 fjd oo (2.52)

The effective lengths (bes and les) Of the equivalent rigid plate are obtained so that the T-stub resistance
to compression is the same as the component it represents. When the projection of the compressed
component represented by the T-stub is less than the effective width, ¢, these lengths are obtained by
adding c to the dimensions of the flange, as shown in Figure 2.21b). However, when the projection is
short (Figure 2.21a) ), the part of the additional projection beyond the width ¢ should be ignored.

i
W

Ie
b e
-
= CH JL: clict
Der (a) bes {b)

Figure 2.21 - Area of the equivalent T-stub in compression: a) short projection; b) Large projection [12]

Thus, these effective lengths are calculated according to:
bess = min{c; (a —h.)/2} +ty +c (2.53)

. b
lefr = min {bc +2c (2.54)

2.3.2.2 Component stiffness

The method for predicting the stiffness behavior of the T-sub under compression is described in [11],
which is based on assumptions similar to those made for the component resistance, i.e., the flexible
plate is replaced by an equivalent rigid plate. First, the deformation of the rigid plate is expressed and
then, the flexible plate is substituted, based on the same deformations of the rigid plate.

Regarding the elastic stiffness, it is influenced by the following factors [2]:

= flexibility of the plate;

* Young’s modulus of the concrete;

= quality of the concrete surface the grout layer;
= size of the concrete block.

However, the influence of the block size can be neglected in practical cases [11].
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About the rigid plate, when it is loaded with compression, the rectangular plate is pressed down into
the concrete block. This leads to a deformation of the plate, which can be determined by theory of
elastic semi-space:

8, = Fl'saAar (2.55)
ctip

Where:

F - Applied compressed force;

a - Shape factor of the plate dependent on the mechanical properties;

L, a, - Length and width of equivalent rigid plate, respectively;

E. - Elastic modulus of concrete;

A - Area of the rigid plate, A, = L, a,.

Table 2.2 lists values for a dependent on the Poisson coefficient of the compressed material (v =
0,15 for concrete). The table also provides the approximation for a, which is given by 0,85,/L,./a, .

Table 2.2 -Factor a and its approximation for concrete [11]

1 0,90 0,85
15 1,10 1,04
2 1,25 1,20
3 1,47 1,47
5 1,76 1,90
10 2,17 2,69

Considering this approximation, formula (2.55) can be rewritten as:

_ 085F
" i L a, (2.56)
The following step is to express the flexible plate by means of the equivalent rigid plate based on the
same deformations. For this purpose, half of a T-stub flange in compression is modeled as shown in
Figure 2.22 [11].

Figure 2.22 - Flange of a flexible T-stub [11]
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Steel column bases under biaxial loading conditions

Assuming that independent springs support the flange of a unit width, the deformation of the plate is
expected to behave according to a sine function [11]:

(1 x
6(x) =8 sin En a (2.57)

Where cy is the length of the flexible plate that is in contact with the concrete foundation, see Figure
2.22.

The uniform stress in the plate can then be replaced by the fourth differentiate of the deformation
3
multiplied by El, [11] (data related to the flexible plate, see Figure 2.22, where I,, = %):

. 1n‘*6_ 1 x _Et31n46_ 1 x
o(x) = El, 2 o sin chﬂ =E\2e, sin chﬂ (2.58)
From the compatibility of the deformations, the stress in the concrete part should be:
og(x)h
o(x) = Teq (2.59)
c

Where heq is the equivalent height of the concrete under the steel plate and it is assumed to be:
heq = ¢ st (2.60)
Hence, combining equations (2.57)(2.81), (2.58), (2.59) and (2.60), the flexible length is obtained:

3 2)* E
=t ’(H{Z) 4 I (2.61)

The equivalent rigid length, c,, is expressed so that the uniform deformations under the rigid plate
result in the same force as the non-uniform deformations under the flexible plate:

2
Cr = Cpy p (2.62)

The factor &, which is the ratio between he, and cq, needs to be estimated. Thereunto, the equivalent
height heq can be represented by a a,., where a, is equal to t+2c,. In addition, it is assumed in [11] that,
for practical T-stubs, the factor @ can be approximated to 1,4 and that t; is equal to 0,5c,. Hence,
through expression (2.60) and (2.62):

2c
aa, =&cy >1,405¢.+2¢,)=8c; >1,4X25x% Tﬂ= Scp > (2.63)

=&~ 2,2 (2.64)

Then, the equivalent rigid length for practical joints is obtained from formulas (2.61) and (2.62),
(Ec~30000MPa and E~210000MPa):

_ @2t B @D, 210000 1,98t 2.65
= 12 SE - 12 ““ 730000 = N7 (2.69)

2 2
G =G o= 1,981t == 1,25t (2.66)
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Thus, the dimensions of the T-stub are known:

befrs = ar =ty + 2¢, = bepr s = tp + 2,5 (2.67)
lofrs = Ly = be + 2¢, = losp.s = b, + 2,5t (2.68)
Where:
t - Thickness of the base plate;
tr -  Thickness of the flange;
b -  Width of the column.

It is important to notice that these effective lengths are only valid for means of stiffness.

Finally, the stiffness coefficient is derived from the deformation of the component, considering the
influence of the quality of the concrete surface and the grout layer. This influence is taken into account
by using a stiffness reduction factor equal to 1,5 [11]. Thus, the component stiffness is expressed by
(see Table 6.11 from EN 1993-1-8 [1]):

Ec beff,s leff,s

ke =k =—1 00— 27C (2.69)

2.3.3 COLUMN FLANGE AND WEB IN COMPRESSION
The compression resistance of the column flange and the adjacent compression zone of the column
web is taken from cl. 6.2.6.7 of EN 1993-1-8 [1].

The design resistance is then:

Fefera = Mera (2.70)
(hc - tf)
Where:
he - Depth of the connected column;
t - Flange thickness of the connected column;
M.rs - Design moment capacity of the column cross-section

According to cl. 6.2.5(2) of EN 1993-1-1 [13], the design moment capacity, M.rq, IS equal to design
plastic moment capacity, Mpjgrq:

Wy o fi
Mg pq = Mpl,Rd = 7;7) Y (2.71)
MO

2.3.4 ANCHOR BOLTS IN SHEAR

The design model for shear resistance is given in cl. 6.2.2 of EN 1993-1-8 [1]. The model considers
that for column bases that do not have any special element for resisting shear forces (e.g. shear lug),
they are transferred by friction between the plate and the grout and by the anchor bolts.

By increasing horizontal displacement, the force will also increase until it reaches the friction capacity.
After that, friction resistance stays constant with increasing displacements while the load continues to
be transferred by the bolts.
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Because the grout does not have sufficient strength to resist the bearing stresses between the bolts and
the grout, considerable bending of the anchor bolts may occur. This leads to the development of
tension in anchor bolts, see Figure 2.23. The horizontal component of the increasing tensile force gives
an extra contribution to the shear resistance and stiffness. The increasing vertical component gives an
extra contribution to the transfer of load by friction and increases resistance and stiffness as well [14].

ET F

‘D:m

a) notation D) forces,

Figure 2.23 - Behavior of an anchor bolt loaded by shear [14]

The friction resistance may be determined as follows:
Frra = Cra N ga (2.72)

Where Cqq is the friction coefficient between the base plate and the grout layer (for sand-cement
mortar C¢q =0.20). The N.gq is the design value of the normal compressive force in the column. Only
the anchor bolts in the compressed part of the base plate may be used to transfer shear force.
Therefore, if the normal force applied in the column is a tension force, the friction resistance is zero

(Ff’rd=0).

Regarding the design shear resistance of an anchor bolt, Fy, 4 bolt, it should be taken as the smallest
value of:

* Fiwra the design shear resistance of the anchor bolt ( calculate according Table 3.4 of
EN 1993-1-8 [1]);
ay fub As
Fivppa =——— (2.73)
Ym2
» F,.uwra the bearing resistance for the anchor bolt-base plate (formula from cl. 6.2.2 (7) of

EN 1993-1-8 [1])

ap fub As
Fypppa =———— (2.74)
Ym2
Where:
a, = 0,44 — 0,0003]‘3,1J (2.75)

Finally, the design shear resistance of column bases is given by:

Fyra = Frra + M Fyp ra (2.76)

Where n is the number of anchor bolts.
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2.3.5 COLUMN BASE ONLY SUBJECTED TO COMPRESSION

The resistance of column bases under simple compression is obtained according to cl. 6.2.8.2. of EN
1993-1-8 [1]. The model assumes that the resistance is given by three equivalent T-stubs which do not
overlap each other: one T-stub for the column web and two for the column flanges, see Figure 2.24.
The design resistance Njrq is obtained by adding the individual design resistance Fcgrq Of each T-stub
(calculated according to subchapter 2.3.2.1).

1-T-stub 1
2-T-stub 2
3-T-stub 3

Figure 2.24 - T-stubs under compression [1]

2.3.6 ASSEMBLY
2.3.6.1 Bending resistance

When analyzing the joint’s resistance, special attention should be given to the serviceability and the
ultimate limit states. For the ultimate limit state, the failure load of the connection is important but, at
this load large deformations of the joint and cracks in the concrete are expected. As a result, it is
important that, under service loads, the concrete will not fail. This would lead to cracks first, then,
with time, to a corrosion of the reinforcement of the concrete wall and, finally, to a failure of the
construction [10].

Based on the combination of acting loads (axial force, Ngg, and bending moment, Mgy), see Figure
2.25, three patterns can be identified:

NEeg Neg
% Meg /T\'A Meqg
1 | | I N | | i
I Zc) ‘ Zcr .T ‘.l ran| | ITr 4
] | z |
a) Column base connection in case of a b) Column base connection in case of a
dominant compressive normal force dominant tensile normal force
= | = | = ] = |
T ' I I ' I

v
NEeq Neg

Afi\ Meg % Meq

i | | i N | | i
T Zcy ‘ Ir l.' !’ G | Zer T
! z ! ! : |
¢) Column base connection in case of a d) Column base connection in case of a
dominant bending moment dominant bending moment

Figure 2.25 — Mechanical models of resistance for bending about the strong axis [1]
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Pattern 1 — dominant compression axial force and no tension in the anchor bolts. The collapse of the
connection is due to the concrete failure. (Figure 2.25a)

Pattern 2 — dominant bending moment leading to tension in one anchor bolts row and compression in
the concrete. When collapsing, the concrete strength is not reached and the failure is due to yielding of
the bolts or due to a plastic mechanism in the base plate. (Figure 2.25c and d)

Pattern 3 — dominant tension axial force which leads to tension in both rows of anchor bolts. The
collapse is due to yielding of the bolts or because of a plastic mechanism in the base plate. (Figure
2.25b)

The calculation of the column base resistance M;gq, based on the plastic force equilibrium on the base
plate and applied in cl.6.2.8.3 of EN1993-1-8 [1], is described in [15]. The equilibrium is made by
considering two reaction forces (Fcrq and Frrq) combined according Figure 2.25. The compression
force is assumed to be located at the centre of the compressed part and the tensile force at the anchor
bolts row or in the middle when there are more rows or bolts.

The tension resistance, Frrq, is calculated as presented in subchapter 2.3.1.1 (for prying case or no
prying case, respectively):

Frra = min(Fr,1 ra, Fr.z2,ras Fr3,ra) (2.13)
Frra = min(Fm—z,Rdx FT.3,Rd) (2.14)

The compression resistance, Fcrq, is taken as the minimum value of the resistance of the component
concrete in compression and base plate in bending, F¢prq (Subchapter 2.3.2.1), and the resistance of
the component column flange and web in compression, F. s rq (Subchapter 2.3.3):

Fera = min(Fepira; Fefera) (2.77)

For simplicity, only the contribution of the concrete under the flanges is taken into account for the
compressive capacity, Fepra (T-stub 2 from Figure 2.24, corresponding to the web, is omitted).

The method distinguishes between the resisting parts according to their location: right (index r) or left
(index I); which makes it easier to apply to non-symmetric joints.
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Equivalent rigid plate
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Figure 2.26 - Equilibrium of forces on the base plate in case of a dominant bending moment

The example of tension on the left and compression on the right (Figure 2.26) will be used to explain
how the formulas of the Table 6.7 of EN 1993-1-8 [1] were obtained. It is important to note that, when
the axial force is a tension force, the value of, Ngq, is positive. When it is a compression force, Ngg
assumes a negative value.

From the equilibrium equations:
Mgq < FryraZ — NgaZc,r (2.78)
Mgq < FerraZ + NeaZry (2.79)

Thus, the moment capacity is given by:

Frira 2 — Ngq Zcr

FcrraZz + Ngazr (2.80)

Mgy = min{

However, according to Eurocode 3 [1], the moment capacity of the joint is calculated for a given
eccentricity:

o= Mpg  Mpgq 281)
Ngg  Ngg '
Then, equations (2.78) and (2.79) can be rewritten as:
Friraz
Mgq < 57— (2.82)
/e +1
—Fcrraz 2.83
Mgy < Zri 4 (2.83)
fe+1
Hence, the moment of resistance of the joint, Migg, is:
( Friraz
Zc r/
o Te+1
Mjpqg = minq _ Fer naZ (2.84)
kZT,l/e -1

This case is valid for situations in which Ngg>0 and e>zy; or Ng<0 and e<-z,.
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Table 2.3 has all the formulas required to calculate the bending resistance of column bases for each
situation presented in Figure 2.25. The calculation of the lever arms is calculated in agreement with
the same figure.

