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ABSTRACT

The present diploma thesis deals with the capacity design of regular multi-storey steel buildings with
concentric bracing systems in conjunction with the investigation of the behavior and load -bearing
capacity of a regular three-storey structure using non-linear analyses. In particular, an extensive
research is carried out regarding the influence of guideline 6.7.2(2) of Eurocode 8, which stipulates that
the contribution of the compressed bracing should be ignored during the analys is and, as a result, the
design of the structure.

In the first chapter, the fundamental principles concerning the capacity design of steel buildings

according to Eurocode 8 are presented, with emphasis on a deeper understanding of their application.
The required seismic design components are introduced, which are necessary in order to define the
analysis method as well as the seismic design loads imposed in the structure. Moreover, the regulatories
and checks for all structural members of a steel building under seismic and non-seismic loads are
summarized, especially for moment resisting and concentrically braced framing systems.

In the second chapter, 4 possible design scenarios of a regular three-storey steel building are presented

using non-linear analyses for the more accurate investigation of the aforementioned guideline. In order

to reach rather realistic conclusions r egesignéddforg t he
each scenario from the beginning so as to fully comply with all regulatories of Eurocodes 3 and 8. For

this reason, a design methodology for regular steel buildings was developed that aims to achieve

material economy as well as the minimum required number of linear anal yses.

In the third chapter, the behavior of the three -storey steel building is extensively investigated using

non-linear analyses of material and geometry for seismic loading in the direction of the bracing systems

and for all design scenarios. Themainpur pose of this chapter is the estim
load when the compressed bracing and its post-buckling behavior are taken into account. Subsequently,

the non-compliance of the slenderness limitation in the load-bearing capacity of the structure is
investigated, as it is a rather definitive criterion for the design of the bracings.



In the same chapter, a fifth design scenario is introduced, where the structure under investigation is

designed based entirely on the resistance checks, while the requirements of the seismic code are
completely ignored. This approach aims to highlight the necessity of capacity design in the case where
the nominal values of either the seismic actions or the resistance of the members are, in fact, different

compared to the design. Therefore, a parametric study for the material of the bracings , as well as the
columns directly connected to them, is carried out. The load-bearing capacity of the structure in
correspondence to the developed seismic shear is assessed foreach design scenario and the most
effective scenario is suggested as a more realistic approach of the contribution of the compressed
bracing in the total behavior of the structure.

Finally, in the fourth and final chapter the general conclusions of this diploma thesis are summarized
and proposals for the further investigation of the behavior of steel buildings with bracing systems under
seismic loads are suggested.
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1 CHAPTER 1: THE BASIC PRINCIPLES
OF CAPACITY DESIGN FOR STEEL
BUILDINGS ACCORDING TO ECS8

11 INTRODUCTION

Eurocodes are technical rules, unified at a European level, that constitute a set of unanimously accepted
and applicable standards. They provide the basis for the analysis and design of structures in terms of
strength and stability against live and extreme loads, such as earthquakes. The most recent technical
developments regarding structural design are included, as they aim to bridge the gap between the
tradition of the practitioner engineers and the theoretical innovation of the researchers.

Eurocode 8 denoted in general as EN 1998 applies to the design and congruction of buildings and civil

engineering works in seismic regions and covers all common structures with provisions of general
validity. Part 1 of EN 1998, in particular, comprises of a two-level seismic design, establishing explicitly
the following requirements that balance both concepts of safety and economy at the same time:

- No-collapse requirement

The structure should be designed in order to resist the seismic design actions, without any danger of
local or global collapse occurring. It should also be able to maintain its load bearing capacity after the
seismic event, in order to allow safe evacuation as well as sufficient lateral resistance in case of possible
aftershocks (JRC European Commission 2012) In particular, any type of failure that poses a risk of
collapse, such as the formation of soft-storey mechanism and sheartypes of failure, should be avoided.
The no-collapse requirement is assaciated with the Ultimate Limit S tate (ULS), since it deals with the
safety of people and the entire structure. For ordinary structures, this requirement should be applied to
a reference seismic action with a 10% probability of exceedance in 50 years or a return period of 475
years.

Capacity design andinvestigation of the behavior of multi -storey steel buildings according to Eurocode 8
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- Damage limitation requirement

The structure should be designed and constructed with the ability to resist a seismic action with a larger
probability of occurrence than the design seismic action. This requirement stipulates that no damage
should occur for seismic actions that are more frequent than the design action. After the design seismic
event, however, the structure may present substantial damages in its structural elements, including
permanent drifts, to the point that it m ay be economically unrecoverable. Some damage to non-
structural elements is acceptable but they should not impose significant limitations of use and should
be repairable economically. The damage limitation requirement is associated with the Serviceability Limit
State (SLS) since it deals with the use of the building, the comfort of the occupants and economic
losses For ordinary structures this requirement should be applied to a reference seismic action with a
10% probability of exceedance in 10 years or a return period of 95 years. For earthquakes smaller than
the design seismic event, an ordinary structure performs in the elastic region due to the compliance to
the damage limitation requirement that refers to the design earthquake. (l. Psycharis 2016)

1.2 DEFINITION OF SEISMIC DESIGN COMPONENTS

1.2.1.1 Ductility class

Ductility is defined as the ability of the structure to sustain large deformations beyond the yielding point

without collapse and is expressed in terms of demand and availability. The ductility demand is the
maximum level of ductility that the structure can reach during a seismic situation and depends on the
characteristics of both the earthquake and the structure. Available ductility, on the other hand, is a

characteristic of the structure and is defined as the maximum ductility that the struct ure is capable to
develop by undergoing severe damages that lead to collapse. Therefore, the seismic code aimsto ensure
the existence of a stable and trustworthy model of absorbing energy in predefined critical areas that

restrict no inertial loading that appears in other parts of the structure. (A. Elghazouli 2009).

The seismic energy dissipation capacity of a structure depends on the level of exploitation of its non -
linear response. This capacity can be described by the values of behavior factor q and the associated
ductility classification (low, medium or high) provided by Part 6.1.2 of EN 1998-1:2004.

Table 1-1: Design concepts, structural ductility classes and upper limit reference values of the behavior factor

. . Range of the reference values of
Design concept Structural ductilit  y class .
the behavior factor q

Low dissipative structural behavior DCL (Low) pP® a1

T8t

DCM (Medium) also limited by the values of Table 1-2

Dissipative structural behavior

DCH (High) only limited by the values of Table 1-2

In the case of structures that are classified as low -dissipative (Ductility Class Low or DCL), no account
of hysteretic energy dissipation is considered and, as a result, the behavior factor is not greater than
1.5-2.0 in order to take into account the overstrengths (EN 1998-1: 2004). However, for dissipative

Eleonora Balaoura Diploma Thesis NTUA 201¢
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structures (Ductility Class Medium or DCM and Ductility Class High or DCH), the behavior factor is taken
as being greater than these limiting values accounting for the hysteretic energy dissipation that mainly
occurs in specifically designed zones, calleddissipative zones or critical regions (EN 1998-1: 2004).

1.2.2 Behavior factor

The seismic design situation lasts only a few
therefore, uneconomic to design the structure based on the assumption that no damages occur (elastic
behavior) and not take advantage of its ability to retain its strength and rigidity in the plastic region
through large deformations. T he structure is allowed to present a certain level of damage during the
design earthquake, which should be limited and recoverable. The ability of a structure to develop large
deformations in the plastic range without collapse defines the degree of its dissipative behavior for
seismic loads. In regions of low seismicity or structures of special use or importance, the de sign aims
for an elastic response in the design earthquake situation. On the other hand, in areas of high seismicity,
such as Greece the seismic codes aim to achieve economical design by employing dissipative behavior

in which considerable inelastic deformations can be accommodated under significant seismic events

This is also supplemented by the capacity design concept which predetermines an acceptable failure
mechanism in case of extreme seismic loads that exceed the design situation. It is achieved by ensuring
sufficient ductility in plastic zones as well as adequate overstrength to the non -dissipative elements in
order to steer seismic energy towards the dissipative members, in case the structure undergoes plastic
deformations. Consequently, Eurocode 8 suggests that structures should be designed in the elastic
range for a reduced design seismic load, while the rest of the seismic action should be resisted through
large but allowable deformations in the plastic range. This reductive factor is called behavior factor and
guantifies the ability of the structure to dissipate energy with the following definition :

q = Ky (1-1)
where

Fe is the maximum developed force during the design earthquake supposing that the structure
had sufficient strength as to respond entirely in the elastic range

The higher the behavior factor, the higher the expected energy dissipation, as well as the ductility
demand on critical zones.Us i ng Newt ondés s e theeaguvalentelastiodeismmcdorce aam |,
be acquired as F.= ma,, where a, is the maximum elastic acceleration from the elastic design spectrum
according to the respective frequency of vibration T of the structure. This means that for this specific
frequency, the structure behaves as a single degree of freedom oscillator, thus ignoring the contribution

of all other modes of vibration.

After selecting one of the suggested values of g considering that the given values are upper limits, the
next step is to estimate the design seismic load which can be defined according to equation (1-1) as:
F 9,1
Fd: € m Se 9
q q

(1-2)

An elastic analysisis then carried out for the horizontal load distribution F; and the structure is designed
based on the results of this analysis. However, due to the overstrength of materials and the capacity

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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design of plastic zones, the load bearing capacity of the struct ure is ultimately increased The ability of
the structure to resist higher seismic loads compared to the design situation is referred to as
overstrength.

Therefore, in correspondence with the design behavior factor, the yielding behavior factor is defined as:

q,= Fel Fy (1-3)
where
F is the actual horizontal load for which the structure yields due to overstrength

It should also be mentioned that the yielding behavior factor is a quantity that can only be measured
after a typical pushover analysis for a specific mode and its respective frequency of vibration is carried
out. In particular, the extracted pushover curve is displaced by a bilinear curv e with the a ssumption
that all plastic hinges are concentrated on a single yielding point with coordinates ( F, dy), as illustrated
in the following figure.

Design

Actual behavior

——————— Elastic behavior

Figure1-1: St r uct umrespdnse atcording to dekign and actual inelastic behavior

On the other hand, the design behavior factor used to calculate the design seismic loads is provided by
Eurocode 8 and does not depend on the value of the yielding behavior factor. The suggested values are
a result of numerous observations through extensive experimental and analytical investigations.
Behavior factor g implicitly aims to satisfy the damage limitation requirement by defining the maximum
allowed value of ductility according to material and structural configuration. The following table
represents the maximum suggested values of the design behavior factor for a few types of frames.

Table 1-2: Upper limit of reference values of behavior factor s for systems regular in elevation

Ductility class
Structural type
DCM DCH
(@) Moment resisting frames 4 5a, a;
(b) Frame with concentric bracings
Diagonal bracings 4 4

Eleonora Balaoura Diploma Thesis NTUA 201¢
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1.2.3 Criteria for regularity

1.2.3.1 Regularity in plan

For the purpose of seismic design, buildings are categorised into being regular or irregular. Regularity
of the structure influences the required structural model (planar or spatial), the required method of
analysis, which can be either a simplified response spectrum analysis (equivalent lateral force) or a
modal one, and the value of the behavior factor g, which shall be decreased for buildings non -regular
in elevation (EN 1998-1: 2004, 84.2.3.1).

For a building to be categorized as being regular in plan, it should satisfy all the conditions listed in EN
1998-1: 2004, §4.2.3.2:

With respect to the lateral stiffness and mass distribution, the building structure shall be
approximately symmetrical in plan with respect to two orthogonal axes.

The plan configuration shall be compact, which means that each floor shall be delimited by a
polygonal convex line.

Regarding the global behavior of the building, the in -plan stiffness of the floors shall be sufficiently
large in comparison to the lateral stiffness of the vertical structural elements, so that the deformation
of the floor shall have a small effect on the distribution of the forces among the vertical structural
elements. They act as a horizontal tie, preventing excessive relative deformations between the
vertical elements and, thus, help distribute seismic loads. This criteria is met in case the floor is a
concrete slab which can be accurately assumed to be a rigid diaphragm with almost infinite axial
rigidity. However, if they have very elongated plan shapes or large openings, they are likely to be
inefficient in distributing seismic loads to the vertical elements .

- The slendernessl =, kLm; ©f the building in plan shall not be higher than 4, where Ly, @and Ly; n
are respectively the larger and smaller dimension of the building, measured in orthogonal directions.

- At each level and for each direction, the structural eccentricity shall be smaller than 30% of the
torsional radius, meaning that (a) e, ©0 . r3 & e, P 0 3Pand (b) ryOls & ryOls. In the case of a
symmetrical building, however, where the center of mass coincides with the center of rigidity for all
storeys, there is no structural eccentricity in any direction and, therefore, requirement (a) is
immediately fulfilled. Regarding requirement (b), in the case of a rectangular floor area with

dimensions I, and I, with uniformly distributed mass over the floor, |s is defined as:

L= (L) (1-4)
s 12
Ky = 1 Ke = 1 an K;: : 1
TR M=) T I (R 1) Yl (Fve1) (1-6)

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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where

Rz (M =i1 is the rotation of storey i about the vertical axis due to the unit moment
ux (F = 1 is the displacement at storey level i in direction X due to unit force F x
uy (=1 is the displacement in direction Y due to unit force F, v

1.2.3.2 Regularity in elevation

For a building to be categorized as being regular in plan, it should satisfy all the conditions listed in EN
1998-1: 2004, 84.2.3.3:

- The lateral stiffness and the mass of the individual storeys should remain constant or reduce
gradually, without abrupt changes, from the base to the top of the building.

- When setbacks are present, they should satisfy criteria (a), (b) and (c) of the same paragraph.

With regard to the category that the building under investigation falls into, the seismic ana lysis and
design are stipulated by EN 1998-1: 2004, 84.2.3.1(3), Table 4.1.