Table 2.3 - Design moment capacity M;rq 0f column bases [1]

Neq>0 and e>zq Neq<0 and e<-z¢,
Left side in tension
zZ=2zZryt Zcy FriRrdZ —FcrRrdZ
Right side in compression The smallest value of 77 d =7,
T/o¥1 =1
Left side in tensi Neg>0 and O<e<zr, Neg>0 and -z, <e<0
eft side in tension
Z=2Zr+ Zry FriRdZ FryRdZ
Right side in tension The smallest value of z= d 77
T/e+1 He—1
Left side in compression Nes>0 and e<-zr, Neq<0 and e>z,
Z=Zcyt Zry —FcrdZ FTr,RdZ
Right side in tension The smallest value of 7z, d 7z
Tet+1 e+1

o ) Ngqg<0 and O<e<-zc, Ngqg<0 and z¢, <e<0
Left side in compression

Z=1Zc)+ Zcy —FcRdZ —FcrrdZ
Right side in compression The smallest value of ZCr) o and Zel
e e~

Mgg>0 is clockwise, Ngg>0 is tension

— Mea _ Mra

NEd NRd

2.3.6.2 Stiffness

The process for calculating the bending stiffness of column bases can be found in cl. 6.3.4 of EN
1993-1-8 [1] and is described in [15]. The procedure is based on the deformation stiffness of the main
components and it is compatible with beam-to-column model. The difference between these two
methods is that, in column bases, the normal force has to be introduced.

Thus, the mechanical model used for the calculation of the stiffness will depend on the combination of
the acting loads. Therefore, similarly to the resistance case, there are four possible basic collapse
modes, as shown in Figure 2.27.
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a) Column base connection in case of a b) Column base connection in case of a
dominant compressive normal force dominant tensile normal force
Neg Neg
,’i\ Mgy /f.MEd
i | ] | | N
) 4 o]
C'I.i Zcy | 1 '.FﬁT'r B ? Tl | Zer %6cr
| 2 | | 2 |
¢) Column base connection in case of a d) Column base connection in case of a
dominant bending moment dominant bending moment

Figure 2.27 - Mechanical models of stiffness for bending about the strong axis, adapted from [1]

As it has been mentioned above, this calculation method accounts for the contribution of the axial
force. Therefore, the initial stiffness is calculated for a given constant eccentricity, e. This means that
the method assumes proportional loading (normal force and bending moment increase in the joint by
the same ratio — €). In addition, the eccentricity, e, at which the rotation is zero, is also considered in

the process.
NEeg
Meq

ZT,r L ZC.r

Figure 2.28 - Mechanical model in the case of a dominant bending moment

The stiffness estimation of the components needed for the procedure was described in previous
sections of this work (stiffness of the tension component, kr , is presented in subchapter 2.3.1.3 and
stiffness of the compressed component, k¢, in subchapter 2.3.2.2).
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The method is now described for the example shown in Figure 2.28. The elastic deformation of the
base plate is expected and deformations of tension (dr,) and compression (dc,) parts are calculated:

50 = Fr,
Tl = m (2.85)
_ Fer (2.86)
6C,T - E kc‘r
Rewriting formulas (2.78) and (2.79) in function of the components resistance:
M Ng; zZ
Fpyz—2 4 20 (2.87)
Z Z
Mgy Ngq zr,
F, > —4 2B (2.88)
Z Z
And replacing these parameters of resistance in equations (2.85) and (2.86):
Mgy  Nga Zcr
—=a + —_—
S =2 Z g _ Mga + Nea Zer (2.89)
’ Ekr, ’ Ezkp;
M Ngq 27,
_ TEd Tz _ Mgg — Ngazr) (2.90)
O¢r=—"—F7——90, =
’ Ekc, ’ Ezkc,
The rotation of the column base can be calculated by:
b= 87+ 6cr b= 1 (Mgq+ Nga zcr 4 Mgq — Ngazr,
Z E Z2 kT,l kC,T (291)
Hence, the eccentricity, e, under zero rotation is obtained through expression (2.91):
1 (Nggey +Ngg zcy  Ngaex — NpaZrp\)
b=%, < P + ke =0 (2.92)
S e, = Zorker = ik (2.93)
ker + kry
The bending stiffness of the base plate depends on the acting moment:
Mgq
Sj.ini = T (2.94)
By knowing that e = ? = % the initial stiffness of the column base is derived based on the above
Ed Rd
formula [15]:
Mg, E z* e E z*
Sjini = =
Mgg + Ngger (1 1 ete, (1 1 (2.95)
et Nea & (L, + Yy, ) (Vi Vi)
The non-linear part of the moment-rotation curve (where 2/3M;rq <Megg<M);rq) is represented by the
stiffness ratio, u:
L4
MEd )
=(15 2.96
Iz < W, ra (2.96)

Here the coefficient ¥ is obtained from Table 6.8 of EN 1993-1-8 [1]. For base plate connections it
assumes the value of 2,7.
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Since 1=S;;nS; , the joint stiffness is obtained by:
P E 72 e
j =
”(l/kT + 1/kc)e + e

This means that for the elastic part of the curve u=1 (Mgg<2/3M;gq).

(2.97)

In conclusion, Table 2.4 presents the expressions for obtaining the rotational stiffness for the cases
shown in Figure 2.27.

Table 2.4 - Rotational stiffness for column bases [1]

Left side in tension

Right side in compression

Z = ZT,l + ZC,T

Negg>0 and e>zg

Ngg<0 and e<-Zc,

E z?

1 1 +
”( /kT,l+ /kc,r)e e

Z, kcr—zr 1 kT
where g, = =¢r—¢r ~TL7TL k:; e : L

Left side in tension

Right side in tension

z=2zrt 2z,

Ngg>0 and O<e<zr,

Negg>0 and -z7, <e<0

E z?

1 1 +
#( Jkp ot /kT,T>e Ck

ZrrKkrr—271 K
whereek:w

Left side in compression

Right side in tension

zZ = ZC,l + ZT,T

Neg>0 and e<-zr,

Ngg<0 and €>Zc,

E z?

1 1 +
1 (Yiegs+ ) SHE

Zry Rrr—2Zci ke

where e, = ke

Left side in compression

Right side in compression

Z=2Zc;+ Zcy

Ngg<0 and O<e<zg,

Ngqg<0 and z¢, <e<0

E z?

Zcrkcr—2zci1 k
whereekzw

1 1 +
ﬂ( Tkert /kc,r)e Gk

Mgq>0 is clockwise, Ngg>0 is tension

_ Mgq _ Mgg

NEd NRd

It is worth noting that there is also the possibility to compute the stiffness for cases of non-
proportional loading. Non-proportional loading means that the axial force is applied to the column
base first, and then the bending moment is applied (i.e. constant normal force and variable
eccentricity). However, this is not expected to happen in the reality of steel structures. Nevertheless,
most of the experiments done for this kind of joints are made with this type of loading.

Figure 2.30 shows the difference between the moment-rotation curves for proportional loading and
non-proportional loading. As it is easy to understand, the stiffness in the case of non-proportional
loading is higher than in the case of proportional loading. This is due to the presence of the axial force
in the column, which keeps the base plate in contact with the concrete in case of low bending
moments. Only when the axial force and the moment have the same value (Mgq=€« Neg), the rotations in
the joint are identical for both loading cases (rotation is zero) [16].
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For this type of loading, where the axial force is applied first, the initial stiffness is derived according
to:

Mgy — ey Ngg

Sjini = T .
1 3 (2.98)
Resulting expression is [9]:
E z2
Sj.ini =
1 1 (2.99)
(Y, + e,

This means that for these cases, the initial stiffness is calculated the same way as regular joints, like it
is described in EN 1993-1-8 [1] cl. 6.3.1(4).

Proportional loading

Nonlinear part of the curve

Plastification of one component

ZeNead ¢
Anchor bolts in tension and one flange in compression
€:.NEea
N Sjini
0 Rotation

Figure 2.29 - Moment-rotation curves for non-proportional loadings and proportional loadings [15]

2.4 CLASSIFICATION OF COLUMN BASE JOINTS

2.4.1 ACCORDING TO RESISTANCE

The classification according to resistance can be found in EN 1993-1-8 [1] cl 5.2.3. The joint is
classified as pinned, full-strength or partial-strength. When the design moment capacity of the joint is
lower than 25% of the design plastic moment capacity of the column, the joint is nominally-strength
(pinned). Whereas the full-strength joint has the design moment capacity superior to the design plastic
moment capacity of the column connected to it. This means that the column has the full capacity to
absorb all the acting loads, thus the plastic mechanism will happen in the column and not in the joint.
In addition, there is an intermediate state where the joint is named as partial-strength joint. In this case,
the plastic mechanism can develop in the joint resulting in a more ductile behavior and consequently a
redistribution of the internal forces.

In summary, the joint is classified as:

= Pinned if Mj,Rd<0125Mpl,rd
= Partial-strength if 0,25Mp; ¢ < Mjrs <Mpirg
= Full-strength: if M;rq >Mpi,rg
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2.4.2 ACCORDING TO STIFFNESS

Depending on the structural system (sway or non-sway frames), different rigid stiffness boundaries for
the classification of column bases may be derived. Derivation of the boundaries is based on a
sensitivity study of the structural system to the variation of the rotational stiffness properties of
column bases [16].

The limits that allow the classification of a joint as rigid are described EN 1993-1-8 [1] cl. 5.2.2.5(2).
In case the joint is part of a non-sway frame (where the bracing system reduces the horizontal
displacement by at least 80% and where the effects of deformation may be neglected), the joint is
classified as rigid if:

" <05
= 0.5<1,<3,93 and Sj;n =7(24, -1)El /L,
= Ao=3,93 and Sj,i =48EI /L.

Where A, is the slenderness of a column in which both ends are assumed to be pinned; I. and L. are the
inertia of the cross section of the column and the height of the column, respectively.

For all the other cases (sway frames), the joint is rigid if:
= Sjini =48EIl/L,

A schematic representation of the boundaries between rigid and semi-rigid joints for both cases, sway
frames and non-sway frames, is shown in Figure 2.30. For the sway frames, a particular value of the
slenderness was chosen for the illustration (1o = 1,36).
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Figure 2.30 - Proposed classification system according to the initial stiffness [16]
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3

NUMERICAL MODEL

3.1 INTRODUCTION

In this chapter the behavior of column bases subjected to strong axis bending is studied through the
Finite Element Method (FEM). The main goal is to compare the results provided by the FE model with
the results provided by the component method for a proportional type of loading (i.e., axial force and
bending moment increase by the same factor, representing a constant load eccentricity).

The ABAQUS software was selected for this purpose and the geometry and boundary conditions of
the numerical model were chosen to best simulate a column base used in experiments carried out at
Brno University Technology [17]. This would make possible validating the model by subjecting it to
the same types of loading used in the experiments (strong axis bending and biaxial bending with non-
proportional loading) and comparing the moment-rotation diagrams obtained by the model with the
corresponding experimental diagrams.

Thus, after validating the model, the column is subjected to strong axis bending, with a proportional
loading, to obtain the moment capacity and initial stiffness of the joint and then compare them with the
results provided by the component method.

3.2 MODEL DESCRIPTION

The components of the connection were modeled using the graphical interface CAE of ABAQUS. The
model is expected to reproduce the column base tested in experiments carried out at Brno University
of Technology [17]. Thus, for a simplified model, only the main components of the connection were
modeled: base plate, column, bolts and concrete block. The shear lug was not represented. Moreover,
since the most important function of the grout layer is the transmission of the friction forces, this
model does not include this component but it is represented by considering a proper contact
interaction, so that these forces are transmitted from the base plate to the concrete block.

The column, which cross section is HEB 240 and steel grade is S235, was modeled with the height of
1,83m which corresponds to the height where the horizontal force was applied in the experiment. The
base plate, with size 440x330x20mm and steel grade also S235, is welded to the bottom of the column.
To avoid convergence problems caused by the contacts and boundary conditions, only one part was
created for these two components (see Figure 3.1a). The welds are introduced in the model because
their presence causes a bigger resistance of the joint by reducing the distance between the bolts and the
side of the column (especially for the case of bending about the strong axis).
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The concrete block is made of grade C16/20 and its size is 1500x1000x400mm. The holes for
introducing the bolts were represented (see Figure 3.1b).

To prevent unnecessary geometry complexities, the anchor bolts of steel grade 8.8 were modeled with
a cylinder shape which diameter was chosen so that it corresponds to a tensile area of 220mm? This
area is considered because in the experiment the bolts were milled off so that the strain gauge could be
glued to its surface. The bolts are fully connected to steel plates of grade S235 and size 60x60x20mm
(see Figure 3.1c), which means that only one part was created for bolts and these plates.

(b)
(©
(a)
Figure 3.1 - Components of the model: a) column welded to the base plate; b) concrete block; ¢) bolt and head of

the bolt

3.2.1 MATERIAL PROPERTIES

The non-linearity was considered in the material properties of the numerical model. The stress-strain
relationships for the structural steel components (column, base plate and bolts) were considered to be
quadri-linear [18], as it is shown in Figure 3.2. The modulus of elasticity for steel, E, is considered to
be 210GPa and the Poisson’s ratio, v, 0,3. For steel grade S235, the yield stress is 235MPa and the
ultimate stress is 360MPa. For the bolts, the yield stress is 660MPa and the ultimate stress is 830MPa.
The tangential stiffness after the yield point is taken as 2% of the initial modulus of elasticity until the
strain 11le, is reached (gp). The ultimate strain, g, is equal to 120s,.

The nominal values were chosen for the definition of the steel material because steel components were
not tested in the experiment to find their real values.
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8, €p €y

Figure 3.2 - Material behavior used in FEM analysis for column, base plate and anchor bolts [18]

Since the failure of the column base connection tested in [17] was never due to the concrete, but
always due the steel components, a simple stress-strain curve was chosen for the concrete material in
order to overcome convergence problems. Thus, a bi-linear relationship is considered with
corresponding young’s modulus, ultimate stress and Poisson’s ratio of 20,9MPa, 22,6MPa and 0,2,
respectively.

3.2.2 ASSEMBLY

The components of the joint were modeled as solid 3D deformable elements. Therefore, each part
instance presented its own coordinate system. The assembly was made by arranging the parts in a
single unit through the relevant position constrains and translations. Figure 3.3 shows the assembly of
the connection parts.

Figure 3.3 - Assembly of the column base connection
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3.2.3 CONTACT INTERACTIONS

The assembly module puts everything together but does not establish contact between the elements,
even if their surfaces are together. Thereby, the contact must be defined by creating surfaces for the
regions that will be together and assigning them the correct contact properties, so that the stresses are
transferred through the elements.

One of the most difficult aspects of modeling column bases joints with FEM is to find the appropriate
parameters to define the properties of the major contact interfaces: the head of the bolt with the base
plate upper surface; the base plate lower surface with the concrete upper surface; and the anchor bolts
lateral surfaces with the surfaces inside the holes of the foundation.

The interface between the base plate and bolt head was considered as a surface-to-surface contact of
finite sliding with Coulomb coefficient of 0,3, defined for sliding resistance [18]. For the normal
behavior, the “hard” contact was chosen and the separation after contact was permitted. This allows
that the pressure is transmitted through the surfaces, as long as there is contact between them. The
same method was applied to the interaction between the base plate and the concrete block [18]. In
order to model the interaction between the bolts and the concrete, the lateral surfaces of the bolts were
tied to the surfaces inside the concrete holes, which will prevent the bolts to have relative
displacements with respect to the concrete. This assumption is only possible to take when concrete
failure around the bolts is not expected, which is the case of the experiment.

3.2.4 BOUNDARY CONDITIONS

The boundary conditions describe the behavior of the assembled parts in terms of displacement and
rotation during the analysis steps. Thus, the only element which has been assigned boundary
conditions was the concrete block which is assumed to be fixed to the ground at the bottom only.
Thus, all degrees of freedom of the bottom surface of the foundation are constrained, whereas all the
degrees of freedom on lateral sides are released.

3.2.5 LOADING AND ANALYSIS STEPS

The loading on the model was introduced by two types of loads: one vertical and one horizontal. The
vertical load, N, was carried out by pressure which was applied at the upper surface of the column.
This load will cause an axial force on the connection. The horizontal load, F, was applied by surface
traction on the top of the column, which will cause a bending moment at the column base. The angle
of the resulting horizontal force with the z axis of the column is 0° for the case of strong axis bending,
and 25,56° for the case of out-of-plane bending.

Regarding the analysis steps, for the validation of the model by the comparison with the experimental
results three steps were created: the initial step where the boundary conditions and the contact
interactions are established; step-1 where the vertical load, N, with resulting value of 400KN is applied
in its entirety; and step-2 where the horizontal load, F, increases until failure of the connection.

The model was used for analyzing the results provided by the component method described in
Eurocode 3 [1]. Thus, since the method is only suitable for column bases subjected to proportional
loading, which is not the case of the experiment, different steps were created for this matter: an initial
step which is the same as the one for validating the model and step-1 which included both loads,
vertical and horizontal. These loads assumed values so that they would increase until failure by a
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particular ratio (which corresponds to the load eccentricity e = % = X183 \vhere M s the bending

N )
moment).

3.2.6 ELEMENT TYPE AND MESHING

Meshing is one of the most important features of FEM in order to achieve good accuracy of the stress
distribution with a reasonable analysis time. To avoid unnecessarily increase the degrees of freedom of
the various part instances, the structured mesh had varying densities according the interest of the
regions, being denser around the places where there are stress concentrations (see Figure 3.4).

In the model, an 8 node brick with 3 degrees of freedom (C3D8R) solid and continuum element type
was chosen to model all the components of the joint. If these elements are fine enough, they provide
better results for high nonlinearities and plate warping that might develop due to the creation of prying
forces during the analysis, than the 20 node brick elements [18].

Figure 3.4 - Mesh of the column base assembly

3.3 VALIDATION OF THE NUMERICAL MODEL

For the correct validation of the model, there was an effort to find experiments made to a column base
subjected to bending. This tested column base had to have valid geometry for comparing the
component method described in Eurocode 3 [1], since that is the main goal of this chapter. In addition,
the numerical model would also be used for the validation of the analytical model (which provides the
moment capacity of column bases under weak axis bending or biaxial bending). Thus, it would be
appropriate that the tests included weak axis bending or biaxial bending.

However, the number of tests on column bases is very limited, while there are more than a thousand
tests published about beam-to-column connections. Furthermore, amongst the small number of
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existing experiments, almost all of them focused on in-plane bending (bending about the strong axis of
the column). There are some about weak axis bending but almost none focusing on biaxial bending.

Therefore, it is very difficult to find suitable experiments in column bases under weak axis bending or
biaxial bending with valid geometry for comparing the component method described in Eurocode 3

[1].

Recently, Brno University of Technology performed tests on a basic type of column base [17], simple
enough to be analyzed by the component method. The tests included strong axis bending as well as
out-of-plane bending and the main purpose was to analyze the real behavior of statically loaded anchor
joints.

Thereby, at present part of the work, this experiment will be explained and the test results are studied.
Then, the numerical results are presented for the same types of loading of the experiment and
compared with the experimental results.

3.3.1 EXPERIMENTAL TESTS ON A COLUMN BASE

This experiment is part of a research program which focus is the development of a simplified
engineering model of steel or steel-to-concrete joints of a structure that should require only the most
necessary parameters, geometry and short duration of solution. Therefore, the aim of the study is to
find the parameters that mostly influence the precision of the results and the ones that can be
neglected, to simplify the model as much as possible but with similar accuracy. These parameters have
to be based on experimental research and that is why these tests were performed.

The article where the experiments are presented includes the description of specimen, where the join
components are described as well as the loading of the joint, and the test results for weak axis bending
and biaxial bending. In the case of strong axis bending, the article also includes a brief comparison
between the experimental results and results provided by the component method.

3.3.1.1 Description of specimen

Four specimens consisting of reinforced concrete pad, cast-in anchors and steel column were subjected
to a constant compressive force and an increasing bending moment. The geometry and materials used
were the same for all the specimens.

The cast-in anchors were made of threaded rods M20, of steel grade 8.8; corresponding nuts and steel
plates with dimension 60x60x20mm and a hole in the middle, which served as a head of the bolt; and
big washers to cover the holes in base plate. Strain gauges and force washer were introduced in the
bolts. Therefore, parts of the thread on the anchor bolts in tension were milled off so the strain gauge
could be glued to the bolts surface [17]. Thus, the tensile area was reduced (A;=220mm?).

The concrete used was C16/20 and the dimension of the concrete block was 1500mm of length,
1000mm of width and 400mm of height. 136 days after the set-up of the experiment, nine testing
specimens (which were prepared with the same concrete at the same time as the blocks used in the
test) were tested. The average of the compressive cube strength and the modulus of elasticity were
22,6MPa and 20,9GPa, respectively.

The base plate with 20 mm of thickness was welded to bottom and of column HEB 240. Its
dimensions were 330x440 mm. The joint was improved by adding a shear lug which was welded to

40



Steel column bases under biaxial loading conditions

the bottom of the base plate. This component was IPE 100 with length 100mm. All these elements
were from steel grade S235.

Figure 3.5 shows a schematic detail of the test set-up.
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Figure 3.5 - Test set-up [17]

Two types of forces were applied separately to the joint by loading actuators. The axial force was
applied first and kept constant at 400KN and then an increasing horizontal force was applied. The
horizontal load was applied in the height of 1.83m above the base plate which caused bending moment
and shear forces in the column base.

Specimens 1 and 2 were subjected to in-plane bending and specimens 3 and 4 to out-of-plane bending.
The biaxial bending of the last specimens was provided by a rotation of 26.56° along the vertical axis
(see Figure 3.5).

3.3.1.2 Test results

The moment-rotation curve obtained for the case of bending about the strong axis (specimens 1 and 2)
is shown in Figure 3.6. The moment capacity of joint 1 was approximately 195KN.m and 183KN.m
for joint 2. The initial stiffness was calculated from the difference between M,=100KN.m and
M,=20KN.m, and the results were: for joint 1 s;;,=9,32MN.m/rad and for joint 2 s;;=10,77MN.m/rad.

In the same figure the moment-rotation curve is calculated through the component method described
in Eurocode 3 [1]. According to that essay [17], the design moment capacity is M,=128KN.m for an
axial force Ngg=400KN and the initial stiffness is s;;=22,17KN.m/rad. Thus, by the analysis of these
results, it is proved that the component method is very conservative in terms of resistance since there
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is an error of more than 30%. Regarding the stiffness, both experimental exhibited approximately half
the stiffness estimated with the component method.

200 -
180 e
160 -
= 140 —

kNm]

—— EC calculation

= Joint 1
/ o aueues Joint 2

—_

2 O W O N

o o o o o
h

bending moment M

N
o

o

0 0,01 0,02 0,03 0,04 0,05 0,06
rotation ¢ [rad]

Figure 3.6 - Bending moment-rotation diagram of specimens 1 and 2 subjected to axial force and in-plane
bending moment and calculation according to EC3 [17]

For the case of joints 3 and 4, Figure 3.7 shows the moment-rotation diagrams measured in: the plane
of bending (curve ¢); in the strong axis plane (curve ¢,) and in the weak axis plane (curve ¢,). The
moment capacity, for each joint and curve, is approximately: M;=165KN.m, Ms=148KN.m,
M3=74KN.m, M,=175KN.m, M,=157KN.m and M,=78KN.m. In addition, the measured initial
stiffness is: Sjinis=5,5MN.m/rad, S;jini3=53MN.m/rad, S;jiui3=6,7MN.m/rad, S;;ni34=6,9MN.m/rad,
S;,ini.2y=0,7MN.m/rad and s;;ni 2,=9,5MN.m/rad.
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Figure 3.7 - Bending moment-rotation diagram of specimens 3 and 4 subjected to axial force and out-of-plane
bending moment [17]
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It is important to refer that in all the cases the steel failure (combined failure of the base plate and the
anchor bolts) was governing the ultimate resistance of the joint despite that the concrete pad exhibited
many cracks [17].

The behavior of the bolts was also studied in the tests. Thus, it is represented in Figure 3.8 the results
of the forces on the bolts from joints 1 and 2, measured by force washers and strain gauges. The forces
from the strain gauges were obtained by multiplying the measured strain by the modulus of elasticity
(E=210GPa) and the reduced cross section of the bolts (A=220mm?). The moment that the bolts start
to yield can be noticed when the results of the strain gauges start to differ from the results of the force
washers.

For joints 3 and 4, the results of the forces on the bolts were not published because the measurements
were not accurate.
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Figure 3.8 - Force on anchor bolts measured with force washers (FW) and straing gauges (SG) [17]

3.3.2 NUMERICAL RESULTS

The experimental results presented were used to validate the numerical model by the comparison of
the moment-rotation diagrams, which are represented in Figure 3.9 and Figure 3.10 for strong axis
bending and out-of-plane bending (26,56°), respectively. As previously explained the model was
loaded in two different stages: first the axial force is applied and only then the bending moment
increases until failure of the joint.

As it clear, there are slight differences between the model and the reality which are related to the
assumptions made for the material properties and for the connections between the elements. The most
significant difference is related to the shape of the curves end, where the experimental curves shows a
sharp decrease due to failure of one of the bolts which does not happen in the numerical curves. This is
associated to the diagram chosen for representing the material properties of steel where this decrease is
not taken into account. Furthermore, there is a disagreement on the ultimate strain in which the model
shows a larger strain for the case of strong axis bending and a minor strain for the case of out-of-plane
bending. This is also due to the material properties of the model. Nevertheless, this is considered not to
be a problem for obtaining proper results of the model.
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Figure 3.9 - Comparison of moment-rotation diagrams for strong axis bending
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Figure 3.10 - Comparison of moment-rotation diagrams for out-of-plane bending (26,56°)

Concerning the failure of the model, it was always the same as the experiments, in other words, the
collapse of the joint was always due to a combined failure of the base plate and the anchor bolts. The
point when the steel components start to yield can be found in Figure 3.9 and Figure 3.10 where the
slope of the curves changes, right after the initial length which corresponds to the initial stiffness.