1.2.4 Cross-section class ification

According to 86.3.1(1) of EN1998-1, all steel buildings should be assigned to one of the following
structural types according to the behavior of their primary resisting configuration under seismic actions .

- Moment resisting frames

where the resistance to lateral forces is primarily provided by the development of bending moment s

and shear forces in the framing members and joints.

- Frames with concentric bracings

where horizontal loads are mainly resisted through axial forces developed in the bracings.

- Frames with eccentric bracings

where horizontal forces are mainly resisted by axially loaded members, but the eccentricity of the
layout is such that energy can be dissipated in seismic links by means of either cyclic bending or
cyclic shear (EN 1998-1: 2004).

The application of the behavior factor with a value greater than 1.5 -2.0 should be coupled with sufficient
local ductility demand in the predefined dissipative zones. The cross-sectional class requirement aims
to ensure that members in compression or bending have an acceptably small b/t ratio that ensures
sufficient local ductility of the dissipative members. The occurrence of local buckling results in lower
element ductility, thus leading to a reduction in the energy dissipation capacity and a lower factor q.

The cross-section requirements apply to all types of frame considered in Eurocode 8 and implicitly
accounts for the relationship between local buckling and rotational ductility of steel members that has

been extensively investigated in the past (A. Elghazouli 2009).
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Table 1-3: Requirements on cross-sectional class for dissipative elements (EN 1998-1: 2004 Table 6.3)

Ductility class Reference value of behavior factor q Required cross -sectional class
1. 5§@2. 0 Class 1,2 o0r 3
DCM -
2. 0@ . 0 Class1lor2
DCH q>4.0 Class 1

The area below the diagram in each case represents the level of ductile behavior of the cross-section.
Crosssections classified as Class 3 and 4 do not perform ductile behavior, due to their vulnerability to
local buckling that takes effect after the section reaches its yielding moment.

M

Class 1
Class 2

Class 3

Class 4
7.
6

Figure 1-2: Typical moment resistance to rotational capacity diagram according to the cross-section classification

1.2.5 Seismic loads

The inertial loads, ultimately imposed in the building, are directly related to the motion of the ground
upon which the structure is built. The seismic design is based on representing the earthquake actions
in the form of a n equivalent static force applied to the center of mass of the structure. According to EN
1998-1: 2004, §3.2.2.1 the earthquake motion can be represented by the elastic response spectrum,
which is subsequently reduced by factors that account for the capacity of the structure to dissipate the
seismic energy through inelastic deformations. For non-critical structures, it is generally considered
sufficient to estimate the seismic actions through this elastic response spectrum.

1.2.5.1 Horizontal component of seismic force

The seismic loads are evaluated based on the design response spectrum in conjunction with the
respective period of vibration of the structure. The period of vibration is a combination of the e xisting
rigidity of the members, activated in the direction of the seismic motion, and the total mass acquired
from all imposed loads in the seismic design situation (G+0.3Q) as:

(1-7)

~| 3|

T=¢@
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The horizontal seismicaction is described by two orthogonal components assumed as being independent
and represented by the same response spectrum. In addition, the elastic response spectrum
recommended by Eurocode 8 takes into account the effect of the soil through parameter S for different
ground types (A, B, C, D or ET rock to soft soil). The different soil classes reflect the amplifying effect
of softer layers as well as the effect on the frequency content, which leads to a wider constant
acceleration plateau and higher ordinates at intermediate and long response periods (Kumar, Stafford,
Elghazouli 2013). The design response spectrum provides the engineer with the advantage to bypass
the very considerable effort, expense and time required for a full site -specific hazard assessment.

It should be mentioned that the elastic spectr um provided by Eurocode 8 is suggested for a 5%
damping. In any other case, the correction factor E should be introduced in the spectral acceleration
with regard to the viscous damping ratioT o f t h e determinedcby the fellpwing expression:

E= 1p5+i00. 55 (1-8)

Elastic and design response spectrum
8.0 - (EN 1998-1:2004, 83.2.2.1)

7.0 A
6.0
5.0 A1
4.0 A
3.0 1
2.0 A
1.0 -

0.0 T T T T T 1

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Period of vibration T (sec)

—— Elastic spectrum

—— Design spectrum

Spectral acceleration (m/s2)

Figure 1-3: Example of elastic and design response spectrum (Type 1) for importance class Il and soil type B

1.2.5.2 Vertical component of seismic force

The seismic force is a vector that comprises of 3 components in a spatial model, one for its projection
in each level of direction. Therefore, apart from the two horizontal components, a vertical component
is also developed, that should be determined whether or not it contributes with significantly in the
seismic response of the building. According to EN 19981: 2004, 84.3.3.5.2, the vertical component of
the seismic action should be taken into account if a, 4is greater than 0.25g in the following cases:

- for horizontal or nearly horizontal structural members spanning 20 m or more as well as cantilever
components longer than 5 m

- for horizontal or nearly horizontal pre -stressed components
- for beams supporting columns

The vertical ground spectral acceleration a, ¢4is defined in EN 1998-1: 2004, 83.2.2.3, Table 3.4 for Type
1spectrumasa, 7 0 .a9 A
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1.2.5.3 Accidental eccentricity

In order to account for uncertainties in the location of masses and in the spatial variation of the seismic
motion, the calculated center of mass at each floor i should be considered as being displaced from its
nominal location in each direction by an accidental eccentricity equal to 5% of the floor dimensions
Lcia n b, (EN 19981: 2004, §4.3.2(1)) as:

e, NO .AQ 5 (1-9)
where
€, is the accidental eccentricity of storey mass i from its nominal location, applied in the same
direction at all floors
L is the floor-dimension perpendicular to the direction of the seismic action

When a modal analysis is carried out, two separate analyses should be carried out for each seismic
direction, one for e,7+0 . A;5nd a second for e,+7-0 . A;5Alternatively, instead of assuming the
displacement of the center of mass, torsional moments about the vertical axis of each storey i can be
introduced (EN 1998-1: 2004, §4.3.3.3.3):

MaFeq 4ZF| (1_10)
where
F is the horizontal force acting on storey i is derived from the lateral force method of analysis

However, when a lateral force method of analysis is carried out, where it is assumed that the
deformation of the structure occurs in the level of the seismic force, the displacement of the centre of

mass perpendicular to the direction of the of the earthquake, does not have any significant effect in the

final results (I. Psycharis 2016). In this case, the effect of accidental eccentricity can be taken into

account using quantity G, which is multiplied with the developed internal forces and displacements (EN
1998-1: 2004, 84.3.3.2.4):

a4+ 0%6 (1-11)
where
X is the distance of the element under consideration from the centre of the mass of the building
in plan, measured perpendicularly to the direction of the imposed seismic action
L is the distance between the two outermost lateral load resisting elements, measured

perpendicularly to the direction of the seismic action

ghe effects of accidental eccentricity is taken into account with the same direction in each floor in order

to maximise its torsional effects (I. Psycharis 2016).

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8



10 CHAPTER

1.2.6 Methods of analysis

When designing structures by taking into account their non -linear seismic response, a variety of analysis
options is available. The simplest and most widely used approach is to use either the modal or the
lateral force method of analysis (EN 19981: 2004, 84.3.3.1(3)), depending on the structural

characteristics of the building. §he method of analysis is selected based on the dynamic characteristics
of the structure which are estimated from a modal analysis.

1.2.6.1 Lateral force method of analysis

The response of multi-storey buildings, symmetric in plan, is dominated by the fundamental mode of
vibration and their response is not significantly affected by contributions from higher modes. In this

case, a simplified method of analysis, namely lateral force method of analysis, can be applied that does
not require to determine usually more than two fundamental modes of vibration, one for each principal

direction of the building. This method should only be applie d for buildings meeting both of the following

conditions imposed by EN 1998-1: 2004, 84.3.3.2(2):

- they have fundamental periods of vibration T; in the two main directions that are smaller than the

following values

2.0 sec (1-12)

- they meet the criteria for regularity in elevation.

1.2.6.2 Base shear

The total seismic load should be estimated in the direction of the earthquake, which is imposed in the
form of a shear forceint he base of the building, according
design seismic shear is determined from the following equation:

Fo= TAn/Sy(T1,1) (1-13)
where
] is the correction factor equal to 0.85 if T,0 2, and the building has more than two
storeys; otherwise | =1 . 00
m is the total mass of the building in the seismic design situation (G+0.3Q)
T, is the fundamental period of vibration of the building for later al motion in the
considered direction
Sy(T4,1) is the ordinate of the design spectrum for period T,

The cor r e c tadcaunts fdr thefactahat inlbuildings with at least three storeys and translational
degrees of freedom in each horizontal direction, the effective modal mass of the fundamental mode is
smaller on average by 15% of the total mass of the building. The fundamental period of vibration can
be estimated from a modal analysis, from the Rayleigh method or even using approximate expre ssions
provided by EN 1998-1: 2004, 84.3.3.2.2(3).
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1.2.6.3 Modal response spectrum analysis

This type of analysis should be applied to buildings that do not satisfy the conditions for applying the
lateral force method of analysis (EN 1998-1: 2004, §4.3.3.3.1(2) ). This means that for buildings irregular
in elevation, the modal response spectrum analysis is the only option. The contribution of all modes of
vibration that contribute si gnificantly to the global response of the structure should be taken into
account, according to the following conditions (EN 1998-1: 2004, §4.3.3.3.1(3)):

- the sum of the effective modal masses for the modes taken into account amounts to at least 90% of
the total mass of the structure

m" 00 . Mm0,A (1-14)
i =1
where
m;" is the effective modal mass of the i mode shape
m; o is the total mass of the structure in the seismic design situation (G+0.3Q)

- all modes with effective modal masses greater than 5% of the total mass are taken into account
m">0. M5,A (1-15)

The horizontal loads in the seismic design situation are calculated for each mode shape i that activates
the j degree of freedom as:

Fa 5 0Ma(TiT) MAL | (1-16)

After the estimation of the design seismic loadsématrix, the developed internal forces and displacements
are calculated for each mode shape. The assumption that these forces are applied in the center of mass
of each diaphragm is made and, according to a static analysis, their displacements are calculated using
the following equation:

ug =K'Fy | (1-17)

Afterwards, the displacements at the beginning and end of each member are calculated based on the
displacement of the center of mass, as well as the internal fo rces using the rigidity of each member. It
is important to mention that the actual displacements of the structure in the seismic design situation

should be multiplied by the behavior factor g as:
Ug =i Qg | (1-18)

The final internal forces and displacements are calculated using either the SRSS or the CQC method to

superposition the contribution of each mode shape.

1.2.6.4 Distribution of seismic loads

For the distribution of the base shear in the center of mass at each storey i, the fundamental mode of
vibration should be calculated in the respective direction. Due to the fact that seismic loads are only

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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estimated in the direction under investigation, only the degrees of freedom developed in this direction
are considered, whereas all others are ignored. The imposed seismic load in each storey can be

estimated as:

FJ—FoBimiA,ji (1-19)

When the fundamental mode shape is approximated by horizontal displacements increasing linearly
along the height, they can be approached by an inverted triangle where ﬁj: zj H:
m; &,

Bi mi/&i (1-20)

R=Fy

In regular structures, where inelasticity can be expected to be uniformly distributed, the design forces
are reduced on the basis of a single, global behavior factor g that Eurocode 8 suggests for common
structural forms. However, in irregular buildings, the q -factor approach can become inaccurate and a
more realistic description of the distribution of inelasticity throughout the structure may be required. In
these cases, a full non-linear analysis should be performed. Rather than using a single behavior factor,
a representation of the non -linear load-deformation characteristics of each member within the structure

iS necessary

1.3 CAPACITY DESIGN OF FRAMES

1.3.1 Moment resisting frame s

In moment resisting frames (MRFs) the dissipative zones should be mainly located in plastic hinges in
the beams or the beam-column joints, so that energy is dissipated by means of cyclic bending (EN 1998
1: 2004) . Plastic hinges should predominantly occur in the beams or in the connections of the beams to
the columns, but in no case in the columns (weak beam/strong column design) . For frames that belong
to multi -storey buildings, this requirement is waived in the bas e of the columns and at the top of the
upper storey. The weak beam/strong column design provides favourable performance in the avoidance
of premature and undesirable storey collapse mechanisms. Another benefit is that relatively strong
columns are obtained, such that beam rather than column yielding dominates over several storeys,

hence achieving adequate overall performance (A. Elghazouli 2009).

Figure 1-4: Acceptable mode of failure and desired uniform distribution of plastic hinges in a typical MRF system
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1.3.1.1 Columns

To obtain ductile plastic hinges in the beams, coexisting compression and shear forces should be
checked so as the full plastic moment resistance and rotation of the hinge are not reduced (A. Elghazouli
2009). For this reason, it is mandatory that the cross-section in the base of the columns is classified as
Class 1 or 2, in order to be able to develop its full plastic resistance. These criteria should be met for
each critical section according to the most unfavourable combination of be nding moments Mg 4 shear
forces Vg yand axial forces Ng 4 according to the requirements summarized in the following table.

Table 1-4: Summary table of capacity design requirements and checks according to EN1998 1 for MRF columns

Capacity design requirements Checks Eurocode 8 reference

EN 19981, §6.3.1(5), Figure 6.1

Crosssection classification Classlor?2 EN 19981, §6.5.3(2), Table 6.3

Me&Mea +al ANMeg, e EN 19931-1, §6.3.3(4), Equation 6.61
Section and member
= A 17 hecks in bending and .
Ne &Ng g + N ¢ )
EFNed tel ANMNeq E compression according to EN 1993-1-1, §6.3.3(4), Equation 6.62
EC3

VEEVed tel ANVEG, E EN 1993-1-1, §6.2.6(1), Equation 6.17
where
n=mi M, kMeq, is the minimum overstrength in the respective critical section i
Meg &n ey e are the bending moments in the seismic design situation due to the gravity

loads and lateral earthquake forces respectively

1.3.1.2 Beams

According to the weak beam/strong column requirement, hinges formed in the beams that constitute
as energy dissipation zones, should be able to develop their full plastic moment resistance. This criterion
should be satisfied not only for material economy, but also in order to provide sufficient ductility and,

therefore, stability during the st r uct ur e dnghe noa-linear rrge, where a significant number
of plastic hinges is formed.