Regarding the moment capacity and initial stiffness obtained by the model, Table 3.1 and Table 3.2
show the comparison between the numerical results and the experimental results for the cases of
strong axis bending and out-of-plane bending, respectively.
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Table 3.1 - Comparison of numerical results with experimental results for strong axis bending

Joint 1 195 9,32

Experiment Joint 2 183 10,77
Average 189 10.05

Numerical results 173 14,25
Ratio Num./Exp.average 0,92 1,42

Table 3.2 - Comparison of nhumerical results with experimental results for out-of-plane bending (26,56°)

Joint 3 165 5,70

Experiment Joint 4 172 6,96
Average 169 6,33

Numerical results 157 8,02
Ratio Num./Exp.average 0,93 1,27

Regarding the joint resistance, the model provides accurate results since the error is less than 10%
(ratio for strong axis bending is 0,92 and 0,93 for out-of-plane bending). Concerning the stiffness,
numerical results are a bit higher that what was expected (1,42 and 1,27 times higher than the
experimental results). However, this difference could be explained by the modulus of elasticity chosen
for the steel components. While the concrete used in the experiment was tested to find its real value,
the same was not done for the steel components and the design value was selected to characterize the
same (210GPa). Nonetheless, the real value can be lower than that (between 190GPa and 210GPa)
which would significantly decrease the joint stiffness value. Another explanation would be related to
the connections between the elements. In the numerical model, components base plate, welds and
column are fully tied which is not what happens in reality.

In conclusion, despite the differences between the model and the experiment, the model gives
adequate results for resistance which is the main focus of this work. Thereby, the model is considered
to be accurate.

3.4 COMPARISON WITH THE COMPONENT METHOD DESCRIBED IN EUROCODE 3

Even though in the article were the experiment is presented [17] there is already a brief comparison
between experimental results and the component method, the type of loading of the experiment was
non-proportional (axial force is applied first and only then bending is applied). Since that type of
loading is not the focus of the component method described in Eurocode 3[1], it is considered to be
appropriate to make a new comparison for a proportional type of loading.

Thus, for the comparison with the component method described in Eurocode 3, a particular
eccentricity was chosen, e= -0,25m (which corresponds to a case of a dominant bending moment
combined with a compression force), and the column base from the numerical model was subjected to
corresponding loads. In Figure 3.11 is the moment-rotation diagram obtained by ABAQUS for the
current type of loading and in Table 3.3 is the comparison between the analytical results and the
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numerical results, as well as their ratio. The calculation of the analytical results can be found in Annex
1 of this work.
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Figure 3.11 - Moment-rotation diagram for strong axis bending with proportional loading (e=-0,250m)

Table 3.3 - Comparison between numerical results and analytical results for strong axis bending with proportional
loading (e=-0,25m)

Analytical results 96 33,33
Numerical results 209 18,02
Ratio Analyt./Numer. 0,46 1,85

As it is clear, the component method is very conservative in terms of resistance. Therefore, the
solution provided by this method is safe but not economic which should be a concern in further
studies. Regarding the stiffness, the method provides results almost twice bigger than the numerical
model, similarly to what happened with the comparison with the experimental results. Thus, the
calculation of this parameter should also be improved.
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A

ANALYTICAL MODEL

4.1 INTRODUCTION

The aim of this chapter is to develop a method that provides the moment capacity of column bases
under combined biaxial bending and axial force. Therefore, a M,-M, interaction curve should be
generated for a constant load eccentricity, e= Med/ Neq, based on the moment capacities My gq
(resistance for strong axis bending) and M, g4 (resistance for weak axis bending).

The procedure to determinate the moment capacity for bending about the strong axis was presented in
the Chapter 2, which is in line with the component method described in EN 1991-1-8[1]. This method
depends on the geometry of the joint and on the eccentricity of the acting loads.

Since the European code does not provide guidance for characterizing the behavior of the joint when it
is subjected to bending about its weak axis, a method to compute the moment capacity and initial
stiffness for bending about its weak axis is introduced. This procedure is also in accordance with the
component method and is based on similar assumptions as the ones made for the strong axis bending.
Furthermore, this method also depends on the acting loads since the load eccentricity is required for
the calculation.

Although both procedures referred above are independent, it is considered that the eccentricity, e,
necessary for their calculation, is obtained for the acting deviated moment, M,eq (See Figure 4.1):
e= M,eda/Neg. The acting deviated moment is calculated by the square root of the some of the squares

of the acting moments My gq and M, gq: My pq = /My,Edz +Mypd”

y
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Figure 4.1 - Applied moment in the column base
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Thereby, knowing the values of these resistance parameters (Myrq and M, gq), the interaction curve is
determined, and the moment capacity of biaxial bending is obtained.

A worked example is presented at the end of this chapter.

4.2 COMPONENT METHOD FOR WEAK AXIS BENDING

The behavior of column bases under bending about the weak axis will be approached through the
component method. The final objective is to obtain the moment capacity and the initial stiffness of the
joint when subjected to this type of loading.

As it was previously mentioned, the method considers the joints as a set of individual basic
components. Thus, the components are analyzed separately by means of resistance and stiffhess and
their characteristics are assembled together to obtain the structural behavior of the joint.

Regarding the identification of the components, they are the same as for the strong axis bending (see
Figure 4.2):

= Base plate in bending and anchor bolts in tension;
= Base plate in bending and concrete in compression;
= The anchor bolts in shear;

= Column web and flange in compression.

However, the tension and compression components behave differently from the case of strong axis
bending. Therefore, they have to be properly characterized. On the other hand, the component anchor
bolts in shear is expected to work the same way. Thus, this component will not be studied in this part
of the work.

Anchor bolts in shear

S

Mz,Ed

Base plate in bending and anchor bolts
in tension

Mz,Ed
—

Base plate in bending and concrete in
] _ compression
Column flange in compression

Figure 4.2 - Components of column bases under bending about weak axis

After studying the main components, their properties are assembled together to obtain the resistance
and stiffness of the joint, similarly to what was explained for the case of bending about the strong axis.
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4.2.1 BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION

When the column is subjected to bending along the z axis (weak axis), if the magnitude of the moment
is enough, the bolts in the tension zone will be activated and the base plate will deform. Therefore, the
tension part is simulated by a T-stub with corresponding resistance, which is provided by giving the T-

stub an equivalent length, see Figure 4.3.
o \'>|eff,| T
\/Ief:zleff,l'kleff,r

Ieff,r
Figure 4.3- Tension zones and equivalent T-stub for bending moment in turn of the weak axis, adapted from [9]

T
T

The collapse modes of the T-stub are described in Chapter 2 of this essay. The T-stub is expected to
behave similarly, the only difference is in how to properly calculate the effective length so that the T-
stub has the same tensile resistance as the component it represents.

Regarding the stiffness calculation, the process is the same as for the case of bending about the strong
axis.

4.2.1.1 Component resistance

The T-stub resistance is calculated according to the presence, or not, of prying action. Therefore, the
boundary of prying has to be defined (see subchapter 2.3.1):

*

8.8 m3 A,
b = —-———

2.3
leff,l t3 ( )

If L, (also defined in subchapter 2.3.1) is bigger than Ly*, prying does not occur on the T-stub. If not,
prying forces exist.

With this information, the design resistance, Frrq, iS obtained according to the possible failure
mechanisms, which are described in Section 2.3.1.1, as well as the formulas to obtain their resistance.

The T-stub resistance for the case of prying is given by:

Frra = min(FT,l,Rdﬂ Frarar FT,3,Rd) (2.13)
And, if no prying action occurs, the resistance is:

Fr.ra = min(Fr1-2ra, Fr3 ra) (2.14)
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Where, Frira(i=1,2,3,1-2) is the design resistance of the failure mode i, and it is calculated according
to equations (2.6), (2.7), (2.8) and (2.9), respectively.

With the exception for mode 3, the resistance of the failure mode depends on the effective length of
the corresponding mode. Thus, the procedure for its calculation is explained in the next section.

This method assumes that the tension force acts at the line of the bolts. Hence, the lever arm of the
tension component is:

7z =P/, 4.1)

Where p is the distance between the bolts on the side of the flange, measured according to the y-axis,
see Figure 2.17.

4.2.1.2 Effective length of the T-stub

The effective length is the required length of the T-stub so that its resistance is the same as the
component it represents. The method for obtaining this length involves the study of the possible yield
lines of the component. It considers that at impending collapse, yield lines are developed at the
location of the maximum moments [2]. Only the smallest effective length of the possible collapse
mechanism is taken into account, which corresponds to the lowest failure load.

The effective lengths will be calculated based on the ones proposed for the strong axis bending. The
main difference is that, in case of weak axis bending, only one of the two bolts located on the side of
the flanges will be in tension. Therefore, it is not possible to develop group yield lines, i.e. yield lines
connected between bolts. These cases correspond to mechanisms 2 and 5 from Table 2.1 (see Figure
4.4).

Mechanism 2 Mechanism §

Figure 4.4 - Group yield lines [9]

Furthermore, it is important to note that the yield lines only develop in the tension zone. Therefore, the
collapse mechanism where a straight line appears on the side of the flange (mechanism 7 from Table
2.1, see Figure 4.5) is not possible to occur because one part will be in compression.

Mechanism 7

Figure 4.5 - Straight yield line [9]
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Hence, there remain only four possible mechanisms for this type of loading, two with circular patterns
and two with non-circular patterns. Since for these mechanisms the yield lines are individual, in other
words, there is one yield line for each bolt in tension, the effective lengths are equal for both types of
loading, even though the bolts in tension are not in the same side of the column base.

Table 4.1 shows illustrations for each mechanism (adapted from [9]) and the corresponding effective
lengths, for the case of prying and no prying. The parameters needed for the calculation correspond to
distances related with the bolts position, which are represented in Figure 2.17.

Table 4.1 - Effective length of a T-stub in case of bending is weak axis

@ % l,1 =2mm (4.2) lnp1 = 2mTm(4.3)

Circular
Patterns % @
lpz =mm + 2e (4.4) lnps = mm + 4e (4.5)
B E l,4» =4m+ 1,25e, (4.6) Lupa = 4m + 1,25e, (4.7)
Non
circular

patterns ﬂ [&

l,6 =2m+ 0,625e, + e (4.8) lape = 2m + 0,625e, + e (4.9)

The effective length is then chosen as the smallest value of the possible mechanisms for each failure
mode. For Mode 1, where prying exist, both circular and non-circular patterns can occur. Therefore, its
effective length is calculated as follows:

leprn = min (L 15 L35 Ly ai Ly e) (4.10)

In Mode 2, where the plastic mechanism develops due to a combined failure of the base plate and
bolts, only non-circular patterns are expected:

lepro =min (U4 Ly 6) (4.11)
In case of no prying action, both circular and non-circular patterns are considered (Mode 1-2):

leff,1—2 = min (lnp,l; lnp,3; lnp,4; lnp,6) (4.12)
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4.2.1.3 Component stiffness

Even though the moment is applied at a perpendicular direction, the base plate is expected to deform
in a similar way as in the case of bending about the strong axis. Therefore, the stiffness coefficients of
the base plate and the bolts are obtained from the same expressions.

Thus, in case of no prying action, the expressions are as follows:
04254 t?

ky = kys = e (2.36)
24
ky = kyg = 5 s (2.37)
b
And for the case of prying action:
0.85 l,pf t3
ky = kis = — 5 (2.38)
1.6 A
ky =k = T s (2.39)
b
Finally, the stiffness of the component is obtained from:
1
kr = 1,1 (2.40)
k, "k,

4.2.2 BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION

The behavior of the component is studied across a T-stub that simulates the flexibility of the base plate
with an equivalent rigid plate. The method considers that compression stresses are transmitted by the
footprint of the column which corresponds to an effective area. In the case of bending about the strong
axis, the area is considered to be the one around the flange. However, for the type of loading that is
under investigation, at least a part of each flange is under compression. Therefore, a different approach
needs to be taken when studying the column base bending in turn of its weaker axis.

To fully describe the resistance of the component, the bearing strength of the concrete block under the
base plate needs to be estimated. The procedure for its calculation was previously described in this
essay. Finally, the resistance is defined by the compressed area and the concrete strength.

As for the tensile component, the procedure for the stiffness calculation is the same as for the case of
bending about the strong axis, the only difference is in the calculation of the effective area.

4.2.2.1 Component resistance

The resistance of the component is given by the effective area and the bearing strength of the concrete:
Fc,pl,Rd = fjd Aeff (4.13)

Where fjq is the bearing strength and its calculation is described in Section 2.3.2.1

The model presented in Chapter 2 considers that the effective area is always the same and equal to the
footprint of the flange in compression. However, such a simple assumption cannot be taken in this
case since only a fraction of the flanges is in compression. Therefore, the effective area will be
calculated based on the location of the neutral axis for the case of full resistance of the tension part.
This means that this method is only suitable for cases where the resistance is governed by the tension
component.
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The assumptions of the method are:

= The bolts are working under full resistance.
= Only the effective area under the flanges influences the resistance of the component (the
web resistance is neglected);
= The compression force acts at the center of the area under compression;
= The area under compression cannot cross the z axis of the joint.
MZ,ED

Fr,
T,Rd Di

%NEd ZJV —p
fiq M0 i @[

Neutral axis Effective Area

i

Figure 4.6 — Effective area of the compressed T-stub

Thus, the compressed effective area, Ag , required to match the tensile strength, is obtained by the
equilibrium equation in the vertical direction (see Figure 4.6):

Ngg = Frpq — Aeff fjd A (4.14)
Frra — Ngg
(=1 Aeff = — (415)
fia

To fully define the effective area, its dimensions are determined. For that, the width, c, is necessary
(the procedure for its calculation is defined in subchapter 2.3.2.1).