Table 1-5: Summary table of capacity design requirements and checks according to EN19981 for MRF beams

Capacity design requirements Checks Eurocode 8 reference

EN 19981, §6.3.1(5), Figure 6.1

Crosssection classification Classlor?2 EN 19981, §6.5.3(2), Table 6.3

Me#Meg *&eq | E Med My Q@3 EN 19981, §6.6.2(2)
Ne#Nea +&ea, E NedNp i Q@ . 15 EN 19981, §6.6.2(2)
VEFVed t¥Ed, M - R
' ' . Ve 4 V, Qe . 5 EN 19981, 86.6.2(2
where Veg =uMp | | #dVba , Rkl & EdVor @O 8 (2)
Local ductility condition MR.O1. 3MR, EN 19981, §4.4.2.3(4)

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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1.3.2 Concentric ally braced frame s

Due to their geometry, concentrically braced frames (CBFs) provide truss action with members largely
subjected to axial forces in the elastic range. Although CBFs presentrelatively higher stiffness than
moment resisting frames, they can suffer from reduced ductility once the compression bracings buckle
(A. Elghazouli 2009). For this reason the dissipative zones should be mainly located in the tensile
diagonals. This ultimately leads to the application of capacity design procedures for the non -dissipative
elements, which ensures that seismic energy is primarily dissipated by the tensile bracings and not the
beams or columns directly connected to them.

1.3.2.1 Columns

The columns directly connected to the bracings should be capacity designed using the following
equation, where the design resistance of the beam or column under consideration N, . pith due account
of the interaction with the bending moment Mg 4 is determined as:

No , RMeaONe g +cl AMNeqg e (1-21)
where
Neg @&NdNeg, E are the axial loads due to gravity and lateral actions respectively in the
seismic design situation
n=mi N kNeg) is the minimum value of axial brace overstrength over all the diagonals

of the frame

The n of each diagonal should not differ from the minimum value more than 25% in order to ensure
reasonable distribution of ductility. The alternate approach of equation (1-21) is to acquire the most
unfavourable value of axial force as:

Ne@Neg +cl ANNeg e (1-22)

in order to concentrate the seismic energy dissipation mechanism in the bracings, in conjunction with
the combined section and member check that take into account the interaction of bending moment and
axial force according to one of the equations (6.61) and (6.62) of Eurocode 3. In the case where the
structure comprises of MRF systems in both directions, the section and member checks in bending and
compression according to EN 19931-1, 86.3.3(4), Equations (6.61) and (6.62) are the following:

Ne g My eq, M,

- +k, =————+k -1 -
RNz« YR M ri? M, R (1-23)
NEd My Ed Mz

~— kK, m———+k Royl 1-24
RNrk "R My rk” M, R ( )

Alternatively, in case the CBF columnbelongs to two different types of frames in the two main directions,
such as a CBF and an MRF at the same time the columns are not subjected to any bending moment in
the CBF direction. For example, in case M, g 4T due to a CBF system in the Y direction, the column
should be checked by considering the interaction between the axial force and the bending moment M, ¢ 4
due to the MRF function using the following checks, based on equations (1-23) and (1-24).
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Table 1-6: Summary table of capacity design requirements for CBF columns

Capacity design requirements Checks Eurocode 8 reference

Crosssection classification No requirement -

MeFMed +&ea, e EN 19931-1, §6.3.3(4), Equation 6.61
Section and member checks in
VeEdFVed *¥Eed, E bending and compression EN 19931-1, 86.2.6(1), Equation 6.17
- according to EC3

NeFNeg el ANNeq, EN 1993-1-1, §6.3.3(4), Equation 6.62

Local ductility condition No requirement -

1.3.2.2 Beamsdirectly connected to the rigid diaphragm

For beams that are part of concentrically braced framing systems, there is the possibility that the beam
is directly connected to the rigid diaphra gm that usually constitutes a concrete slab. In such a case, the
CBF beam is presumedto operate as a secondary beam, where the predominant type of failure is due
to bending moment with no requirement for dissipative behavior . Considering that the rigid diaphragm
presents a relatively higher axial rigidity compared to the bracings, the developed axial force in the
beam is insignificantly small and can be, therefore, neglected. For this reason, the main check that
should be performed reflects to the most unfavourable case for the bending moment, which is ULS
Finally, unlike the bracings, no requirement for uniform distribution of ductility in heightis recommended
by Eurocode 8 for the CBF beams, despite the fact that they should be capacity designed as well.

Table 1-7: Summary table of capacity design requirements and checks for beams directly connected to diaphragm

Capacity design requirements Checks Eurocode 8 reference
Crosssection classification No requirement -
Me 4 MedM, | Q3 EN 1993-1-1, §6.3.2.1(1), Equation 6.54

(acquired from ULS combination)

Ne@ O - .

Uniform distribution of ductility in
height

1.3.2.3 Beams not connected to the rigid diaphragm

An alternative approach regarding the primary type of failure of a CBF beam lies on the fact that the

beam is not directly connected to the rigid diaphragm. More specifically, the CBF beamis placed a few
centimetres below the level of the slab, while at the same time, a secondary beam is placed right next

to the CBF beam, with the responsibility to resist the vertical loads transferred from the slab. In this
case, the predominant reason of failure is due to global buckling, as the diaphragm is unable to provide

any lateral resistance to the CBF beam The beam is not subjected to any vertical loads apart from its

dead load, thus the possibility for bending or lateral torsional buckling is el iminated. Therefore, the most
significant check corresponds to the axial resistance of the CBF beam which should be capacity designed
as well, against the most unfavourable axial force. However, no requirement for uniform distribution of

ductility or classification for the cross-section of such beams are suggested, since they are not
considered dissipative elements.

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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Table 1-8: Summary table of capacity design requirements and checks for beams not connected to diaphragm

Capacity design requirements Checks Eurocode 8 reference

Crosssection classification No requirement -

Section and member . Lo . )
In case interaction is considered:

" . \
(from dead load) cgr?we(;lgzslir:)gzr::?:lg%andto EN 19931-1, 86.3.2.1(1), Equation 6.61
P o 9 EN 1993-1-1, §6.3.2.1(1), Equation 6.62

Ne&Neg +cl AMNMNeqgl O . .
(acquired from the most unfavourable Ned Np, Q1 EN 19931-1, §6.3.1.1(1), Equation 6.46
seismic combination)

1.3.2.4 Bracings

The response of CBFs is typically dominatel by the behavior of its braced members. Seismic codes rely

on the limits imposed on the width -to-thickness ratios of the cross-section in order to delay or prevent

local buckling. For thisreason,the r equi rement for the cl| asedtionftoibe ati on of
either Class 1 or 2 has been established In addition, seismic codes impose an upper limit on the

member 6s sl enderness i n o roddng effects, as wethastthe extert dféehe dy na mi c
post-buckling deformations (A. Elghazouli 2009).

Table 1-9: Summary table of capacity design requirements and checks according to EN19981 for bracings

Capacity design requirements Checks Eurocode 8 reference
. L EN 19981, §6.3.1(5), Figure 6.2
Crosssection classification Class 1 or 2 EN 19981, §6.5.3(2), Table 6.3
NedFNeg +&ed, E ; S
' ' Ned N
(for all seismic combinations) ed N1 @4 EN 19981, 86.7.3(5)
Non-dimensional slenderness limitation 1.3@2.0 EN 19981, §6.7.3(1)
Uniform distribution of ductility in height Nmasimi dNmi ©0. 2 EN 19981, 8§6.7.3(8)
Similarity in load deflection characteristics A"-A A"+A 00. 0 EN 19981, §6.7.1(3)
where

A is the area of the cross-section of the tension diagonal
U is the slope of the diagonal to the horizontal

The last requirement is determined in order to avoid significant asymmetric response effects, which
means that the value of AcosU must not vary significantly between two opposite braces in the same
storey. In case the compressed and the tension diagonals are identical, this requirement is satisfied.

1.4 DAMAGE LIMITATION CHECKS

1.4.1 General

As hasalready been indicated in the previous paragraphs, the performance requirement associated with

the damage limitation state, requires the structure to support a relatively frequent earthquake without
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significant damage or loss of operationality. Damage is only expected in non-structural elements and its

occurrence depends on the deformation that the structure, in response to the earthquake, imposes in

such elements (JRC European Commission 2012) Deformation-related criteria are particularly important

in steel moment frames due to their inherent flexibility that often governs the design. There are two
fundament al requirement s, namelondoi deer ef 6eey sdr ist
Sections (4.4.2.2) and (4.4.3.2) of EN 1998-1 that should be satisfied in the design. The direct

application of the following damage limitation checks for moment resisting frames often results in an

overall lateral capacity that is significantly increased from that assumed in design (A. Elghazouli 2008).

Significant levels of lateral frame overstrength can be present particularly when large q factors are used

and when the spectral design acceleration is not significantly increased (A. Elghazouli 2009).

1.4.2 Interstorey d rifts check

The interstorey drifts check is associated with the serviceability condition (SLS)as it refers to frequent
seismic actions and is limited in proportion to the height h of each floor according to EN 1998-1,
84.4.3.2(1) as:

d,AOF A (1-25)
where

4 is suggested as 0.005 for buildings having non-structural elements of brittle materials
attached to the structure, or 0.0075 for buildings having ductile non -structural elements
and 0.010 for buildings having non-structural elements fixed in a way so as not to interfere
with structural deformations or without non -structural elements (EN 1998-1: 2004)
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Figure 1-5: Interstorey displacements under horizontal loading

Additionally, d is the difference of the average lateral displacements dg at the top and the bottom of the
storey under consideration defined as d.= g, where d, is the maximum lateral displacement provided
by the elastic analysis of the structure. It is of utmost impo rtance to define which lateral displacement
is considered in equation (1-25), especiallyfor a non-regular building in plan, where the torsional effects
are significant, thus resulting in increased values of elastic displacements d.. In order to address this
issue in such a way that the interstorey drifts check does not become any more stringent, instead of
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receiving the ultimate maximum displacement from the elastic analysis, there is also the alternative to
calculate it in the center of rigidity. In this case, the torsional effects are almost eliminated in multi-
storey buildings, thus estimating a more objective quantity for the required displacement. Obviously, in
the case of regular buildings in plan, since the center of rigidity coincides with the center of mass a nd,
therefore, no torsional effects are developed, all points across the diaphragm have the same elastic

displacement.

The value of the reduction factor v depends on the importance class of the building and takes into
account the lower return period of the seismic action associated with the damage limitation requirement.
The recommended values of v are 0.5 for importance classes | and Il and 0.4 for classes Il and IV.
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Figure 1-6: (a) Torsional effect in irregular building (b) Uniform displacement in regular building

1.4.3 P-g effects

Secondorder (P-§) effects are of great importance especially in moment resisting frames, due to their
lateral flexibility. This check refers to the Ultimate Limit State (ULS) under the seismic design situation
and according to EN 1998-1, §4.4.2.2(2) the second-order effects can be estimated as:

e= T/tt d;ig (1-26)
where
d, is the interstorey drift coefficient
P . is the total gravity load at and above the storey considered in the seismic design situation
(G+0.3Q)
Vi ¢ is the total seismic storey shear in the direction under investigation

If condition €<0.1 is fulfilled in all storeys, then the second -order effects need not be taken into account.
If 0.1< &<0.2, then they may approximately be taken into account by multiplying the relevant seismic
action effects by a factor equal to 1j 1-& . For values 0.2<€<0.3, a non-linear analysis of geometry

should be carried out, while in no case should the interstorey drift coefficient & exceed the value of 0.3.
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2 CHAPTER 2: APPLICATION OF THE
PRINCIPLES OF EC8 TO A THREE-
STOREY STEEL BUILDING USING AN
OPTIMUM DESIGN METHOD

2.1 DESCRIPTION OF THE PROBLEM

In this chapter, the modelling and elastic analysis of a regular multi-storey steel building that fully
complies with the regulatories of Eurocodes 3 and 8 are examined. The guideline under investigation
concerning the bracings is §6.7.2(2) of EN 1998-1, that explicitly stipulates that in concentrically braced
frames with diagonal bracings, only the tension diagonal should be taken into account. In the following
paragraphs, the effects of this specific guideline is examined in the design of a multi-storey building
through possible design scenarios.

Steel concentrically braced framing systems are economic and, thus, popular forms of providing lateral

resistance to multi-storey buildings. A typical CBF consists of diagonal braces attached to beams and
columns using gusset plate connedions (see Figure 2-1(c)). The two bracings intersect in the middle in

order toreducethe c o mp r e s s e dbutkiing length (ge& &igure 2-1 (a)).

Due to their geometric configuration, the lateral forces are resisted by developing truss action, tension

and compression. This truss behavior limits the lateral drifts and low -frequency vibrations in braced
buildings and, therefore, provides occupancy comfort and impedes damages in the non-structural parts.
For this reason, CBFs are favoured over moment resisting frames for low return period seismic actions,
although in severe earthquakes they have been proven not to perform adequately well (A. Elghazouli
2004).

Capacity design andinvestigation of the behavior of multi -storey steel buildings according to Eurocode 8
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Their popularity and widely applicable use render the examination of their behavior under seismic loads
extremely important. Even though they have been independently i nvestigated, it is rather important to

“
| 7ep] | SHRBELR Py W
— L S

@) (b)

Figure 2-1: (a) House of the European Union, Vienna (b) Alcoa building, San Francisco, California(c) Typical
gusset plate connections of bracings to beams and columns
Consequently, in order to approach the matter of investigation under realistic conditions, the structure
is re-designed in each case so as to lly comply with the Eurocodes. Therefore, for the purpose of this
thesis, an optimum design methodology was developed that includes all possible requirements that
Eurocodes 3 and 8 suggest. The optimum design method is suitable for any regular building in plan and
elevation that constitutes of moment resisting frames and/or concentrically braced frames using the
equivalent lateral force method. Ultimately, i mportant conclusions are reached regarding the effects of
capacity design and especially of the concentrically bracing systems to the design of the structure,

through the investigation of multiple design scenarios.