The effective width of the T-stub, be, is determined according to the limitations presented in Figure
2.21:

a—nh
beff = beff,l + bEff,T =2X (tf + c+ min {C; 2 C}) (416)

The effective length is calculated as a function of the effective area, taking into account that it cannot
cross the z axis of the joint:

(Aerr
4 bery

lepr = min 4.17

eff Lbc/z + c ( )

b /2
And the location of the compression force is given by:
_ . bc b leff
Ze = TR (7 to z) 2 (4.18)

Where b, he and t; are the width, length and thickness of the flange of the column’s cross section,
respectively; and b is the length of the base plate.
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4.2.2.2 Component stiffness

The stiffness coefficient is calculated using the same expression derived in Section 2.3.2.2:

_ Ec beff,s leff,s

ke =kis=——-cF (2.69)

However, the geometry of the component, bess and legs, is different. The effective width b is simple
to obtain, by adding the equivalent rigid length to the thickness of the flange. On the other hand, the
effective length les will depend on the position of the neutral axis . Therefore, the length of the flange
that is in compression needs to be calculated and then the equivalent rigid length is added to that.

Thus, the effective width b iS given by:
beff,s = tf + ZCT = beff,s = tf + 2,5t (419)

The compressed length of the flange (I;) is obtained through the effective length of the resistance
calculation (l):

. b — bc
lc = lgpp —min <c; > ) (4.20)
Then, the effective length in terms of stiffness is:
leff,s = lc + Cr = leff,s = lC + 1,25t (421)

4.2.3 COLUMN FLANGE IN COMPRESSION

When the column is subjected to bending about its weak axis, only one part of the flanges is in
compression. Therefore, the compression resistance of the column, when exposed to this type of
loading, will be calculated considering that the neutral axis coincides with the symmetrical axis of the
cross section, see Figure 4.7.

' ' ‘ Mc ra

be/2 ) SO | N | DL
Mc Rra g ’
c,Rd V] )

Neutral axis

Figure 4.7 - Column flange in compression

The design resistance is then:
MC,Rd

Fcfc Rd =

fe, b (4.22)
("/2)

Where b, is the length of the connected column and M4 the design moment capacity of the column

cross section.

According to EN 1993-1-1[13] cl. 6.2.5(2), the design moment capacity, M.rq, iS equal to design
plastic moment capacity, Mpgrq:

Wz,pl fy

MO

Mg rqg = My pa = (4.23)
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4.2.4 ASSEMBLY OF THE COMPONENTS
4.2.4.1 Bending resistance

Four possible loading cases are proposed for the calculation of the moment capacity of the column
base when subjected to weak axis bending. One case is when a dominant tensile force occurs and all
the bolts are in tension (Figure 4.8a). Another one is the opposite, where there is no tension in the
anchor bolts because a dominant compression force is acting on the column (Figure 4.8b). The two
other cases are the ones where a dominant bending moment is acting on the column base (Figure 4.8c
and d).

The parameters required for the calculation of the moment capacity, M;gg, are:

= The load eccentricity, e=Mgy/Ngg;

= The resistance of the tension part, Frrq (described in Section 4.2.1.1);

= The resistance of the compression part, Fcrq, taken as the minimum of F  rq (Se€ Section
4.2.2.1) and F¢z rq (See Section 4.2.3);

= The lever arms z, z. and z,, calculated according to Figure 4.8.

The method for its calculation is in Table 2.2 of this work.

N, Ned

@ Mz,Ed ﬁ Mz,Ed

FC,I,Rd FC,r,Rd FT,l.Rd$ &FT,r,Rd
Zc) Zer Zi) Zir

a) Column base connection in case of a b) Column base connection in case of a
dominant compressive normal force dominant tensile normal force

Ned Neq

e B

FC,I,Rd T é FT,r,Rd FT,I,Rd$ T Fc,r,Rd
Zc,l Zt,r Zt,l Zc,r

c¢) Column base connection in case of a d) Column base connection in case of a
dominant bending moment dominant bending moment

z,Ed

Figure 4.8 — Loading cases for calculation of the moment capacity about the weak axis
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4.2.4.2 Stiffness

The initial stiffness of the joint is calculated according to the four possible loading cases shown in
Figure 4.9. To fully describe it, the stiffness of the main components is required: the tension
component stiffness, kr (calculation procedure in Section 4.2.1.3), and the compression component

stiffness, ke (method of estimation in Section 0).

In addition, the lever arms have also to be considered. They are calculated according to Figure 4.9,
assuming that the tensile force is applied at the bolts row and that the compression force acts at the

center of the compression zone.

Table 2.4 from this work presents the formulas to estimate the rotational stiffness of column bases
under bending about the strong axis. However, it also works for bending about the weak axis if the
correct parameters are chosen (kt, ke, z, z. and z;). Therefore, the procedure for obtaining the rotational

stiffness, for the current study case, can be done according to that table.

56

Nes Neq
@ Mz,Ed /‘h Mz,Ed
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a) Column base connection in case of a b) Column base connection in case of a
dominant compressive normal force dominant tensile normal force

Ned Ned

s 0

z,Ed

S¢ ke % gw O: kd % % Oc a
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¢) Column base connection in case of a d) Column base connection in case of a
dominant bending moment dominant bending moment

Figure 4.9 - Mechanical models of stiffness for bending about the weak axis
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4.3 M,-M, INTERACTION CURVE

The objective of the interaction curve is to provide the moment capacity of column bases under
combined biaxial loading with axial force. This is done by choosing a curve that would describe best
the relation between the moment capacity for bending about the strong axis, M, g4, and the moment
capacity for bending about the weak axis, M, rq, for a constant load eccentricity, e=Mg g¢/Ngg.

A conservative procedure would be to consider that this relation is linear, i.e, to assume that the
interaction curve is defined by a straight line connecting M, zq and M, rq (Se€e Figure 4.10):

M, N M,

Mz,Rd My,Rd

=1 (4.24)

M,-M, Interaction curve

T~
T~
T~

MV,Rd

M, [KM.m]

Figure 4.10 - Linear M,-My Interaction curve

However, this approach is far from reality. Hence, there is the need for investigation on order to reach
for a more realistic interaction curve that will also contribute for a more economical design of column
base connections.

Therefore, it is known that a good approximation would be an interaction defined by a curved line. In
addition, due to the double symmetry of the joint, the tangent of the curve at the points where it
intersects the main axes must be perpendicular to those. Thus, a shape that verifies these criteria is an
ellipse and its function is given by:

2 2

(2) +(%) =1 (4.25)

Knowing that a is the ordinate of the point where the curve intersects the x-axis and that b is the
coordinate of the point where the curve interests the y-axis, the equation of the study case can be

obtained by:
( M )2 +< My )2 =1 (4.26)
Mz,Rd My,Rd

Figure 4.11 shows the difference between the linear curve (red line) and the elliptical curve (blue line).
It is easy to understand that a whole range of joints would be neglected for the case of the linear curve,
as it is shown by the stripped area.
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M.,-M, Interaction curve

M, [KN.m]

o %
X >
< >
NN
~C N\
WA
XN

\<\ M, [KN.m]

Mv,Rd

Figure 4.11 — Elliptical M-My interaction curve

Proceeding, with the shape of the interaction curve defined, it remains to explain how to obtain the
final moment capacity from the curve. This is done by intersecting the curve with a line which is
described by the following function:

M, = tan(a) - M,, (4.27)

Where a is the angle between the applied moment and the strong axis, see Figure 4.1 and Figure 4.12.

M,-M, Interaction curve
M, [KN.m]

MZ'Rd \

\a \ M, [KN.m]

Figure 4.12 - Determination of the moment capacity

Finally, the distance from the origin of the diagram to the point obtained by equating formulas (4.26)
and (4.27), gives the moment capacity value for bending in any direction (a):

Mypra = /Myz +M,? (4.28)

58



Steel column bases under biaxial loading conditions

4.4 VALIDATION OF THE ANALYTICAL MODEL
The analytical model was compared with the numerical model for the purpose of validation.

Thus, to verify the procedure for studying the behavior of the joint under weak axis bending, the
column base modeled in ABAQUS was subjected to bending about the weak axis (z) with a
proportional loading, corresponding to a load eccentricity of e= -0,25m.

Then, to validate the proposed interaction curve, three different curves, corresponding to three
different eccentricities, were obtained using ABAQUS. The first curve was obtained for an
eccentricity of e= -0,25m, which corresponds to a case of dominant bending moment combined with a
compression force. The second one corresponds to a dominant bending moment case combined with a
tensile force: e= +0,25m. The third curve is about bending with no axial force, thus, corresponding
eccentricity is infinite: e=M/N=M/0=co.

These curves were reached by subjecting the column of the numerical model to bending about various
planes with a proportional loading, obtaining the moment capacity for each case. Then, these moment
capacities were plotted in a M,-M, diagram, for each eccentricity. The planes differ with each other by
the angle between them and the plane that contains the y axis of the column. The chosen angles were:
0° (which corresponds to bending about the strong axis, y); 13,28°; 26,56°; 38,84°; 45°; 50,15°; 63,43°;
76,72°% and 90° (which corresponds to bending about the weak axis, z).

4.4.1 WEAK AXIS BENDING

For the validation of the procedure for studying the behavior of column bases under weak axis
bending, the moment-rotation diagram was drawn for a particular eccentricity (e= -0,25m), see Figure
4.13. The moment capacity and the initial stiffness of the numerical model were obtained by this
diagram and are presented in Table 4.2, as well as the analytical results. The analytical calculation can
be found in Annex 1 of this work.

160

140

P
120

100 /
80

ol /

40

20 /

0 T T T T 1
0 0.02 0.04 0.06 0.08 0.1

Rotation ¢ [rad]

Bending moment M, [KN.m]

Figure 4.13 - Moment-rotation diagram for weak axis bending with proportional loading (e= -0,250m)
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Table 4.2 - Comparison between numerical results and analytical results for weak axis bending with proportional
loading (e=-0,25m)

Analytical results 60 10,39
Numerical results 136 7,39
Ratio Analyt./Numer. 0,44 1,40

The ratio of the moment capacity is very similar to the one obtained by the comparison between the
component method described in Eurocode 3 (strong axis bending) and the numerical model, which
was 0,46 (see Table 3.3). Thus, the proposed model seems to be acceptable. However, like for the case
of strong axis bending, the model is very conservative.

Regarding the initial stiffness, the analytical result is closer to the numerical result than what was
observed for the strong axis bending. In this case the ratio was 1,40, and for the strong axis bending
case the ratio was 1,85 (see Table 3.3).

4.4.2 INTERACTION CURVE

Like previously explained, three different curves were obtained using the numerical model, for three
different eccentricities: e= -0,25m; e= +0,25m; and e= M/0=co. For each case, another curve was
represented with the same shape as the one proposed in the analytical model (elliptical shape), using
the moment capacities for bending about the strong and weak axis bending obtained by ABAQUS.
Furthermore, for the same three eccentricities, three curves were determined by the analytical model
(calculation in Annex 1, 2, and 3).

Figure 4.14, Figure 4.15 and Figure 4.16 show the comparison between the curves for the
eccentricities e= -0,25m; e= +0,25m; and e= M/0=co, respectively.

M,-M, Interaction curve, e=-0,250m

M, [KN.m]
160

140 \ = Analytical model curve
120 ABAQUS curve

100 \ Elliptical interaction curve
80 \

60 \

40 \ \

o N \

0 \ \

T T T T - 1 My [KN.m]
0 50 100 150 200 250

Figure 4.14 - M,-My interaction curves for e=-0,250m
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M,-M, Interaction curves for e=+0,250m

M, [KN.m]
70

= Analytical model curve
60 \ = ABAQUS curve

50 === Eliptical interaction curve
40 \

30 \

20 \

0 AN

N \

" M, [KN.m]
0 10 20 30 40 50 60 70 80

Figure 4.15 - M,-My interaction curves for e=+0,250m

M,-M, Interaction curve for e=infinite

M, [KN.m]
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== Analytical model curve
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32 \ —— Eliptical interaction curve
60 \\

50 \\

20 _\ \\

30 \ \

20 \
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T T T T T 1 My [KN.m]
0 20 40 60 80 100 120

Figure 4.16 - M,-My interaction curves for e=infinite
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Observing the three diagrams, it is concluded that the selected shape for the interaction curve of the
analytical model is appropriate. The green lines, which are the proposed elliptical curves drawn from
the moment capacities of the main axis obtained with ABAQUS, are almost coincidental with the red
lines, which are the curves obtained by the moment capacities of different loading planes, also reached
by the numerical model.

The blue lines, which are the analytical curves, are a lot smaller than the numerical curves. This is due
the conservative values that the component method provides. Thus, the analytical curve is also
conservative.

4.5 WORKED EXAMPLE

An example of a column base loaded with normal force and biaxial bending is now introduced. The
purpose of the example is to show how to properly calculate every parameter in a design situation
where the moment capacity of the joint is needed.

Resistance of all main components is calculated separately for the two axes (y and z), as well as the
stiffness. Assembly of the properties is then carried out to obtain the maximum capacity and initial
stiffness for each axis.

Finally, a M,-M, interaction curve is generated and the maximum bending moment of the column base
is obtained for the desired loading direction.