2.2 DEFINITION OF STRUCTURAL SYSTEM

The steel building under investigation comprises of three storeys with a total height of 12 m, along with
two structural systems in the two global directions of the building: MRF system with multiple bays in
the X direction and a CBF system in themiddle frame crosswise. The cross-section profile for the beams
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is IPE, HEA or HEBfor the columns, whereas for the bracings the choice is limited only to hollow sections
fromthe SHS orRHSseries. The following figures demonstrate the elementary geometry of the structure
where it is obvious that the building is symmetrical along its two global axes, bo th in plan and elevation.
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Figure 2-2: (a) Plan (b) Y elevation (c) X elevation (d) 3 -dimensional demonstration of the steel building under
investigation

All columns are placed in such a way that the major principal axis is activated in the MRF direction,
considering that this is the primary direction for the development of bending moment in the columns.
An MRF system comprises of moment connections between the beams and the columns whereas in a
CBF system, due to the existence of the bracings, all connections can be assumed to be pins. Therefore,
in a structural system as the latter, only in significant bending moments develop about the minor principal
axis that gets activated for earthquakes in the Y direction. In addition, whereas an MRF system resiss
horizontal loads through the development of shear forces and, thus, bending moments, a CBF system
relies entirely on the axial rigidity of the bracings. Finally, secondary beams are also introduced with an
axial distance of 2 m, which was chosen arbitrarily. Their structural system is predefined as that of a
simply supported beam with pins on both ends, directly connected to the MRF beams.

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8



22 CHAPTER

2.3 NUMERICAL SIMULATION IN  ETABS

2.3.1 Definition of structural system

For the analysis of the multi-storey steel building, a three-dimensional (spatial) numerical model is
created using the commercial analysis software ETABS All elements are modelled as beam-type finite
elements, whereas no eccentricity is assumed in the connections of the intersecting members. Columns
are set to be fully fixed in the level of the foundations in the direction of the MRF system, whereas in

the direction of the CBF system to be pins. The concrete slab of each storey is not modelled, although
the equivalent vertical loads are introduced to the secondary beams, assuming a uniformly distributed

load in the level of the slab. Rigid diaphragms are introduced in each storey due to the existence of the
concrete slab, meaning that the behavior of the slab is approached through a solid disc with the ability
to develop deformations due to bending moments, although not axially. The design of the members is
primarily executed manually in order to acquire more trustworthy results. Therefore, the choice of the
automatic modelling as well as the checks that the commercial software integrates, are not used at all
throughout the modelling of the structure. The selected type of finite elements fo r the modelled

members is beam-type finite e lements, while the concrete slab is not modelled at all.

() (b)

Figure 2-3: (a) Definition of structural model in ETABS (b) Definition of s t o r rigig diaphragm in plan

2.3.2 Definition of material

The material is defined for all members as hot rolled steel of S355 grade. This assumption is mainly
made considering the demanding seismic requirements in terms of member sections. Taking into
account that ETABS is used only for the static analysis of the structure (internal forces and
displacements), the software assumes an infinitely linear behavior of the material and, therefore, no
yielding strength is required to be introduced. The grade of the steel is irrelevant to the developed
internal forces, as it only determines the ultimate strength of the members which is checked manually

in each case.
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2.3.3 Definition of vertical loads

In a seismic design situation, the vertical loads (permanent and variable loads) should be taken into
account as they define the mass that determines the period of vibration and, ultima tely, the imposed
seismic loads. The vertical loads imposed in the structure under investigation comprise of:

- dead load of the steel members as well as a uniform one from the concrete slab in each storey
distributed to the elements with regard to their influence area

- superimposed dead load in the perimeter of the building due to masonry
- variable load uniformly distributed in the | evel of the slab

The following figures demonstrate the distribution of the vertical as well as the seismic loads in the
software. All of the aforementioned loads are repeatedly imposed in each storey of the building.

L.‘:z’ -
I

(©

Figure 2-4: (a) Distribution of equivalent dead and variable loads from the slab directly applied to secondary
beams (b) Distribution of masonry loads in the perimeter (c) Typical distribution of imposed seismic loads

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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2.3.4 Design loads combinations

The multi-storey building under investigation should demonstrate an ability to resist the vertical and
horizontal imposed loads in the most unfavourable combination in the seismic situation. The seismic
design combination prescribed in EN 19981: 2004, §6.4.3.4 where T , =0 . 3o residential areas, is:

, G1<,+,-' ?z’Rpk *hed (2-1)

jo1 i01
Eeat0 B0 &Eca+0 . BQ x (2-2)

Kccentricity is taken into account along both axes and, therefore, the following 18 possible combinations
should be taken into account in the design of the structural elements of the building.

Table 2-1: Summary table of the design loads combinations

(G=el ement Cﬂ=$ddabl'osadcﬁe$mdasloméeyad |l oad, Q=variable

Name Combinations

uLS 1.35G6+1384H51. 500Q

SLS G4G+G+ Q

SEISM1 G4G+G+ 0. 3RWHECCY)KRYG ERE
SEISM2 G4G+G+0. 3R+ ECEY. ¥(KCCX)
SEISM3 G4G+G+0. 3R ECCY) +0. 3( EY +|
SEISM4 G4G+G+0. 3R ECCH0. ¥(KCCX)
SEISM5 G4G+G+0. 3QKX+ECEU. ¥HECCX)
SEISM6 G4G+G+0. 3QKX+ECEW. ¥( KCCX)
SEISM7 G4G+G+0. 3QKX ECCH0. Y¢EECCX)
SEISM8 G4G+G+0. 3QKX-ECCH0. ¥( KCCX)
SEISM9 G4G+G+ 0. 3RHHECCX)KX8 EECY)
SEISM10 G4G+G+0. 3R+ ECER. X(KCCY)
SEISM11 G4G+G+0. 3R+ (ECCX) K0+ BCCY)
SEISM12 G4G+G+0. 3R ECCX0. X(KCCY)
SEISM13 G4G+G+0. 3R+ ECCX . KHKECCY)
SEISM14 G4G+G+0. 3RMW+ECCX . X( ECCY)
SEISM15 G4G+G+0. 3R+ ECCXO0. X(H+KECCY)
SEISM16 G+G+G+0. 3R ECCX0. X( ECCY)

24 OPTIMUM DESIGN METHOD

The modelling of a multi-storey steel building that fully complies with all regulatories of Eurocodes 3
and 8 described in previous paragraphs, can be a time-consuming procedure that may not always result
in the most economic design solution. It is crucial , therefore, in terms of time and financial sources, to
combine all assumptions and checks required by Eurocodes in a single algorithm. This algorithm
integrates all the essential steps during the design process in an explicit order that leads to a balanced
solution between analysis effort as well as material economy. It should be mentioned that the flow chart

is created in order to demonstrate the procedure schematically and in no case does it abide by strict

mathematic or programming rules.
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Figure 2-5: Flow chart of optimum design method for regular steel buildings
(developed using online software Lucidchart)
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The sequence of orders presented in the flow chart is determined so as to minimize the n umber of the
required analyses. The main concept behind the optimum method lies on the fact that the value of the

seismic loads ultimately depends on the rigidity in the direction of the earthquake, when the total mass

can be assumed to be approximately constant. Therefore, considering that the vertical loads have a
constant value, it is crucial to define the sections of the members that primarily resist the seismic loads.

In particular, these members can be assumed to be the columns in the MRF system in the X direction,
while in the case of the CBF system, the bracings. Small crosssections lead to reduced rigidity and,
thus, increased period of vibration which results in small seismic loads. However, the structure should
not only be able to resist the design loads according to the combinations in Table 2-1, but it should also
comply with the stringent limitations regarding the deformation as well as the developed P-§ effects.

2.5 DESIGN IGNORING COMPRESSED BRACING: SCENARIO 1

2.5.1 General

In order to investigate the effects of the post -buckling and yielding behavior of the diagonals in the
seismic load-bearing capacity of the structure, possible elastic scenarios that account for the different
approaches of guideline EN 19981, §6.7.2(2) are introduced. The speculation on whether or not to
include the compressed bracing in the elastic analysis, does not have an immediate and conclusive
answer and is examined through a number of possible scenarios Another approach, however, suggests
that the seismic actions are calculated for the design earthquake, where the buckling of the compressed
bracing has already taken place. In Scenario 1, the structure is modelled by taking into account only
the tension diagonal in the structural configuration, thus completely ignoring the contribution of the
compressed bracing in the lateral rigidity of the structure during the static analysis.

Before proceeding to the design methodology for this scenario, the seismic design components
introduced in Chapter 1, should be defined. Consequently, the ductility class of the building is arbitrarily
determined as DCM, as no further information concerning the seismicity of the area or the importance
of the building are known. Furthermore, the ductility class along with the lateral force resisting system,

determine the behavior factor of the building in each direction. Therefore, according to Table 1-2, for
DCM and moment resisting frames, the maximum value of the behavior factor is suggested as q=4 in
the X direction, whereas for DCM and concentric bracings with diagonals the recommended value is
g=4 in the Y direction as well. Finally, the three-storey steel building under investigation can be
categorized as regular in elevation, considering it includes cross-sections and loads that are similar for
all storeys in conjunction with the absence of setbacks. Furthermore, since it complies with all the
aforementioned criteria regarding regularity in plan, the structure is rendered regular in general.

2.5.2 Detailed application of optimum design method

The following figures demonstrate the fundamental principles for the design of columns and bracings.
Apart from the resistance capacity checks for the members, the capacity design requirements play an
extremely important and definitive role in the final design of members, such as columns or bracings,
which are assumed to be the primary members that provide lateral resistance under seismic loading.
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Figure 2-6: Schematic representation of general design requirements for (a) columns (b) bracings

2.5.2.1 Secondary beamsmodelling

The design of the secondary beams constitutes the first step, considering that t hey are pinned on both
ends and are, therefore, not affected at all by the seismic loads due to the existence of the rigid
diaphragm. With regard to the fact that their structural system is statically determined, they also do not
affect the imposed vertical loads in the MRF beams. The secondary beams are ultimately designed based
on the required strength in the Ultimate Limit State (ULS), as well as the deflection limitation provided
by the Serviceability Limit State (SLS). Considering that the influence area of the beams is 2 m for the
interior beams and 1m for the beams in the perimeter in addition to the masonry load , the design loads
for the two cases are defined as:

rq~1.0CKy) +1bsP=1. 35A2A5+1kBHA2A3=22.5 (2-3)
be /12 My

L 9=100 pA) +1bGAP=1. 00A2A5+1 . kNMA2A3=16.C (24)

[ 9,=1.(BS54+9") +1.b58=1. 35(1A5+4) + k.NmAL1A3= (2.5
be =11 M) o, _ _ _ o

. q=10Q pA ¥) +1 .bpBH=1. 00( 1A5+4) + KNNOALA3 (2.6)

where g = % Nm and q = & [Nm are the uniformly distributed dead load and variable load respectively
in the level of the slab, while g"= 4k Nm is the load in the perimeter due to the existence of masonry.

The assumptions that the dead load is ignored, as well as that the section class is either 1 or 2 are
made, in order to acquire the bending moment and, thus, the cross -section in the pre-design as follows:

bes2m MeFqyi8=101k RBOM,| =W, fy, W,, O 286m21 PE2 (2-7)
bes1m M 0y’i8=68 KIN OMr@Woyfy W, O 286m2 1 REAO  (2-8)

The determined IPE240 does not fulfill the deflection requirement, as an IPE270 is rendered sufficient
according to the following serviceability conditions for floors.

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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G+Q . 4 . . )
ti=5q)" 38 4,EQUn,sUi250=2. 41,6m53c5ff | PE270 (29
(be =12 m)
G+Q . 4 . . )
ti=5q)" 38 4,EQUn,sU250=2. 41,0Mm01lc7h | PE270 (2-10)
(be =1 m)
Q i=5¢ 384EO0U=Lj300=2 ¢M24cth(satisfied (211
(be =12 m)

Final check of moment resistance as well as deflection limits for IPE270 section, considering the dead
load of the beam.

g=A=0.RBEM MF101.(QB5+FP8F) 03. 440 M NaW, f,5171. 82 (2-12)

The most unfavourable state in terms of deflection is in the case of the dead and the variable load
(G+Q) and for the influence are of 2m.

i5q)" 384FE 2. Biem2. 4 cm (2-13)

The class of the cross-section should be checked to be either 1 or 2, otherwise the bending moment
resistanceis estimated using the elastic quantities.

Flange: t=( b, 2170 Q=4.<®0=7. L9 ass 1 (2-14)

Web: Gt,=( R g),=33<2858. I als s (2-15)

Therefore, the secondary beams are classified as Class 1 and they are abé to develop their full plastic
resistance. Finally, the ability of the selected beams to resist shear force is also checked as:

VeFqliz=69 &W, =A(fj 3) =1738j(8) =351 kN (2-16)

Ultimately, all secondary beams are selected asIPE270, as illustrated in Figure 2-7.

2.5.2.2 Pre-design of MRF beams

The next step after the modelling of the secondary beams is the preliminary design of the beams that
are part of the moment resisting frame (MRF) system. The reason why this step precedes the design of
other members, is that the moment rigidity of the beams in the beam -column joints mainly defines the
buckling length and, thus, the cross-section of the columns in an MRF system.It should be mentioned
that the MRF beams should be able to resist the developed bending moment and the respective shear
forces for all combinations of Table 2-1, although they should not be checked for axial capacity, due to
the existence of the rigid diaphragm. The MRF beams are pre-designed based on the ULS and SLS only
and after a preliminary design of the columns is executed, their moment and shear capacity is checked
in all seismic design combinations. In parallel to the secondary beams, the MRF beams are designed
with regard to an influence area, which is 3m for the beams in the perimeter and 6m for the internal

ones, same as their axial distance. The design loads for the two cases are defined as:
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g, =1.(BAy) +1b5H=1. 35A( 6 A5) + 1k [EA( 6 A3) =€ (2-17)
bef:me"

La=1.0M0%) +1b0Ap=1. 00A(6A5) +KNnD A( 6 A3) =4 (2-18)

g =1.(B54+g) +1 .b5M=1. 35A( 3A5+4) +kNmb A3 A3 (2-19)
bef:f3m"

q=1.(0WA ¥) +1.bpM=1. 00A( 3A5+4)k4Hm. 0A3A3 (2-20)

where g = % Nm and q = & [Nm are the uniformly distributed dead load and variable load respectively
in the level of the slab, while g"= 4k INm is the load in the perimeter due to the existence of masonry.

The assumptions that the dead load is ignored, as well as that the section class is either 1 or 2 are also
made for the pre-design of the MRF beams in the non-seismic situation. A significant assumption made
for the pre -design of the MRF beams refers to their structural system. Considering that in the X direction
the structure is statically undetermined, the sections of the members indirectly determine the developed
internal forces. Therefore,in or der to eli minate the parameter
design of the beams, their structural system is assumed to be fixed on both ends and the maximum
developed moments are defined as:

be6m  Megq,lil236koNm OM,, =W, f,, W, O10L4% | PE40 (2-21)
be =3 m Meg q,5i1 2= 2 0 8k 8m OM, g @W,,f, W, ,0588m | P30 (2-22)

The determined MRF beams sections fulfill the deflection requirements, according to the following
serviceability conditions for floors.

G+ . _ )
Q G:qsl4 38 4,EOUn,xli250=3. 21,06 1cohi | PE3 00 (2-23)
(be =6 M)
G+Q . . . )
i=qJ" 38 4EOQU,,xj250=3. 21,04 4carh | PE27 0 (2-24)
(be =3 m)
Q =gl 384EOU,=Lj300=2. 671,038m 2cafi(sati sfi (2-25
(be =6 M)
Q a=ql* 384,EOU,=Lj300=2. 67,0 1c2fi( sati sf i (2-26)
(be =3 m)

Final check of moment resistance as well as deflection limits for IPE270 section, considering the dead
load of the beam in the cases whenb, =6 m

g=A=0.6BKEM M:736Qq4. FPB8FB67. 1 OMNAW, f,5464 kNm (2:27)

as well as when b, =3 m
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g=A=0.KEM M+208(8+ FPBFR13. 3DOMNPWeaf,5222. 94 (2-28)

However, when the dead load is included, Mg § M, | 7 Q¢ &nl, therefore, the beam is increased to
IPE330 where Mg § M, | 7 G4 . 7TBe class of both cross-sections IPE330 and IPE400 is checked:

Flange

gt=(H,2170Q=4.<®0=7. E%ass 1 (2-29)
bef:TGm
w . .

eb Gt =( 2 §),=38<B2B8. Tl ass 1 (2-30)

bef:TGm
FI - . o
ange Gt=( H,210@)=5.4 < 90ECI7TaLd 1 (2-31)
bef:Tgm
Web o

gt,=( 2 dh,=36.1U0<58.2C1 ass 1 (2-32)
bef:Tgm

Therefore, both MRF beams are classified as Class 1 in bending and they are able todevelop their full
plastic resistance. Finally, the ability of the selected MRF beams to resist shear force is also checked as:

be = 6 m Vesaliz=273. OVk NA(f 3) =333 Rj(B) =680 k (2-33)
be =3 m VeFqli2=158. OV NA(f,i 3) =233Wj(B) =490 |+ (2-34)

Ultimately, the internal MRFbeams are selected in the pre-design phase as IPE400, whereas the beams
in the perimeter as IPE330.

IPE330 3 IPE330
.
o (=3 o (=3 o (=3 o o o
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Figure 2-7: Demonstration of the preliminary design of the secondary and the main beams
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2.5.2.3 Pre-design of MRF columns

The preliminary design of the columns is mainly based on the capacity design condition for joints or:
MR.O1 . 3MR, (2-35)

This specific check is extremely definitive for the design of the columns and does not require the
estimation of seismic loads. The pre-designed MRF beams are used to form the quantity B MR,, and with
the assumption that a full plastic hinge is formed in the joint, the acqu ired sections are determined as:

IPE400 IPE400

IPE400 IPE400

(‘\ IPE400 Fan IPE400
L/ L
o X =2 =2

Figure 2-8: Capacity design condition in the joints of the int ernal MRFframing system

MR,=W, " * &< 1 3 875415094 6kNm
Joint 1
MR.= 2V, A0L . 3MR, W,, Q850m HEB2 M, =( 0 537

MR,=2W, [ FARL2A1 BGTHE0OH9 28BN m

Joint 2
MRC=2V)@p|,f§yOcl.3MRb Wp|,Q1C7(a:0ﬁ HEB3(W\/Q|;(Q.86:9ﬁ)

IPE330 IPE330

IPE330 IPE330

IPE330 IPE330

FdA\
N

Z

m X B o

Figure 2-9: Capacity design condition in the joints of the ex ternal framing system

(2-36)

(2-37)

(2-38)

(2-39)
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MR,=W, [ " &< 8 03 Aj15092 8 5 k R & (2-40)

Joint 1
MR.= 2V, | AOL . 3MR, W,, §528m HEB2 W, =@ 43 (2-41)
MR,=2AN, [ F &2 78 0 8150957 1 k 86 (2-42)

Joint 27

MR= 2V, | AOL . 3MR, W,, QLQZc ™ HEB26W =(2&3)  (2-43)

2.5.2.4 Pre-design of braced members

The modelling of the braced members is primarily dominated by the seismic loads in the direction of
the CBF system. However, considering that a 30% of the X direction is included, the rigidity of the
columns and, thus, the imposed seismic loads increase the design forces of the braced members. Hollow
sections are only selected due to their comparatively smaller mass and, therefore, cost. The
requirements stipulated by Eurocode 8 for CBF diagonals were introduced in Table 1-9, but are also
presented in the following table as they provide the basis for their final design.

Table 2-2: Summary table of capacity design requirements and checks according to EN19981 for braced

members
Capacity design requirements Checks Eurocode 8 reference
. I EN 19981, 8§6.3.1(5), Figure 6.2
Crosssection classification Class 1 or 2 EN 19981, §6.5.3(2), Table 6.3
NeFNed t&Ed, E ; >
' ' Ne d N
(for all seismic combinations) edNor @4 EN 19981, 86.7.3(5)
Non-dimensional slenderness limitation 1.3@2.0 EN 19981, §6.7.3(1)
Uniform distribution of ductility in height Amasmi dNmi @0 . 2 EN 19981, 86.7.3(8)

The first criterion taken into account refers to the non-dimensional slenderness limitation, as it does not
require to calculate the values of the seismic loads. The class is assumel to be 1 or 2 and is checked at
the end of the final design. The non-dimensional slenderness is defined as:

“_LCF,y N I—cr,z
Iy_Tl_Ay and I = 7 A, (2-44)

which can be inversed in order to acquire the minimum and maximum radius of gyration for the upper
and the lower limit of the slenderness respectivelyas:

_LCr,y . _ Lcr,y
|y nﬂmz 2. 37 cm and Iy' maw 53 65 cm (2-45)
LCr z . LCr z
=il 2 37 S 23.65 .
2. MR 2 ¢cm  and 2. MY A 5 cm  (2-46)

where L, ;= )., =9 . 5L =60+4%3 . 6anthi,;=938®H3. 9A0..81=76. 1
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Secondly, the design axial force for each bracing is received from the most unfavourable seismic
combination, as the contribution of the vertical loads to the bracings is negligible and the ULS and SLS
are ignored.

Ami 7 Neal fy (2-47)

In order to calculate the imposed seismic loads, sections for all members of the building should be
defined. The sections acquired from the capacity design conditions for the joints are set for the columns.
Since the axial capacity criterion in equation (2-47) depends on the developed axial forces in the bracings
which ultimately rely on the imposed seismic loads and, thus, cross-sections, only the first requirement
is met for the first analysis. Furthermore, for material economy reasons, the minimum possible section
in terms of mass and, thus, cost is selected from tables Table 2-5) and/or Table 2-6) for the upper
bracings, whereas the sections increase gradually downwards. Finally, after the first definition of cross -
sections, a static analysis for the horizontal as well as the vertical loads in each combination is carried
out in order to receive the values of the developed axial forces. The dead load of the bracings as well
as the vertical loads from the slab are also included.

Table 2-3: Preliminary design forces for the bracings

Storey | Section | SEISM1 | SEISM2 | SEISM3 | SEISM4 | SEISM5 | SEISM6 | SEISM7 | SEISM8
1 SHS80X4| 88.49 98.90 97.98 87.57 98.90 88.49 97.98 97.98
2 SHS70X4| 74.22 84.15 83.86 73.93 84.15 74.22 83.86 83.86
3 SHS70X3| 46.68 52.61 52.55 46.63 52.61 46.68 52.55 52.55

Storey | Section SEISM9 |SEISM10 |SEISM11 |SEISM12 |SEISM13 |SEISM14 |SEISM15 |SEISM16
1 SHS80X4 | 269.20 278.94 279.22 269.47 279.22 269.47 269.20 278.94
2 SHS70X4 | 223.38 232.67 232.76 223.47 232.76 223.47 223.38 232.67
3 SHS70X3 | 140.79 146.33 146.35 140.81 146.35 140.81 140.79 146.33

The most unfavourable (maximum) seismic forces according to the seismic combinations of Table (2-4)
are summarized in the following table for each bracing:

Table 2-4: Axial capacity and radius of gyration requirements for the bracings

Storey i, mi(nC M) iy maxC MY Neg (kN[ A eqlcn) | Acyi sl m) Ni=Npi , dNgi, |
1 2.37 3.65 279.22 7.87 12 1.53
2 2.37 3.65 232.76 6.56 10.4 1.59
3 2.37 3.65 146.35 4,12 7.94 1.93

The slenderness criterion is obviously the most unfavourable and definitive one, since it leads to the
selection of increased sections. However, the last criterion concerning the uniform distribution of
ductility in height across the bracings is not satisfied as Ny mi d Nmi 7 2 6 . 2 205 %l herefore, a
different approach is made, where both SHS and RHS series are included in order to take advantage of
the reduced inertial characteristics of the RHS sections In particular, the RHS series offer a smaller
radius of gyration about the minor principal axis for the same area as a n SHS section.
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Table 2-5: Available SHS crosssections and acceptable limits due to design requirements for bracings

SHS Sections
G T A M | [
mm | cm| cnf | kgm | cmf | cm
60 3 6.74 5.29 36.2 2.32
4 8.79 6.90 45.4 2.27
5 10.7 8.42 53.3 2.23
70 3 7.94 6.24 59 2.73
4 10.4 8.15 74.7 2.68
5 12.7 9.99 88.5 2.64
80 4 12 9.41 114 3.09
5 14.7 11.6 137 3.05
6.3 18.1 14.2 156 2.99
90 4 13.6 10.7 166 3.50
5 16.7 13.1 200 3.45
6.3 | 20.7 16.2 238 3.40
100 4 15.2 11.9 232 3.91
5 18.7 14.7 279 3.86
6.3 23.2 18.2 336 3.80

Table 2-6: Available RHS crosssections and acceptable limits due to design requirements for bracings

RHS Sections
B T A M ly iy I, iy
mm cm|cn | kgm | cnt | cm | cm | cm
i100py 4 11.2 8.78 140 3.53 46.2 2.03
5 13.7 10.8 167 3.48 54.3 1.99
6.3 16.9 13.3 197 3.42 63 1.93
100x60 4 12 9.41 158 3.63 70.5 2.43
5 14.7 11.6 189 3.58 83.6 2.38
6.3 18.1 14.2 225 3.52 98.1 2.33
120x60 4 13.6 10.7 249 4.28 83.1 2.47
5 16.7 13.1 299 4.23 98.8 2.43
6.3 20.7 16.2 358 4.16 116 2.37
120x80 4 15.2 11.9 303 4.46 161 3.25
5 18.7 14.7 365 4.42 193 3.21
6.3 23.2 18.2 440 4.36 230 3.15
140x80 4 16.8 13.2 441 5.12 184 3.31
5 20.7 16.3 534 5.08 222 3.27
6.3 25.7 20.2 646 5.01 265 3.21
150p1 6.3 29.5 23.1 898 5.52 474 4.01
8 36.8 28.9 1087 5.44 569 3.94
10 44.9 35.3 1282 5.34 665 3.85
Table 2-7: Review of the design for cross-sections in the bracings
Storey Cross-section Class

1 RHS100X60X5 1

2 RHS100X60X4 1

3 SHS70X3 1

The reviewed cross-sections in the bracings are introduced in the structure and, afterwards, the axial

forces in the bracings are calculated and presented in the following tables. It should be stated that the

sections of the bracings are not finalized yet, since this step includes only their pre-design phase.
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Table 2-8: New design forces for the bracings
Storey Section SEISM1 | SEISM2 | SEISM3 | SEISM4 | SEISM5 | SEISM6 | SEISM7 | SEISM8
1 RHS100X60X5| 103.39 | 25.15 65.78 12.94 64.70 14.02 24.06 24.06
2 RHS100X60X4| 85.49 21.82 52.50 11.55 52.22 11.83 21.54 21.54
3 SHS70X3 51.25 11.63 33.96 5.91 33.91 5.96 11.59 11.59
Storey Section SEISM9 |SEISM10 |SEISM11 |SEISM12 |SEISM13 |SEISM14 |SEISM15 |SEISM16
1 RHS100X60Xg 285.97 | 274.68 25.15 13.86 274.36 285.64 13.54 24.82
2 RHS100X60X4 234.05 | 224.15 21.82 11.92 224.07 233.96 11.84 21.74
3 SHS70X3 | 143.68 | 138.50 11.63 6.45 138.48 143.67 6.43 11.62

The most unfavourable (maximum) seismic force according to the seismic combinations of Table (2-9)

is received for each bracing and summarized in the following table:

Table 2-9: Axial capacity and radius of gyration requirements for the bracings

Storey i, milnC MY i maxC M) Negg( ik N] Aredcin®) | Acxi (& nf) Ni=Npi  dNgi, |
1 2.37 3.65 285.97 8.06 14.7 1.82
2 2.37 3.65 234.05 6.59 12 1.82
3 2.37 3.65 143.68 4.05 7.94 1.96

The requirement regarding the uniform distribution of ductility in the bracings is finally satisfied

Nmasmi dNDmi 77 - 692 5 %nd, consequently, the preliminary design for the bracings results in

the following sections. The class of the section is also checked in order to ensure sufficient ductile

behavior and they are all classified as Class 1 in compression.