4.5.1 DATA OF THE JOINT

The data of the joint was chosen based on the experiment that was presented in this work. The
geometry of the column base is the same as well as the material properties. However, the loading is
considered to be proportional, i.e., the axial force and bending moment increase by the same factor
(constant eccentricity). To obtain the design values, safety factors are considered as: ymo=1,0;
ym2=1,25 and y.=1,5, in line with what is proposed by Eurocode 3.

The column HEB240 of steel grade S235 is loaded by a normal force Ngg= -200KN and by a bending
moment Myssees =SOKN that is deviated from the strong axis by an angle a=26.56°. Thus, the

corresponding eccentricity is e = @ = —250 mm. The steel grade of the base plate is also S235

Ed

and its thickness is 20mm. The concrete block size is 1500x1000x400mm and its grade is C16/20. The
connection between the base plate and the concrete is carried out through four threaded rods of steel
grade 8.8 with 20mm of diameter and an embedment depth of 250mm. The head of the bolt is made by
steel plates with 20mm thickness.

The remaining dimensions can be found in Figure 4.17 and Table 4.3 shows a resume of the data
needed for calculation.
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Figure 4.17 - Design of the column base

Table 4.3 - Data of the "oint

Steel S235 Steel S235 C16/20 Grade 8.8
Material
. f, 235 MPa f, 235 MPa fa« 22,6 MPa fup 830 MPa
Properties
E 210 GPa E 210GPa E. 20,9GPa E 210 GPa
HEB 240 a 440 mm a; 1500 mm M20
he 240 mm b 330 mm b, 1000 mm d 20 mm
b. 240 mm t 20mm h 400 mm As 220 mm?
tw 10 mm e, 50mm a; 380 mm L 250 mm
t 17 mm e, 85mm a,r 680 mm hpn 20 mm
Dimensions S 5
A 1,06x10" mm e 50mm b, 335mm
ly 1,126x10°mm* p 160 mm ty 30 mm

Wy 1,053x10°mm®  ay 8mm

l. 3,923x10"mm*

Wop  4,984x10° mm®
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4.5.2 COLUMN BASE UNDER STRONG AXIS BENDING
4.5.2.1 Bending resistance

The resistance of the main components will be calculated separately and then assembled to obtain the
bending resistance of the joint.

Resistance of the component base plate in bending and anchor bolts in tension

Starting with the tension component, the anchor bolt lever arm needs to be defined (considering that
fillet weld is a,=8mm):

m=e,— 0.8 awf\/_ = 409mm

The T-stub length calculation depends on the fact if there are prying forcers or not, therefore the
effective length needs to be checked:

Lys =t + tgr + hpp = 60mm
Ly = 8d = 160 mm
Ly = Ly + Lpe = 220 mm
8.82 m3 A,

Lpmin = ————5 =100,9 mm
’ leff,l t

Ly > Lp min = No prying forces
As it is shown above there are no prying forces, so the effective length for each mechanism is given
by:
lyp1 = 2mm = 257.3 mm
lnp2 = 2mm + 2p = 577,3 mm
lnps = Tm + 4e = 468,6 mm
lnp,a = 4m+ 1,25e, = 226,3 mm
lups = 2m + 0,625e, + 0,5p = 193,1 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
lup,7 = 0,5b = 165 mm
Then, the effective length of the T-stub is:
lepf1-2 = Min(lnp,1; lp 23 Inp,3; bnp,a3 lnp, 5 Inp,6; lnp,7) = 165mm
The resistance of the T-stub in tension is verified for the two possible failure modes for the case of no
prying. First step is to calculate the plastic bending moment capacity of the base plate:

1
MpL,Ra = thfyd = 23,5KN.m/m

The resistance of failure Mode 1-2 is:

21 —om
Fra-gpa = — P00 = 1894 KN
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In Mode 3, the tension resistance of the bolts needs to be checked. According to [1] that resistance is:
0,9 A
Fipa = 09 fun A5 _ 131,5 KN
Ym2

Since there are two anchor bolts in tension, the resistance of this mode is:
Fr3ra = 2Bt ra = 2BF pq = 262,9 KN
Finally, the T-stub in tension resistance is:
Frra = min(Fr1-2ra Fr3,pa) = 189,4 KN
And the lever arm of the tension part is the distance from the bolts row to the column axes of

symmetry:

zt=7c+ec=170mm

Resistance of the component base plate in bending and concrete in compression

To evaluate the compressed part resistance, the bearing strength needs to be calculated. For that, the
loaded area, Aco, as well as the spread area, Ac;, are essential:

Ay = ab = 1,452 X 10° mm?

a+ h =840mm
a, = minj 3a = 1320 mm = 840 mm
a; = 1500 mm

b+ h=730mm
b, =min{y 3b=990mm = 730mm
b; = 1000 mm

Ay = ay by = 6,132 X 10° mm?

The next step is to calculate the bearing strength, but first the influence of the grout needs to be
checked:

0,2min( a; b) = 66mm >t = 20 mm = no influence

Since the grout as no influence, the joint material coefficient, f;, is 2/3. Thus, the bearing strength is
calculated on that basis:

,A
fjd = .Bj fea A_Cl = 20,642 MPa < 3fcd = 45,2MPa
c0

The width of the strip, c, that replaces the flexible plate into a rigid plate of equivalent area, is
calculated from:

fyk

c=t [———=39,0mm
3 fjd Ymo
Thereby, the effective length, I, is:

b.+2c=332,6mm

leff=min{ b = 330 mm = 330 mm
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And the effective with, beg, is:
besr = min{c; (a — h¢)/2} + ty + ¢ = 94,9mm
Then, the effective area becomes:
Agrr = bepr lesr = 3,018 X 10* mm?
Finally, the compressed part resistance is calculated:
Fepira = Aefs fia = 622,9 KN
And the lever arm of the compression force is obtained:

he t
ZC=7C—§=111,5mm

Resistance of the component column flange and web in compression

The component resistance depends on the plastic bending moment capacity of the column:

W,
M¢gq = Mpl,y,Rd = M = 2475 KN.m

Ymo

Thus, the design compression resistance of the flange is:

_ Mc,Rd
Fefera = he—1t)
c

=1109,7 KN
Assembly of the components
For the calculation of the bending resistance, the load eccentricity is needed:

Mjes6ea S0
= _2656£d _ = —250
®T TN, =200 i

This corresponds to the case of a dominant bending moment with tension on the left side and
compression acting on the right side (Ngg<O and e<-z¢).

The resistance of the tension part is:
Frira = 189,4 KN
And its lever arm is:
zr; =170 mm

The compression part resistance is taken as the minimum resistance of the components column flange
and web in compression or concrete in compression and base plate in bending:

FC,r,Rd = min(Fc,pl,Rd; Fc,fc,Rd) = 6229 KN
And the lever arm is:

Zc,r = 111,5mm
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Thus, knowing that z = z; + z, the joint resistance is given by:

(_fried? _ g0 ) kn.m
Zcr - ’ )
T/o+ 1
My g =min{ _p /e ; =96,2 KN.m
R — 104,4 KN.m
T’l/e -1

Regarding the classification according to resistance, the joint is classified as partial-strength:

> 0,25Mp; g = 61,9 KN.m

M = 96,2 KN.m{
v,Rd < Mpl,y,Rd =2475KN.m

4.5.2.2 Initial Stiffness

As for the resistance, the initial stiffness of the joint is calculated based on the stiffness of the main
components.

Stiffness of the component base plate in bending and anchor bolts in tension

The stiffness coefficients of the component are calculated on the basis of whether there are prying
forces or not. As demonstrated in the resistance calculation of the same component, there are no
prying forces, so the bolt stiffness coefficient is calculated as follows:

As

kp = 2,0 7> = 2,000 mm

b
And stiffness coefficient of the T-stub is given by:
0,425 lopfq—pt°

p = 8,170 mm

Finally, the component stiffness is evaluated:

kr = 1,607 mm

-1 1
K &y

Stiffness of the component base plate in bending and concrete in compression

In order to calculate the component stiffness, it is necessary to express the flexible plate in terms of an
equivalent rigid plate. Therefore, the equivalent lengths of the T-stub are (see Figure 4.18):

beff,s = tf + 2,5t = 67mm
leff,s = bC + Z,St = 290mm
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1%

t: |/ i _ Ieff,s

| beff,s |

Figure 4.18 — Compressed T-stub

At last, component stiffness is obtained:

Ec Y, beff,s leff,s
ke =kyz =

1,275 E

= 10,881 mm

Assembly of the components
The lever arms, required for the calculation, are:
Zcr = 111,5mm
zr; =170 mm
Z=Zcy + 2y, = 281,5 mm

The stiffness is calculated for a specific eccentricity, consequently the eccentricity, ey, at which the
rotation is zero, is needed:

_kezeg—kpzr,

€rz = k.t K, = 75,3mm
At last, the bending initial stiffness is obtained for the previously calculated eccentricity (e= -250mm):
Syt = — B 2” = 33,334 MN.m/rad
Y e, T LT
ke ™ ke

About the classification according to stiffness, the joint is evaluated in comparison to the column
bending stiffness. For column length L.=2m and cross section HEB 240, the relative bending stiffness
is:

— c
Sy,jini = Sy,jini 77~ = 281
stey

Then, the designed column base can be classified as semi-rigid whether it is used in a sway or non-
sway frame because (for a particular value Lo = 1,36):
§y,j,ini = 2,81 = 0,5

Sy jini = 281 <12 =5 in;ner

§y,j,ini = 2;81 S 30 = ST]‘,iTli,Sf
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4.5.3 COLUMN BASE UNDER WEAK AXIS BENDING
4.5.3.1 Bending resistance

At first the resistance of the main components will be introduced and then assembled to get the
bending capacity of the joint.

Resistance of the component base plate in bending and anchor bolts in tension

As it was previously checked, there are no prying forces for a bolt active length L,=220mm. Therefore,
the effective lengths for each possible mechanism are given by (with m,=40,9mm):

lnp1 = 2mm = 257.3 mm
lups = Tm + 4e = 468,6 mm
lnp'4 =4m + 1,25e, = 226,3mm
lape = 2m + 0,625e, + e = 198,1 mm
And the effective length of the T-stub is:
lepra-z2 = Min(lyp 15 bup 3 lnpas lnps) = 198,1 mm

Then, the resistance of the T-stub in tension is verified for the two possible failure modes for the case
of no prying (my r=23,5KN.m as previously demonstrated):

Mode 1-2

21 _om
Fri-pgra = —2L ’lnf PLRA — 2274 KN

And Mode 3 (Fire= 131,5KN)
Fr3ra = ZFt,Rd = 2Fypq = 2629 KN
Finally, the T-stub in tension resistance is:
Frra = min(Fr1-ora Frara) = 227,4 KN

And its lever arm:

Zt=§=80mm

Resistance of the component base plate in bending and concrete in compression

The bearing strength calculation is presented above (f;4z=20,642MPa), as well as the width of the strip
(c=39,0 mm).

Therefore, the only remaining parameter essential to calculate the component resistance is the
effective area:

Ngq + F.
Agpp = —2— TR — 3,040 x 105mm?
fia
The effective width is:
, a— hc
besr =2 % (tf +c+ mm{c; }) = 189,8 mm
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And the effective length is calculated in function of the effective area:

A
Zell — 160,1mm
beyy

lesr = bc/z + ¢ =159,0 mm = 159,0mm

k b/z =165mm
The component’s resistance is then obtained:
Fera = beff leff f}'d =627,4 KN

And the lever arm of the compression force is:

. (b b\ less
Ze = mm<76+c;§)—67= 78,9 mm

Resistance of the component column flange in compression

The component resistance depends on the plastic bending moment capacity of the column:

w,
M¢ra = Mpizra = Wapt fyi =117,1KN.m

Ymo

Thus, the design compression resistance of the compression part of the flange is:

Mc,Rd

FC,fC,Rd = m = 976,0 KN

Assembly of the components
The tension part resistance is:
Frigra = 227,4KN
And its lever arm:
zr; = 80mm

The compression part resistance is taken as the minimum resistance of the components column flange
and web in compression or concrete in compression and base plate in bending:

FC,T‘,Rd = min(Fc,pl,Rd; Fc,fc,Rd) = 6274 KN
And the lever arm is:

Zcr =789 mm
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Mje56Ed __

Since the eccentricity is e = —250 mm, which corresponds to the case of a dominant

Ed
bending moment with tension on the left side and compression in the right side (Ng<0 and e<-z),

the joint’s resistance is calculated by:

ZCT'/' = 52,8KN.m
' 1
Mypa =miny g’ eR: =528 KN.m
77 /’ =755 KN.m
e -1
e

About the classification according to resistance, the joint is categorized as partial-strength because:

> 0,25Myp,,pq = 29,3 KN.m

M, ra = 52,8 KN.m{ < My, ,rq = 117,1 KN.m

4.5.3.2 Initial Stiffness
Stiffness of the component base plate in bending and anchor bolts in tension

As it is known, there are no prying forces, so the bolt stiffness coefficient is calculated as following:
As
ky, = 2,0 — = 2,000 mm
Ly
And the stiffness coefficient of the T-stub as:

0,425 Losf1 ot

p = 8,170 mm

Finally, the component stiffness is:

kr = 1,661 mm

-1 1
By

Stiffness of the component base plate in bending and concrete in compression
The equivalent width of a rigid plate is the same as previous:

beff,s = tf + Z,St = 67mm

But the effective length is different. Thus, the compressed length of the flange (l.) is needed:

c

lc = lgfp —min (c; ) =121,2mm

Then, the effective length in terms of stiffness is:
leff,s = lc + 1,25t = 146,2 mm

Finally, the stiffness of the component is:

Ec \V beff,s leff,s

ke =ls =—1o0

=7,724 mm
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Assembly of the components
The lever arms are:
z. =789 mm
zy = 80 mm
z=2z,+2z =1589mm

Stiffness is calculated for particular eccentricity, consequently the eccentricity ey, at which the rotation
is zero, is required:

- keze + ke 7,
Ultimately, the bending initial stiffness is obtained for the previously calculated eccentricity
(e,= -250mm):

=50,8mm

2
ey E;z

Sy jini = = 9,098 MN.m/rad
y,jint €y+€k,yl+1

ke " ke
For the classification according to stiffness, the relative bending stiffness of the column needs to be
calculated. For a column length L.=2m and cross section HEB 240:

— C
Szjini = Sz,jini 55— = 2,21
EsIc,z

The designed column base is semi-rigid in sway frames as well as non-sway frames (Ao = 1,36)
because:

Syjmi = 221205
§z,j,inl' =221<12 = §j,ini,nsf

Szjmi = 2,21 < 30 = §j in; of
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4.5.4 M,-M, INTERACTION CURVE
The interaction curve is defined by the following function:

2 2 2
+ =1 M,= 1-— M
(Mz.Rd> (My,Rd z M, ra ZRd

The moment capacity for each axis is:

M, rq = 52,8 KN.m
My pq = 96,2 KN.m

The moment capacity for the deviated direction is obtained by equating the function of the curve to the
function of the line which is deviated from the strong axis by an angle «=26,56°:

M, \? M, \?
M,= |[1- 4 M, ra® 1—( y) 52,82 = tan(26,56) - M
z My ra 2R 96,2 ’ ’ Y

M, = tan(a) - M,, M, = tan(a) - M,,

{My = 71,1KN.m
M, = 35,6KN.m

Finally, the moment capacity is:

M3¢,56,Ra = ’Myz + M,* =79,5KN.m

This verifies the safety condition:
M26,56,Ed =50KN.m< M26,56,Rd = 79,5KNm

Figure 4.19 shows the interaction curve and the representation of the moment capacity.

M,-M, Interaction curve
M, [KN.m]
70

60

50 \
40 \

N /\
20 MZS,SG/ \\
10

0 T T T T \ T 1 My [KN_m]
0 20 40 60 80 100 120

Figure 4.19- Mz-My Interaction curve (worked example)
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5

CONCLUSION

This dissertation focused on the analysis and design of column base connections. Special attention was
given to the most common method used for studying steel joints and composite joints, which is the
component method. The procedure was analyzed in detail to fully understand its foundations.
Moreover, experiments suitable for comparing with this method (i.e., experiments on a simple column
base) were searched. Thus, tests performed by Brno University of Technology were found and
described in this essay.

The component method, which is described in EN 1993-1-8, considers that joints can be characterized
as a set of individual components. Thus, the main components of column bases were identified and a
closer look was made to their individual behavior. The tension component is modeled as a T-stub and
its effective length is the main characteristic of the component. This is a very difficult parameter to
obtain as it demands an extensive knowledge of the subject. With regard to the compression part of the
joint, the most important parameter is the bearing strength of the concrete when subjected to a
concentrated force.

A numerical model is created using a Finite Element software (ABAQUS), and validated with
experimental results. The model was then subjected to bending about the strong axis and the results
were compared with the component method. The comparison revealed that the component method is
very conservative in terms of estimating the resistance of the joint. However, the initial stiffness was
proved to be almost twice smaller than that obtained from the numerical analysis. The numerical
model was also used in the validation of the proposed analytical model.

A model for predicting the column base behavior under weak axis bending was proposed. The model
is in accordance with the component method for strong axis bending. The differences between the
model for weak and strong axis bending were identified. The component which differs most is the
tension component since not all the yield mechanisms are possible in this case. Regarding the
component in the compression, the effective area is calculated according to the position of the neutral
axis instead of considering that this area is always the same, independently of the acting loads (like
what happens in the strong axis bending).

The analytical model allows to estimate the moment capacity of the joint for bending in any direction.
This was made possible by the help of an interaction curve between the moment capacities of the joint
for bending about the main axes assuming an elliptical shape.

Finally, the analytical model was validated by the comparison with the numerical model. At first, the
column base model in ABAQUS was subjected to weak axis bending with a load eccentricity of
e=-0,25m and the results were compared. Then, the column was subjected to various loading planes
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with three different eccentricities (e= -0,25m; e= +0,25m and e=) and an interaction curve was
drawn for the three cases.

The comparison for the weak axis bending proved that the model is accurate but also conservative in
terms of resistance, like for the case of strong axis bending. Regarding the initial stiffness, the values
of the analytical method showed a smaller ratio than for the case of strong axis bending. However,
they were still much higher than the numerical results. Therefore, further studies should be performed
aiming at dealing with this issue for both strong axis bending and weak axis bending.

It has been found that the proposed shape for the interaction curve is appropriate since it provides
consistent results with those obtained with the numerical model. Once the analytical curve is obtained
by moment capacities that are very conservative, the analytical curves are also very conservative.

In conclusion, the proposed analytical model may be considered for practical design. However, further
validation should be carried out in the future. It is suggested that the model is applied to a large
number of column base cases and that the estimates obtained with the analytical model are compared
with the results from FE analyses. It is also suggested that the FE model presented in this dissertation
is further improved in order to account for a more realistic behavior of the concrete side of the joint
under tension.
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CALCULATION FOR THE COMPARISON WITH THE NUMERICAL MODEL — e= -0,25m
The following table shows the data of the joint.

Table 1 - Data of the joint

Steel S235 Steel S235 C16/20 Grade 8.8
Material
. fy 235 MPa f, 235 MPa fau« 16 MPa fup 830 MPa
Properties
E 210 GPa E 210GPa E. 29 GPa
HEB 240 a 440 mm a; 1500 mm M20
he 240 mm b 330 mm b; 1000 mm d 20 mm
be 240 mm t  20mm h 400 mm A 220 mm?
tw 10 mm e, 50mm a;; 380 mm L 250 mm
t 17 mm e, 85mm a;; 680 mm hon 20 mm
Dimensions 5 5
A 1,06x10° mm e: 50mm b, 335mm
ly 1,126x10°mm* p 160 mm ty 30 mm

Wy 1,053x10°mm®  a, 8mm

le, 3,923x10"mm*

Wop  4,984x10° mm®
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COLUMN BASE UNDER STRONG AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Anchor bolt lever arm:
m=e¢,—0.8 awf\/i = 40.9mm
Verification of the prying effects:
Lyr =t + tgr + hpp = 60mm
Ly, = 8d =160 mm
Ly = Lys + Lpe = 220 mm
8.82 m3 A,

Ly min = ———— = 100.9 mm
! leff,l t

Ly > Lp min = No prying forces
Effective lengths for each mechanism:
lnp1 = 2mm = 257.3 mm
lup2 = 2mm + 2p = 577,3 mm
lups = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnps = 2m + 0,625e, + 0,5p = 193,1 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
lnp'7 =0,5b =165 mm
Effective length of the T-stub:
lefri-2 = min(lnp,l; bnp,25 lup 35 bnp,as bap,s5 Lnp 65 lnp,7) = 165mm

Plastic bending moment capacity of the base plate:
1
MpL,Ra = thfyd =23,5KN.m/m

Resistance of failure Mode 1-2:

21 _,m
Friora = eff'lr; pLRd _ 189,4 KN

Tension resistance of the bolts:
0,9 A
Fipa = 99 fun As _ 164,3 KN
Ym2

Resistance of failure Mode 3:
FT,3,Rd = ZBt,Rd = ZBFt,Rd = 328,7 KN
Resistance of the tension T-stub:

FT,Rd = min(FT’l_z'Rd; FT,S,Rd) = 189,4‘ KN
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Lever arm of the tension part:
Z¢ =?C+ec =170 mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION
Loaded area, Aco, and spread area, Ac::
Ago = ab = 1,452 x 10°> mm?

a+ h =840mm
a, = minj{ 3a = 1320 mm = 840 mm
a; = 1500 mm

b+ h=730mm
b, =min{y 3b=990mm =730mm
b; = 1000 mm

Ay = ay by, = 6,132 x 10° mm?

Checking the influence of the grout:

0,2min( a; b) = 66mm >t = 20 mm

Thus, the joint material coefficient g; is 2/3 and the bearing strength is:

’A
fjd = IBJ' fea A_Cl = 30,962 MPa < 3 f.q = 67,8MPa
c0

c=t L=31,8mm
3fjdVM0

Lo = mi b.+2c=332,6 mm
erp =min{ b = 330 mm

Width of the strip:

Effective length:
= 303,6 mm
Effective width:

bess = min{c; (a — hc)/2} + t; + ¢ = 80,6mm
Effective area:

Agfr = besy lopr = 2,447 x 10* mm?
Lever arm of the compression force:
he tf
=——-==111
Zc 2 2 ,5 mm

Compressed part resistance:
Fc,pl,Rd = Aeff fjd = 7579 KN
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RESISTANCE OF THE COMPONENT COLUMN FLANGE AND WEB IN COMPRESSION
The component resistance depends on the plastic bending moment capacity of the column:

W.
M pq = Mpl,y,Rd = M =247,5KN.m

Ymo

Thus, the design compression resistance of the flange is:

M
Fefora = ( oRd _ —1109,7 KN

he —tf)

ASSEMBLY
For the calculation of the bending resistance, the load eccentricity needed:
e =—-250mm

This corresponds to the case of a dominant bending moment with tension on the left side and
compression in the right side (Ngg<0 and e<-zc)).

The tension part resistance is:
Frra = 189,4 KN
And its lever arm:
z; = 170 mm
The compression part resistance:
Fera = min(Fepiras Fefera) = 666,1 KN
And the lever arm is:
z. =111,5mm

Thus, knowing that z = z; + z., the joint resistance is:

FriraZ _ oo enm
ZCr - ! ’
' 1
My, = min e+ =96,2KN.m
' —FerraZ _ o0 0 kN.m

kZT’l/e -1
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COLUMN BASE UNDER WEAK AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Effective lengths for the possible mechanism for the no-prying case (my=40,9mm):
lnps = 2mm = 257.3 mm
lnps = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
Effective length of the T-stub:
lepfa-z2 = Min(lyp 15 bup 3 lnpas lnps) = 198,1 mm
Resistance of Mode 1-2 (M rg=23,5KN.m)

21 _om
Fri-ogra = —2 '1nf PLRA _ 927 4 KN

Tension resistance of the bolts:

0,9 fup A
Fipa = 09 fuv s _ 164,3 KN
Ym2

Resistance of failure Mode 3:
Fr3pra = XBtra = 2BFipq = 328,7 KN
Resistance of the tension T-stub:
Frra = min(Fr1—oras Frara) = 2274 KN

And its lever arm:

zt=§=80mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION

The bearing strength calculation is presented above (fjz=30,962MPa), as well as the width of the strip
(c=31,8 mm).

Effective area of the compressed T-stub:

F. —N
Agsp = —2L FL — 7573 x 103mm?
fia
The effective width is:
. a— hc
beff =2X (tf + c+ min {c; }) =161,2 mm
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And the effective length:

A
( Zeff 1257 mm
J befs
lefr = Ibc/z + c=151,8mm 125,7mm
\ b/z =165mm

The component resistance is then:
FC,Rd = beff leff f:id = 683,1 KN
And the lever arm of the compression force:

_ o et R I bV
Z, = mm(z +c,2 > 83,4 mm

ASSEMBLY

Since the eccentricity is e = —250 mm, which corresponds to the case of a dominant bending moment
with tension on the left side and compression in the right side (Ngg<O0 and e<-zc)), the joint resistance
is calculated by:

(_frira 59,7KN.m
Zcr - ! )
' 1
M, = min _F/e * = 59,7 KN.m
lZT l;'T'Rd = 80,3 KN.m
1y —1
e

Mz-MY INTERACTION CURVE
The interaction curve is defined by the following function (see Figure 1):

2 2 2
M M M
M Z,R M v,R M ¥.R

Where:
M, g =597 KN.m
Myr =96,2KN.m
M,-M, Interaction curve
l\glé[KN.m]
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Figure 1 - M.-My Interaction curve



Steel column bases under biaxial loading conditions

ANNEX 2

CALCULATION FOR THE COMPARISON WITH THE NUMERICAL MODEL — e= +0,25m
The following table shows the data of the joint.