Figure 2-10: Preliminary design of the bracings
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2.5.2.5 P-g effects check

According to the developed methodology, the next step after the preliminary design of the columns and
bracings, is to make a first estimation regarding the magnitude of the P-§ effects. The damage limitation
checks are very stringent and play a significant role in the design of the lateral force resisting systems,
which in this case consist of the bracings and the MRF columns. In order to avoid any possibility for
non-linear analysis, the value of coefficient € is limited below 0.2 by increasing either the section of the
MRF columns or the bracings, depending on the direction that does not abide by this rule.

According to the following table, t he condition of €<0.2 is not met in the direction of the MRF system,
whereas in the direction of the CBF system the checks are all satisfied. This clearly demonstrates the
effectiveness of a CBF system in terms of lateral displacements compared to an MRF system. The
sections of the MRF colunns are repeatedly increased until the aforementioned condition is met. Taking
into consideration that the columns in the four edges are the least rigid as they are connected only to
a single MRF beam, it is expected that their cross-section will significantly increase during the iterative
process due to its lower lateral rigidity.

Table 2-10: Calculation of the P-g effects coefficients i condition £<0.2 is not met

PI ot h Vt ot , X Vt ot , dx dY - X - Y
Storey ey ey
( kN)  (m) (kN)|[ (kN) (m) (m) Check Check
1 2102.35 4 177.94 250.23 | 0.0427 | 0.0401 | 0.126 n 0.084 n
2 4205.16 4 297.70 418.64 | 0.0650 | 0.0435 | 0.230 X 0.109 n
3 6308.30 4 357.59 502.86 | 0.0523 | 0.0412 | 0.231 X 0.129 n

The sections of the MRF columns are gradually increased, until the condition €<0.2 is marginally met.
The quantities in Table 2-10 are not yet multiplied by the facto r 1/(1 -€) as they are checked at the end
of the procedure according to the flow ¢ hart, when the design of all members is finalized.

Table 2-11: Calculation of the P-g effects coefficients i condition €<0.2 is ultimately met

Pt ot h Viot, ¥ Viot,| dX dy . X . \4
Storey ex ey
( kN) (m) ( kKN) ( kN) (m) (m) Check Check
1 2110.96 4 194.91 251.65 | 0.0426 | 0.0398 | 0.115 n 0.083 n
2 4222.39 4 326.36 421.36 | 0.0613 | 0.0430 | 0.198 n 0.108 n
3 6334.13 4 392.10 506.23 | 0.0453 | 0.0408 | 0.183 n 0.127 n

2.5.2.6 Interstorey drifts check

In conjunction with the P -§ effects check, the next step is to satisfy the displacement requirements.
Despite the fact that the stringent condition of €<0.2 is satisfied, the interstorey drifts limitation is
marginally not met and another attempt is made where the sections of the columns are slightly
increased. The following tables represent the values of the interstorey drifts in both principal directions
of the building and for each floor in the two cases. The conclusion stated in §1.4.1, that the direct
application of the damage limitation checks for moment resisting frames often results in an overall
lateral capacity that is significantly increased from that assumed in design, is verified.
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Table 2-12: Calculation of the interstorey drifts 7 condition €<0.2 is met/drift limit is not met

dx dy d d h ~ - - H
Storey rex Ty Vi d A | d A U b
(m) (m) (m) | (kN) (m) Check | Check

1 0.0426 | 0.0398 | 0.0107 | 0.0099 | 0.5 4 0.0053 | 0.0050 | 0.0075 | 0.71n | 0.66n
2 0.0613 | 0.0430 | 0.0153 | 0.0107 | 0.5 4 0.0077 | 0.0054 | 0.0075 | 1.02X | 0.72n
3 0.0453 | 0.0408 | 0.0113 | 0.0102 | 0.5 4 0.0057 | 0.0051 | 0.0075 | 0.75n | 0.68n

It should be pointed out that the software does not automatically multiply the elastic displacements with
the respective behavior factor q in each direction, as it only calculates the elastic displacements that
correspond to the design seismic loads. Consejuently, the extracted maximum displacements at each
storey and direction are multiplied by g=4 in order to acquire the maximum seismic displacement.

Table 2-13: Calculation of the interstorey drifts T condition €<0.2 is met/drift limit is also met

dx dy d d h ] ] 5 H
Storey S A Y d. A | di A U b
(m) (m) (m) | (kN) (m) Check | Check

1 0.0418 | 0.0394 | 0.0105 | 0.0098 | 0.5 4 0.0052 | 0.0049 | 0.0075 | 0.70n | 0.66n

2 0.0599 | 0.0426 | 0.0150 | 0.0107 | 0.5 4 0.00749 | 0.0053 | 0.0075 | 0.998n | 0.71n

3 0.0439 | 0.0406 | 0.0110 | 0.0101 | 0.5 4 0.0055 | 0.0051 | 0.0075 | 0.73n | 0.68n

N
<

=<

HEB200
HEB260

(a) (b)

Figure 2-11: Design of columns due to (a) capacity design condition in the joints (b) damage limitation checks

2.5.2.7 MRF beamchecks

Despite the fact that the MRF beams do not contribute directly to the definition of the seismic loads,
they determine the buckling length of the columns. The pre -design of the MRF beams was based on
the Ultimate Limit as well as the Serviceability Limit States (ULS & SLS), while the seismic loads were
completely ignored. Taking into account that the structural system in the X direction is statically

undetermined, the sections of both beams, as well as columns, contribute to the definition of the internal

forces.
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Consequently, both internal forces should be checked in each beam individually in the non-seismic
combinations, while the maximum deflections are re -checked in the SLS According to the static analysis
carried out using ETABS, the maximum vertical deflections are:

x1l. 88 Ugd T3¢ 2

Unayx 1

G,m0 &6 7<lg =g . 67 cm

Table 2-14, §1.3.1.2: Summary table of capacity design requirements and checks for MRF columns

Capacity design requirements

Checks

Eurocode 8 reference

Crosssection classification

Classlor?2

EN 19981, 86.3.1(5), Figure 6.1
EN 19981, 86.5.3(2), Table 6.3

Me&Meg +cl AMMeq, e

Ne#Neg +el ANeq, e

VedVed el AMVeq, e

Section and member
checksin bending and
compression according to

EC3

EN 1993-1-1, 86.3.3(4), Equation 6.61

EN 19931-1, §6.3.3(4), Equation 6.62

EN 19931-1, §6.2.6(1), Equation 6.17

The seismic bending moment demands for the MRF beams at each end are illustrated in Figure 2-12 (a)
and (b) for a typical seismic combination, such as SEISM1. The folbwing table represents the bending
moments only for the fi rst elevation of the MRF system, whereas in the following elevations the values

are almost twice due to the existence of secondary beams on both sides. More specifically, all beams

are checked for all 16 seismic combinations, while the portrayed n is received as the minimum value
for both ends and seismic combinations

Table 2-15: Typical bending moment demands for MRF beams in the seismic designcombination SEISM1

Left end Right end

+0. M . +0. M . n;
(?kSr:;g (kNIfn) ( kENdm) Med Mo1 ¢ (?kl?lri)Q (kNIfn) ( kENdm Med Mo1 5
-97.38 -19.23 -116.61 0.409 -123.49 18.30 -105.19 0.369

-123.49 -18.30 -141.79 0.497 -97.38 19.23 -78.15 0.274

-105.21 -16.73 -121.94 0.427 -119.37 16.16 -103.21 0.362

-119.37 16.16 -103.21 0.362 -105.21 16.73 -88.48 0.310 1,564
-85.01 -9.82 -94.83 0.332 -129.15 9.11 -120.04 0.421

-129.15 -9.11 -138.26 0.484 -85.01 9.82 -75.19 0.263

Table 2-16: Typical shear force demands for MRF beams in the seismic design situation
Left end Right end
+0. V . +0. V ;

?kﬁr:)Q (kNIfn) ( kE:1 m) Ved ( 0Vp R C(;kNOnf;? (kNIfn) ( kEri m EILOA Yk
-69.42 -71.36 -140.78 0.575n 75.95 71.36 147.31 0.601 n
-75.95 -71.36 -147.31 0.601n 69.42 71.36 140.78 0.575n
-70.92 -71.36 -142.28 0.581n 74.46 71.36 145.82 0.595 n
-74.46 -71.36 -145.82 0.595 n 70.92 71.36 142.28 0.581 n
-67.17 -71.36 -138.53 0.566 n 78.21 71.36 149.57 0.611n
-78.21 -71.36 -149.57 0.611n 67.17 71.36 138.53 0.566 n
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Table 2-16 demonstrates the shear force demands for the respective MRF system, where
Ve & Ve q +*¥Ee ¢ - W particular, Vg 4 igthe design value of the shear force due to the non -seismic actions
in the seismic design situation (G+0.3Q), whereas Vg 4 ig the design value of the shear force due to
the application of the plastic moments i at both ends and is defined as Ve q =wMy | g gasMp | | riiL.ghe
shear forces should be checked for all seismic combinations according to the requirements of Table 1-4.

Incase Ve § V| ,C};Q ., M reduction of the p lastic moment resistance is needed due to the existence of
shear force.

Figure 2-12: (a) Bending moment diagram in seismic combination SEISM1 (b) bending moment diagram
for the gravity loads in the seismic design situation (G+0.3Q) (c) shear force diagram only for the
seismic loads (E) in combination SEISM1 (d) shear force diagram for the gravity loads (G+0.3Q)

2.5.2.8 Capeity design condition in joints

The capacity design condition in the joints of the MRF system B MR,O 1 .BMR, does not need to be re-
checked, since the damage limitation requirements increased the sections in the columns, rendering
this specific check more favorable.
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2.5.2.9 MRF columns check

According to the previous steps, the design of the columns is primarily dominated by the damage
limitation requirements in the direction of the MRF system, whereas their preliminary design is based
on the capacity design condition in the joints. However, the final sections of the columns are defined
from the following table. In case the demand of these checks leads to increased sections, the rigidity
and, therefore, the seismic loads are also increased and the checks in the MRF beams, as well as the
value of n should be estimated from the beginning. The following tables include the maximum values
of internal forces in the base of the MRF columnsillustrated in Figure 2-13(a) and (b) for the non -
seismic as well as the seismic combinations respectively. According to EN 19981: 2004 ,86.6.3 the
design forces should be obtained using the following combination:

Es=E4, G+ ot %QB})JJ)Ed, E (2-48)
where the material overstrength factor is A) =1 . ,2vBereas the multiplicative factoris ny=1. 56 4

The column design combination is Eg=Ey g+ot 3o 1 A1l . 2B AHy. &.6+43A By 5eThe checks
should be performed according to the following expressions:

NEd My E g~
k2D )
R/NRK y yR_My R K (2 49)
NEd My E g~
—— k - EBH1 2-50
RNek R M, R (2-50)

Table 2-17: Internal forces in the MRF columns in the non -seismic combinations

Combinations NeFNeg, Gk N Veg( k N) Meq( k Nm)
ULS 533.04 27.74 75.97

SLS 383.30 19.87 54.41

Table 2-18: Internal forces in the MRF columns in the seismic combinations

Combinations NeF Neg t6l -ALPNeg, d VEdFVed t6l AL Ved, § MeEFMeqg t6l AL Mg &
SEISM1 250.44 29.51 116.11
SEISM2 234.03 41.64 152.88
SEISM3 243.03 35.91 134.30
SEISM4 226.62 48.04 171.07
SEISM5 368.16 58.55 149.36
SEISM6 351.74 46.42 112.59
SEISM7 359.15 52.82 130.78
SEISMS8 359.15 52.82 130.78
SEISM9 288.74 1.20 30.33
SEISM10 286.51 3.12 35.79
SEISM11 234.03 41.64 152.88
SEISM12 231.81 43.56 158.33
SEISM13 324.05 25.22 49.31
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Combinations

NeF Neg 6l -ALJNgg, d

VeF Ved *6l AL N Veq, d

Me&Meg +l Al AMeq o

SEISM14 326.27 27.14 54.76
SEISM15 269.34 15.22 73.24
SEISM16 271.57 13.30 67.78

Due to the existence of the CBF system, neither shear force nor bending moment are developed in the

columns. According to equations (2-49) and (2-50), all existing columns can adequately resist the

internal forces.

Figure 2-13: (a) Axial force diagram in Ultimate Limit State (b) bending moment diagram in combination
SEISM1

In addition, t he columns in the edges of the building develop a small axial force due to the 30% of

seismic force in the X direction. In Figure 2-13(b) the vertical loads are ignored in order to acquire a

better un

derstanding

of

the truss

vertical component to the axial force of the CBF columns.

2.5.2.10 Bracings check

function of

After the extensive check of the columns in the direction of the MRF system, the check in the crosswise

direction of the CBF system follows. However, the columns should be capacity designed in this direction

as well and, therefore, the multiplicative facto r n in Y direction is obtained. It should be pointed out

that the axial forces in the bracings should be calculated from scratch, since the sections of the columns

are increased due to the damage limitation requirements and, consequently, the seismic loads are

relatively higher compared to the pre -design phase.

Table 2-19: New design forces for the bracings after the final design of the columns

Storey Section SEISM1 | SEISM2 | SEISM3 | SEISM4 | SEISM5 | SEISM6 | SEISM7 | SEISM8
1 RHS100X60X5| 105.49 | 118.41 | 117.14 | 104.22 | 118.41 | 105.49 | 117.14 | 116.32
2 RHS100X60X4| 87.64 99.71 99.41 87.34 99.71 87.64 99.41 97.50
3 SHS70X3 46.68 59.03 59.00 52.67 59.03 52.71 59.00 57.64
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Storey Section SEISM9 |SEISM10 |SEISM11 |SEISM12 |SEISM13 |SEISM14 |SEISM15 |SEISM16
1 RHS100X60Xq 322.73 | 334.26 334.64 323.11 334.64 323.11 322.73 334.26
2 RHS100X60X4 266.13 | 276.90 276.99 266.22 276.99 266.22 266.13 276.90
3 SHS70X3 | 161.55 | 167.90 167.20 161.56 167.20 161.56 161.55 167.20

Table 2-20: Axial capacity and radius of gyration requirements for the bracings

Storey iz milnC M) i, malxC M) Ngg (K N| A eq(Ci rﬁ) Ae x i s(tcrﬁ) ni= Npi, ANEWQ, |

1 2.37 3.65 334.64 9.42 12 1.56n
2 2.37 3.65 276.99 7.80 104 1.54n
3 2.37 3.65 167.20 4.71 7.94 1.69n

2.5.2.11 CBF columns check

Since the minimum value of n in the direction of the CBF system is calculated, the capacity design
checks for the CBF columns can now be carried out. According to 81.3.2.1, the columns directly
connected to the bracings should be capacity designed using the following equation:

No , RMeaONe g +cl AMNeqg e (2-51)
where the material overstrength factor is '5})\,: 1 . ,2vBereas the multiplicative factoris hy=1 . .5 4

The column design combination is Ny, giNeg4 +cl *%JJ,‘ Neg =Neg +&2 - N g . £he checks should be
performed according to equations (2-49) and (2-50), when the values of axial force are increased due
to capacity design, but the bending moment about the major principal axis remains the same.

Table 2-21, §1.3.2.1: Summary table of capacity design requirements and checks according to EN19981

Capacity design requirements Checks Eurocode 8 reference
Crosssection classification No requirement -
MeFMeg *Med, € EN 1993-1-1, §6.3.3(4), Equation 6.61
Section and member checks in
VeEdFVed ¥¥Eed, E bending and compression EN 1993-1-1, 86.2.6(1), Equation 6.17
" according to EC3
Ne#&Neg *el AMMNeq, E EN 1993-1-1, §86.3.3(4), Equation 6.62

The following tables include the maximum values of internal forces in the base of the CBF columns
illustrated in Figure 2-14(a) and (b) for the non -seismic as well as the seismic combinations respectively.
The bending moment in the seismic combinations is owed to the 30% s eismic force in the X direction
as well as the vertical loads in the seismic design situation. The existing CBF columns can adequately

resist the capacity designed forces for all seismic and non-seismic combinations.

Table 2-22: Internal forces in the CBF columns in the non-seismic combinations

Combinations NeFNeg, Gk N Vea( k N) Mgg( kK Nm)
ULS 912.74 43.22 118.79
SLS 653.36 30.77 84.59
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Table 2-23: Internal forces in the CBF columns in the seismic combinations

Combinations | Ne&Ned *Ned, | NeF Nea tel AL PNeg, | = ME q
SEISM1 591.90 680.89 9.61 548.80
SEISM2 474.01 434.80 19.59 795.90
SEISM3 542.47 577.71 8.16 514.85
SEISM4 424.59 331.63 18.13 761.95
SEISM5 647.36 796.68 55.87 1066.98
SEISM6 529.48 550.59 45.89 819.89
SEISM7 578.91 653.77 44.43 785.94
SEISM8 578.91 653.77 44.43 785.94
SEISM9 866.96 1255.08 13.67 27.76
SEISM10 852.13 1224.13 14.11 37.94
SEISM11 474.01 434.80 19.59 795.90
SEISM12 459.18 1224.13 19.15 785.72
SEISM13 883.60 434.80 33.31 512.49
SEISM14 898.43 403.85 32.88 502.31
SEISM15 490.65 1289.82 0.05 313.08
SEISM16 505.48 1320.77 0.38 321.35

@
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¥
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Figure 2-14: (a) Axial force diagram increased due to capacity design in combination SEISM1 (b) bending
moment diagram due to 30% seismic force in X direction

2.5.2.12 Final P-g effects check

After the final design of the columns and the beams, the developed P -§ effects should be checked form

the beginning in order to determine whether or not to increase the internal forces. Assuming that the

columns were designed so as to fulfill the limitation of €<0.2 in both directions, there is no possibility
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for this condition not to be met. Since the sections of the columns were slightly increased in order to
satisfy the interstorey drifts check, the values of the P -§ effects are the following:

Table 2-24: Calculation of the final P-g effects

PI ot h Vt ot , X V[ ot , dx dY - X N Y
Storey ey ey
( kN) (m) (kN)| (kN) (m) (m) Check Check
1 2112.37 4 200.50 252.77 | 0.0418 | 0.0394 | 0.110 n 0.082 n
2 4225.21 4 335.76 423.29 | 0.0599 | 0.0426 | 0.188 n 0.106 n
3 6338.37 4 403.40 508.57 | 0.0439 | 0.0406 | 0.173 n 0.126 n

According to Table 2-24, the internal seismic forces should be increased by a factor of 1/(1-8)=1.23.
Therefore, all structural members such as MRF beams, bracings, MRF and CBF columns should be
rechecked from the beginning for the increased internal forces, which, in this case, all members can
adequately resist.

Another important part of the methodology lies on counters i and j that do not play an apparent role in
the modelling procedure. In particular, quantity ji s defined in order to stipulate that once the P -§ effects
are taken into account and the internal forces are increased by the factor 1/(1-€), no further increase
should be taken into account, thus stopping a meaningless iterative procedure (j=1) . However, the only
exception is made in case the section of the columns is increased either due to the capacity design
condition in the joints or during the MRF and CBF checks(i=i+1) . For this reason, quantity i is introduced
in order to take into account the incre ased rigidity and, thus, seismic loads which ultimately obliges the
designer to check from the beginning the capacity of all structural members. It should be clearly stated
that in case the sections of the columns are increased, the P-§ effects should be calculated again in
parallel with the incremental factor 1/(1-&). In addition, due to the increased values of internal forces,
the value of n is reduced, rendering the capacity design checks for the members more favorable.

2.5.2.13 CBF beam directly connected torigid diaphragm

The CBF beams are structural members that do not contribute in any way in the lateral rigidity of the

structure and, therefore, they are modelled at the end of the design procedure. In the case where the
CBF beam is directly connected to the rigid diaphragm, the main check that should be performed lies
on the most unfavourable case for the bending moment, which is the Ultimate Limit State (ULS)
according to Table 1-7. In this case, the CBF beam is assumed to operate as a secondary beam with no

requirement for dissipative behavior similar to the secondary beams located in the perimeter

2.5.2.14 CBF beamnot connected to rigid diaphragm

In this case, no lateral resistance is provided by the diaphragm and the CBF beam operates as a single
beam under significant compression due to seismic loading. The most significant check that should be
performed corresponds to the axial resistance of the CBF beam against the most unfavourable axial
force. The axial force is developed in conjunction with an insignificant value of bending moment due to

the dead load of the beam, which can be neglected. Any interaction between the axial force and the

bending moment due to the extremely small value of the latter can also be ignored. The following table,
also presented in 81.3.2.3, summarizes the design requirements for CBF beams.
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Table 2-25, §1.3.2.3: Summary table of capacity design requirements and checks for beams not connected to
rigid diaphragm

Capacity design requirements Checks Eurocode 8 reference

Crosssection classification No requirement -

Section and member . L .
In case interaction is considered:

M . .
rom dead load ngefzzg{;gi‘ig%;“dto EN 19931-1, §6.3.2.1(1), Equation 6.61
( : e 910 | EN19931-1, §6.3.2.1(1), Equation 6.62

NeFNeg +cl AMNegl O . .
(acquired from the most unfavourable Ned Np, Q1 EN 19931-1, 86.3.1.1(1), Equation 6.46
seismic combination)

Uniform distribution of ductility in
height

Taking into account that the axial force decreases in height, the section s of the CBF beans are reduced
as well. Unlike the bracings, no requirement for uniform distribution of ductility in height is
recommended by Eurocode 8 for the CBF beams, despite the fact that they should be capacity designed
as well. The axial force demands are estimated for each seismic combination and storey in the following
table by calculating manually the horizontal component of the tensionb r a ¢ i naffdrce (camponent
Ncodi) due to the untrustworthy results received by the software in case the rigid diaphragm function
is disabled. It should be clarified that the CBF beams that are not connected to the diaphragm are only
activated due to seismic loadng (3g 4 =0.)

Ncosg N'cos¢ H3

LLTLLLL I I ] we
Y N ‘1
| ZFx=0

| section

H2

HA

-~

I

Figure 2-15: Representation of the truss action in the CBF system

An alternative approach is to create a 2-dimensional model that would include half the horizontal loads
due to symmetry, the uniformly distributed loads due to masonry as well as the vertical reactions from
the MRF and the secondary beams, since they affect indirectly the value of the vertical component of
the bracing according to the condition B M = 0OA static analysis in this simplified model, using for example
the software BEAM2D, would return the requested axial force for each CBF beam in height, although
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the static analysis should be repeated for every seismic combination.

The effective buckling length of the CBF beam is 6m, considering that they are pinned on both ends.

Since it is a member under compression, the axial capacity of the section is reduced by a factor of R
due to global buckling. It should be mentioned that there is no requirement for the classifica tion of the

bea md s -sections Ehe reductive factor Ris assumed as 0.7 and will be checked after the selection
of the cross-section. The following table includes the axial force before and after the capacity

requirement only for the CBF beam of the 1% storey.

Table 2-26: Axial force in the CBF beam of the first storey in the seismic combinations

Combinations [N (tensi on| Neqdl.AlpNggceols
SEISM1 105.49 185.86
SEISM2 118.41 208.62
SEISM3 117.14 206.39
SEISM4 104.22 183.62
SEISM5 118.41 208.62
SEISM6 105.49 185.86
SEISM7 117.14 206.39
SEISM8 116.32 204.94
SEISM9 322.73 568.61
SEISM10 334.26 588.92
SEISM11 334.64 589.59
SEISM12 323.11 569.28
SEISM13 334.64 589.59
SEISM14 323.11 569.28
SEISM15 322.73 568.61
SEISM16 334.26 588.92

The buckling resistance of each CBF beam is estimated according to the regulatories of Eurocode 3 for
members under compression. In particular, the sections are assumed to be either Class 1 or 2, which is
checked after the final selection of the cross-section in Table 2-28.

Table 2-27: Design internal forces and characteristics of final CBF beams

« N A L A iy R « N .
Storey | R (Ekdﬁl) (cr r:%; cm | (c In%) (cm) : Real (kbr\l')Rd Ned No. =
1 5806 | 237 | 600 | 383 | 626 | 126 | 049 | 671 | 0.88n
2 07 | 4880 | 196 | 600 | 358 | 58 | 135 | 044 | 564 | 0.86n
3 2958 | 11.9 | 600 | 267 | 550 | 143 | 040 | 38L | 0.78n
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Table 2-28: Final selection of CBF beams and classification under compression

Storey Cross -section Class (compression)
1 SHS160X6.3 1n
2 SHS150X6.3 1n
3 SHS140X5 2n
IPE270 SHS140X5
yd s
e o
c'f“’/ c,j‘_/'
" pE2m0 " ssts0x6.3
LU s
\@f’?’/ \erf'g’/
@yﬁ,/ Qﬁ‘?/
" lpg2r0 / SHS160X6.3
e
.@ﬁ” 13,0*?? ’
Z &L 5 S
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— 4 e A E—Y £ e
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Figure 2-16: Comparison of the CBF beam modelling when the beam is (a) directly connected to diaphragm (b)
not connected to diaphragm
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Figure 2-17: Procedure followed for the design of the building in Scenario 1 according to the design method
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Figure 2-18: Modes of vibration (a) X direction T; =1 . 1 2(b)svalicectionT, 0. 95 sec
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2.5.2.15 Modal anal
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Figure 2-20: Deformed shape of the structure under vertical seismic loads and
(a) X earthquake (b) Y earthquake with no eccentricity

Eleonora Balaoura Diploma Thesis NTUA 201¢



APPLICATIONOF THEPRINCIPLE®OFEC8TO A THREESTOREYSTEELBUILDING

USINGOPTIMUMDESIGNMETHOD 51

2.6 DESIGN IGNORING COMPRESSED BRACING 1 ELASTIC ANALYSIS WITH
BOTH BRACINGS: SCENARIO 2

When taking into account the tension bracing only, the rigidity of the structure, thus the period of
vibration which defines the seismic loads, is almost V12 times higher than if both braced members
contributed in the total rigidity of the struct ure. This is demonstrated in expression (2-52), where the
effect of the different rigidity in the period of vibration in Scenarios 1 and 2 is presented, assuming that
the total mass of the structure remains almost constant, despite the introduction of the second braced
member. Different fundamental periods of vibration account for different spectral accelerations and,
therefore, seismic actions, although the structural configuration changes the distribution of internal
forces along the members of the structure.

m m —
T]_: 21) k_l & T2: 21) k_2 wh e kze 2(1 T2: 2Tl (2-52)

This scenario is simply an extension of Scenario 1, as the sections selected in the first scenario are
maintained, while both braced members, which are designed ignoring the compressed one, are included
in the elastic analysis. Attention should be paid in the developed axial force in the direction of the CBF
system as well as the bending moments in the MRF, since they define the predominant type of failure

in each direction. The following figure depicts the comparison between the introduction of 1 and 2

bracings in the structural configuration in terms of axial forces, along with a typical distribution of seismic
loads in the case where no eccentricity is taken into account. Therefore, according to Figure 2-21 (c)
and (d), lower axial forces are developed in the CBF columns due to the vertical component of the

bracing in Scenario 2, which is a more favorable situation compared to the respective forces in Scenario
1. However, the developed axial forces in the tension bracings are increased, although they are not
checked for axial capacity since this scenario is created only for the comparison of internal forces. It is
definitely not considered a realistic situation, since it would consist an uneconomic designing solution.
Obviously, the introduction of both bracings eliminates further the displacements across the CBF system.
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Figure 2-21: Comparative figures in terms of (a) imposed seismic loads in Scenario 1 (b) imposed seismic loads
in Scenario 2 (c) axial forces in the CBF system for Scenario 1, only tension bracing (d) axial forces in the CBF
system for Scenario 2, both bracings
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Figure 2-22: Building under investigation in Scenario 2, both bracings for the elastic analysis
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2.7 DESIGN CONSIDERING COMPRESSED BRACING: SCENARIO 3

2.7.1 General

The scenario approaches the modelling of the structure by considering both bracings, not only in the
elastic analysis, but also during the design. The building is re-designed according to the developed
methodology which was extensively analyzed in §2.5.2. This scenario is considered to be a rather
realistic approach concerning the participation of the compressed bracing in the final design of the
building. According to Scenario 1, the conclusion that the slenderness criterion ( 1 .182.)0
is the most unfavourable and definitive for the design of the bracings , was reached. Consequently, in
order to investigate the effect of the non -dimensional slenderness limitation in the load bearing capacity
of the structure using no n-linear analyses, the bracings are modelled for the following indents; in the
first case the aforementioned criterion is satisfied, whereas in the second it is not. Finally, it should be
noted that the vertical loads retain the same value in all elastic s cenarios, while the seismic loads vary
due to the different rigidity. For this reason, the first steps of the methodology regarding the pre -design
of the beams and the columns are identical to Scenario 1, since the value of seismic loads does not play
any role during the preliminary design. The damage limitation requirements are not presented
extensively, since a procedure similar to Scenario 1 is followed. For ease of reference, only the final
results regarding internal forces and displacements are presented.

2.7.2 Slenderness limitation requirement satisfied

The 3 requirements regarding the preliminary design of braced members, also stated in §2.5.2.4, are
the following. For the final design of the bracings the other 2 requirements regarding the classification
of the cross-section as well as the uniform distribution of ductility in height are also examined.

. Lc
|miaﬁ2 2.37 c¢m (2-53)

Le v
ma%«—llAl. g 65 cm (2-54)
Ani 7 Ne gl Ty (2-55)

Consequently, the primary selection of sections is based only on the slenderness limitation, while due

to economy, the first attempt includes the same sections for all bracings.

Table 2-29: Axial capacity and radius of gyration requirements for the bracings

Storey Secti on iz, mi(nC M iz, malx € M| Ng g ,(i kK N| A eq(ci rﬁ) Acxi s(tcrﬁ) ni= NpI , szm,Eid

1 SHS60X4 2.37 3.65 182.58 5.14 8.79 2.33
2 SHS60X4 2.37 3.65 153.90 4.34 8.79 2.40
3 SHS60X4 2.37 3.65 95.43 2.69 8.79 2.95

In this scenario where both bracings are taken into account, the slenderness limitation is extremely
unfavorable in comparison to the requirement for axial resistance, as the extremely high values of n
indicate. However, the criterion concerning the uniform distribution of ductility in height across the
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bracings is not satisfied as Nya30mi d Nmi 7 2 6 . B 265 %Finally, after readjusting the selected
sections in order to satisfy the aforementioned requirement, the final design of the bracings as well as
the developed axial forces are summarized in the following table. At this point, it should be mentioned,
that the axial forces are increased due to the P-§ effects by a factor of 1/(1 -€)=1.24.

According to the following table, the values of the multiplicative factor n for the capacity design of the
non-dissipative members are still increased, even during the final design of the bracings. Therefore, the
conclusion assumed in the beginning, that the slenderness limitation criterion is very definitive for the

bracings, is ultimately verified.

Table 2-30: Axial capacity and radius of gyration requirements for the bracings 7 P-§ effects included

Storey Section | iz, mi(nC M iz maleC M Neg (i k N|A ¢ q(c M) [Acxi s(€. M) [Ni=Np i | dNgd
1 SHSB80X5 2.37 3.65 252.34 7.11 14.7 2.07
2 SHS70X4 2.37 3.65 214.56 6.04 10.4 1.72
3 SHS70X3 2.37 3.65 133.51 3.76 7.94 2.11

The criterion concerning the uniform distribution of ductility in height across the bracings is ultimately

satisfiedas Nyaxlimi dNmi T2 2 - 925 %.

2.7.2.1 Damage limitation requirements

The damage limitation checks are satisfied in both directions, as Table 2-31 and Table 2-32 represent.

Table 2-31: Calculation of the interstorey drifts

dx dy d d h - _
Storey T Ty de A | dr A
(m) (m) (m) | (kN (m) Check | Check

Ce

1 0.0424 | 0.0295 | 0.0106 | 0.0074 | 0.5 4 0.0053 | 0.0037 | 0.0075 | 0.71n | 0.49n

2 0.0600 | 0.0337 | 0.0150 | 0.0084 | 0.5 4 0.0075 | 0.0042 | 0.0075 | 0.99n | 0.56 n

3 0.0443 | 0.0269 | 0.0111 | 0.0067 | 0.5 4 0.0055 | 0.0034 | 0.0075 | 0.74n | 0.45n

Table 2-32: Calculation of the P-§ effects

Pt ot h Viot, x Viot, dx dy R X R Y
Storey €y ey
( kN)| (m) (kN)| (kKN) (m) (m) Check Check
1 2112.63 4 196.83 336.79 | 0.0424 | 0.0295 | 0.114 n 0.046 n
2 4228.59 4 329.75 564.22 | 0.0600 | 0.0337 | 0.192 n 0.063 n
3 6346.17 4 396.26 678.02 | 0.0443 | 0.0269 | 0.178 n 0.063 n
Finally, the cl assi fi c arosssecions should beechesked ireocderéodensbre aci ngs 6

ductile behavior in the tension diagonals that operate as dissipative zones.

Table2-33: Cl assi ficati on-secfionst he bracingds cross

Storey Section Class (compression
1 SHS80X5 1
2 SHS70X4 1
3 SHS70X3 1
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Figure 2-23: Final design of the building under investigation in Scenario 3 7 slenderness limitation satisfied

2.7.3 Slenderness limitation requirement
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Table 2-34: Axial capacity requirements for the bracings

HEBZ280

HEBZ280

Storey Section Nedg (KN A eq(am) | Aexislc n?) ni=Npi |, dNgig, i
1 SHS50X3 146.79 4.13 5.54 1.34
2 SHS50X3 125.80 3.54 5.54 1.22
3 SHS40X3 77.07 2.17 4.34 2.00

The criterion concerning the uniform distribution of ductility in height across the bracings is not satisfied

as Npasmi dNmi w6 3. X5 %According to Table 2-34, the 3™ storey presents a much higher

value of n compared to the other two storeys, which means that the smallest possible section from the

SHS seriesis not suitable in this case and, therefore, a section with smaller area is required. The CHS

series offers the required smaller section and, for the sake of uniformity, all bracings are selected from

the CHS series, even though the SHS series could be maintained in the first two storeys.
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Table 2-35: Calculation of the interstorey drifts
d d _ _
Storey ((rjn>; ((rjn\; (rr{w)X (rk Iil Y (mh) d A d AU Chch Ch:j:k
1 0.0439 | 0.0442 | 0.0110 | 0.0111 | 0.5 4 0.0055 | 0.0055 | 0.0075 | 0.73n | 0.74n
2 0.0614 | 0.0418 | 0.0153 | 0.0105 | 0.5 4 0.0077 | 0.0052 | 0.0075 | 0.99n | 0.70n
3 0.0460 | 0.0444 | 0.0115 | 0.0111 | 0.5 4 0.0057 | 0.0056 | 0.0075 | 0.77n | 0.74n
Table 2-36: Calculation of the P-§ effects
Storey Pt ot h Viot, x Viot, dx dy 2 X &y Y
(kN)| (m) (kN) | (kN) (m) (m) Check Check
1 2112.85 4 196.94 | 229.82 | 0.0439 | 0.0442 | 0.118 n 0.102 n
2 4226.61 4 326.37 384.76 | 0.0614 | 0.0418 | 0.199 n 0.115 n
3 6340.42 4 392.10 | 462.25 | 0.0460 | 0.0444 | 0.186 n 0.152 n
Table 2-37: Axial capacity requirements for the bracings
Storey Section Ned K N| Areq(cin) | Aexist€m) | Ni=Np i dNga, i
1 CHS60.3X3.2 142.34 4.01 5.74 1.43
2 CHS48.3X4 124.91 3.52 5.57 1.58
3 CHS33.7X3.2 72.12 2.03 3.07 1.51
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Figure 2-24: Final design of the building under investigation in Scenario 4 i slenderness limitation not satisfied
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2.8 DESIGN ASSUMING HALF AREA AND TWICE TENSION AXIAL FORCE:
SCENARIO 4

A different solution concerning the consideration of the compressed bracing in the modelling of the

structure is to include it in the structural configuration, although the area of both bracings is assumed
to be half the initial one, while twice the tension axial forc e is received for the design of the bracings.
This assumption is made in order to approach the guideline that stipulates that only the tension diagonal

should be considered in the elastic analysis. The modelling procedure according to the developed
optimum methodology is followed in this scenario as well, and the final design of the three -storey
building results in the same outcome as Scenario 3. All seismic actions developed in the structure are
calculated with the full area of the cross -sections and, thus, axial rigidity of the bracings.
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Figure 2-25: Final design of the building under investigation in Scenario 4

29 DESIGN IGNORING SEISMIC CODE S: SCENARIO 5

In this approach, the modelling of the structure under investigation is based entirely on the capacity of
the members in terms of internal forces, while the regulatories of Eurocode 8 are completely ignored.
This approach aims to highlight the necessity, as well as the effect of the application of seismic codes
in the load-bearing capacity of the structure. The bracings were designed only for the tension diagonal
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and the case where both bracings contribute was not examined. The damage limitation checks as well
as the slenderness criterion which are the most stringent and, therefore, definitive requirements for the
design of the columns and the bracings respectively, are clearly not fulfilled in this Scenario. It should
be stated, though, that even though the seismic codes are consciously ignored, all seismic combinations
defined in Table 2-1 are taken into account. In the following paragraphs, the resistance requirements
according to Eurocode 3 are summarized for each structural member and with the sequence followed
for their design. Finally, no requirement for cross-section classification is mandatory to be fulfilled.

2.9.1 Beams

The modelling of the secondary beams is identical to §2.5.2.1, as they are not considered to be seismic
members. On the other hand, the main beams or MRF beams should present adequate resistance to
the most unfavourable bending moment among the Ultimate Limit State (ULS) and the defined seismic
combinations. Furthermore, all main beams should comply with deformation limits in the Serviceability
Limit State (SLS). Finally, they are re-checked for all seismic combinations again, after the final design
of the columns.

2.9.2 Columns

After the pre -design of the main beams, the question whether or not the modelling of the columns or
the bracings should precede is made. Since a 30% of the crosswise direction is considered in the
direction under investigation, it is not definitive whether the bracings or the columns are modelled first
in order.

The columns should be able to resist adequately the most unfavourable combination of axial force and
bending moment about the major principal axis only according to t he following expressions, stipulated
in 86.3.3(4), Eq. (6.61) and (6.62) .

NE d My E gs
kBB )
Fi/NRk nyiMy, R K (2 56)
NEd My E g~
~—— k - EBH1 2-57
RNek 2R My ri (2-57)

where Ng gand M, = g@ge not increased due to capacity design, while M, g0

In addition, for doubly symmetrical I-sections or other flanges sections, allowance need not be made
for the effect of the axial force on the plastic resistance moment about the y -y axis, when both the
following criteria, stipulated in §6.2.9.1(4), Eq. (6.33) and (6.34) are satisfied.

Ne©O . 1B, o (2-58)

In case interaction between the axial force and the bending moment should be considered, the plastic
resistance moment is decreased according to the following expression:

My, y=Mp1, ( Bd( D . 5a) (2-59)

wheren Ng §N,| Aagnd A2k jAOO0. 5
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Finally, the columns should present adequate shear resistancein the X principal direction, as:

VEdVpi Qi (2-60)

2.9.3 Bracings

The bracings are designed for the maximum developed tension axial force according to all seismic
combinations. It is important to mention that for the modelling of the bracings only the tension diagonal
was considered in the structural system. However, in the non-linear analyses investigated in 83.7, both
bracings are considered. After the final design of the bracings and the columns, an attempt to decrease
their sections is made. However, the initially selected sections were the minimum required ones and are
presented in the following table.

HEB160

HEB180

HEB160

HEB160

HEE 160

HEBZ200

HEB200

HEB200

B

HEB 160
Pt

Figure 2-26: Final design of the building u nder investigation in Scenario 5 - no seismic codes

2.9.4 