Table 2 - Data of the joint

Steel S235 Steel S235 C16/20 Grade 8.8
Material
. fy 235 MPa f, 235 MPa fau« 16 MPa fup 830 MPa
Properties
E 210 GPa E 210GPa E. 29 GPa
HEB 240 a 440 mm a; 1500 mm M20
he 240 mm b 330 mm b; 1000 mm d 20 mm
be 240 mm t  20mm h 400 mm A 220 mm?
tw 10 mm e, 50mm a;; 380 mm L 250 mm
t 17 mm e, 85mm a;; 680 mm hon 20 mm
Dimensions 5 5
A 1,06x10° mm e: 50mm b, 335mm
ly 1,126x10°mm* p 160 mm ty 30 mm

Wy 1,053x10°mm®  a, 8mm

le, 3,923x10"mm*

Wop  4,984x10° mm®




Steel column bases under biaxial loading conditions

COLUMN BASE UNDER STRONG AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Anchor bolt lever arm:
m=e¢,—0.8 awf\/i = 40.9mm
Verification of the prying effects:
Lyr =t + tgr + hpp = 60mm
Ly, = 8d =160 mm
Ly = Lys + Ly = 220 mm
8.82 m3 A,

Ly min = ———— = 100.9 mm
! leff,l t

Ly > Lp min = No prying forces
Effective lengths for each mechanism:
lnp1 = 2mm = 257.3 mm
lup2 = 2mm + 2p = 577,3 mm
lups = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnps = 2m + 0,625e, + 0,5p = 193,1 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
lnp'7 =0,5b =165 mm
Effective length of the T-stub:
lefri-2 = min(lnp,l; bnp,25 lup 35 bnp,as bap,s5 Lnp 65 lnp,7) = 165mm

Plastic bending moment capacity of the base plate:
1
MpL,Ra = thfyd =23,5KN.m/m

Resistance of failure Mode 1-2:

21 _,m
Friora = eff'lr; pLRd _ 189,4 KN

Tension resistance of the bolts:
0,9 A
Fipa = 99 fun As _ 164,3 KN
Ym2

Resistance of failure Mode 3:
FT,3,Rd = ZBt,Rd = ZBFt,Rd = 328,7 KN
Resistance of the tension T-stub:

FT,Rd = min(FT’l_z'Rd; FT,S,Rd) = 189,4‘ KN



Steel column bases under biaxial loading conditions

Lever arm of the tension part:
Z¢ =?C+ec =170 mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION
Loaded area, Aco, and spread area, Ac::
Ago = ab = 1,452 x 10°> mm?

a+ h =840mm
a, = minj{ 3a = 1320 mm = 840 mm
a; = 1500 mm

b+ h=730mm
b, =min{y 3b=990mm =730mm
b; = 1000 mm

Ay = ay by, = 6,132 x 10° mm?

Checking the influence of the grout:

0,2min( a; b) = 66mm >t = 20 mm

Thus, the joint material coefficient g; is 2/3 and the bearing strength is:

’A
fjd = IBJ' fea A_Cl = 30,962 MPa < 3 f.q = 67,8MPa
c0

c=t L=31,8mm
3fjdVM0

Lo = mi b.+2c=332,6 mm
erp =min{ b = 330 mm

Width of the strip:

Effective length:
= 303,6 mm
Effective width:

bess = min{c; (a — hc)/2} + t; + ¢ = 80,6mm
Effective area:

Agfr = besy lopr = 2,447 x 10* mm?
Lever arm of the compression force:
he tf
=——-==111
Zc 2 2 ,5 mm

Compressed part resistance:
Fc,pl,Rd = Aeff fjd = 7579 KN



Steel column bases under biaxial loading conditions

RESISTANCE OF THE COMPONENT COLUMN FLANGE AND WEB IN COMPRESSION
The component resistance depends on the plastic bending moment capacity of the column:

W.
M pq = Mpl,y,Rd = M =247,5KN.m

Ymo

Thus, the design compression resistance of the flange is:

M
Fefora = ( oRd _ —1109,7 KN

he —tf)

ASSEMBLY
For the calculation of the bending resistance, the load eccentricity needed:
e =+4+250mm

This corresponds to the case of a dominant bending moment with tension in one side and compression
in the ohter side (Ng>0 and e>zy).

The tension part resistance is:
Frra = 189,4 KN
And its lever arm:
z; = 170 mm
The compression part resistance:
Fera = min(Fepiras Fefera) = 666,1 KN
And the lever arm is:
z. =111,5mm

Thus, knowing that z = z; + z,, the joint resistance is (e= +0,25m):

FriraZ _ oo enm
Zcr - ’ )
' 1
M, = min e+ =36,9 KN.m
' ferra _ o7 kN.m

kZT,l/e _ 1



Steel column bases under biaxial loading conditions

COLUMN BASE UNDER WEAK AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Effective lengths for the possible mechanism for the no-prying case (my=40,9mm):
lnps = 2mm = 257.3 mm
lnps = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
Effective length of the T-stub:
lepfa-z2 = Min(lyp 15 bup 3 lnpas lnps) = 198,1 mm
Resistance of Mode 1-2 (M rg=23,5KN.m)

21 _om
Fri-ogra = —2 '1nf PLRA _ 927 4 KN

Tension resistance of the bolts:

0,9 fup A
Fipa = 09 fuv s _ 164,3 KN
Ym2

Resistance of failure Mode 3:
Fr3pra = XBtra = 2BFipq = 328,7 KN
Resistance of the tension T-stub:
Frra = min(Fr1—oras Frara) = 2274 KN

And its lever arm:

zt=§=80mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION

The bearing strength calculation is presented above (fjz=30,962MPa), as well as the width of the strip
(c=31,8 mm).

Effective area of the compressed T-stub:

F. —N
Aoy = —2L P — 5573 x 103mm?
fia
The effective width is:
. a— hc
beff =2X (tf + c+ min {c; }) =161,2 mm



Steel column bases under biaxial loading conditions

And the effective length:

( Zeff _ 346mm
! befs

lefr = Ibc/2 + c=151,8mm 34,6mm
\ b/z =165 mm

The component resistance is then:
FC,Rd = beff leff f:id = 172,6 KN
And the lever arm of the compression force:

_ (€ . B
Z, = mm(2 +c,2 > 134,6 mm

ASSEMBLY

Since the eccentricity is e = +250 mm, which corresponds to the case of a dominant bending moment
with tension in one side and compression in the other side (Ngg>0 and e>-zy), the joint resistance is
calculated by:

(_frira 31,7KN.m
Zcr - ! )
' 1
M, = min _F/e +Z =31,7KN.m
lZT l;'T'Rd = 54,4 KN.m
1y —1
e

Mz-MY INTERACTION CURVE
The interaction curve is defined by the following function (see Figure 2):

2 2 2
M M M
M Z,R M v,R M ¥.R

Where:
M, =31,7KN.m
My, =369 KN.m

M,-M, Interaction curve
%Z[KN.m]

35

25 \

0 N\

N N
0 N\

Figure 2 - M,-My Interaction curve



Steel column bases under biaxial loading conditions

ANNEX 3

CALCULATION FOR THE COMPARISON WITH THE NUMERICAL MODEL — e=infinite
The following table shows the data of the joint.

Table 3 - Data of the joint

Steel S235 Steel S235 C16/20 Grade 8.8
Material
. fy 235 MPa f, 235 MPa f« 16 MPa fup 830 MPa
Properties
E 210 GPa E 210GPa E. 29GPa
HEB 240 a 440 mm a; 1500 mm M20
he 240 mm b 330 mm b; 1000 mm d 20 mm
be 240 mm t 20mm h 400 mm As 220 mm?
tw 10 mm e, 50mm a; 380 mm L 250 mm
t 17 mm e, 85mm a;; 680 mm hon 20 mm
Dimensions 5 5
A 1,06x10" mm e. 50mm b, 335mm
ly 1,126x10°mm* p 160 mm ty 30 mm

Wy 1,053x10°mm®  a, 8mm

le, 3,923x10"mm*

W, 4,984x10° mm®




Steel column bases under biaxial loading conditions

COLUMN BASE UNDER STRONG AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Anchor bolt lever arm:
m=e¢,—0.8 awf\/i = 40.9mm
Verification of the prying effects:
Lyr =t + tgr + hpp = 60mm
Ly, = 8d =160 mm
Ly = Lys + Lpe = 220 mm
8.82 m3 A,

Ly min = ———— = 100.9 mm
! leff,l t

Ly > Lp min = No prying forces
Effective lengths for each mechanism:
lnp1 = 2mm = 257.3 mm
lup2 = 2mm + 2p = 577,3 mm
lups = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnps = 2m + 0,625e, + 0,5p = 193,1 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
lnp'7 =0,5b =165 mm
Effective length of the T-stub:
lefri-2 = min(lnp,l; bnp,25 lup 35 bnp,as bap,s5 Lnp 65 lnp,7) = 165mm

Plastic bending moment capacity of the base plate:
1
MpL,Ra = thfyd =23,5KN.m/m

Resistance of failure Mode 1-2:

21 _,m
Friora = eff'lr; pLRd _ 189,4 KN

Tension resistance of the bolts:
0,9 A
Fipa = 99 fun As _ 164,3 KN
Ym2

Resistance of failure Mode 3:
FT,3,Rd = ZBt,Rd = ZBFt,Rd = 328,7 KN
Resistance of the tension T-stub:

FT,Rd = min(FT’l_z'Rd; FT,S,Rd) = 189,4‘ KN



Steel column bases under biaxial loading conditions

Lever arm of the tension part:
Z¢ =?C+ec =170 mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION
Loaded area, Aco, and spread area, Ac::
Ago = ab = 1,452 x 10°> mm?

a+ h =840mm
a, = minj{ 3a = 1320 mm = 840 mm
a; = 1500 mm

b+ h=730mm
b, =min{y 3b=990mm =730mm
b; = 1000 mm

Ay = ay by, = 6,132 x 10° mm?

Checking the influence of the grout:

0,2min( a; b) = 66mm >t = 20 mm

Thus, the joint material coefficient g; is 2/3 and the bearing strength is:

’A
fjd = IBJ' fea A_Cl = 30,962 MPa < 3 f.q = 67,8MPa
c0

c=t L=31,8mm
3fjdVM0

Lo = mi b.+2c=332,6 mm
erp =min{ b = 330 mm

Width of the strip:

Effective length:
= 303,6 mm
Effective width:

bess = min{c; (a — hc)/2} + t; + ¢ = 80,6mm
Effective area:

Agfr = besy lopr = 2,447 x 10* mm?
Lever arm of the compression force:
he tf
=——-==111
Zc 2 2 ,5 mm

Compressed part resistance:
Fc,pl,Rd = Aeff fjd = 7579 KN



Steel column bases under biaxial loading conditions

RESISTANCE OF THE COMPONENT COLUMN FLANGE AND WEB IN COMPRESSION
The component resistance depends on the plastic bending moment capacity of the column:

W.
M pq = Mpl,y,Rd = M =247,5KN.m

Ymo

Thus, the design compression resistance of the flange is:

M
Fefora = ( oRd _ —1109,7 KN

he —tf)

ASSEMBLY
For the calculation of the bending resistance, the load eccentricity needed:
e = oo
This corresponds to the case of a bending without axial force.
The tension part resistance is:
Frrq = 189,4 KN
And its lever arm:
z; = 170 mm

The compression part resistance:

Fera = min(Fepiras Fefera) = 666,1 KN
And the lever arm is:

z. =111,5mm

Thus, knowing that z = z; + z., the joint resistance is (e= 0):

=53,3KN.m



Steel column bases under biaxial loading conditions

COLUMN BASE UNDER WEAK AXIS BENDING
RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND ANCHOR BOLTS IN TENSION
Effective lengths for the possible mechanism for the no-prying case (my=40,9mm):
lnps = 2mm = 257.3 mm
lnps = Tm + 4e = 468,6 mm
lnpa = 4m + 1,25e, = 226,3 mm
lnpe = 2m + 0,625e, + e = 198,1 mm
Effective length of the T-stub:
lepfa-z2 = Min(lyp 15 bup 3 lnpas lnps) = 198,1 mm
Resistance of Mode 1-2 (M rg=23,5KN.m)

21 _om
Fri-ogra = —2 '1nf PLRA _ 927 4 KN

Tension resistance of the bolts:

0,9 fup A
Fipa = 09 fuv s _ 164,3 KN
Ym2

Resistance of failure Mode 3:
Fr3pra = XBtra = 2BFipq = 328,7 KN
Resistance of the tension T-stub:
Frra = min(Fr1—oras Frara) = 2274 KN

And its lever arm:

zt=§=80mm

RESISTANCE OF COMPONENT BASE PLATE IN BENDING AND CONCRETE IN COMPRESSION

The bearing strength calculation is presented above (fjz=30,962MPa), as well as the width of the strip
(c=31,8 mm).

Effective area of the compressed T-stub:

Frpa—N
Aesp = —FL B — 7345 x 103mm?
fia

The effective width is:

a—h,

beff =2X (tf + c+ min {c; }) =161,2 mm



Steel column bases under biaxial loading conditions

And the effective length:

( eff _ 45,6 mm
! bess

lefr = Ibc/2 + c=151,8mm 45,6mm
\ b/z =165 mm

The component resistance is then:
FC,Rd = beff leff fid = 227,4' KN
And the lever arm of the compression force:

(b b lefy
Z, = mm(?c+c;z>—97= 129,0 mm

ASSEMBLY

Since the eccentricity is e = oo, which corresponds to the case of bending moment without axial force
(Neg=0), the joint resistance is calculated by:

Frira? 4o spn m
Zer o '
Tle+1
M,g = min{ B Fc/ € ra = 47,5 KN.m
——= = 47,5KN.m
k T'l/e -1

Mz-MY INTERACTION CURVE
The interaction curve is defined by the following function (see Figure 3):

2 2 2
M M M
M Z,R M v,R M Y.R

M, = 47,5KN.m
My = 53,3 KN.m

Where:

M,-M, Interaction curve
M, [KN.m]
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Figure 3 - M,-My Interaction curve



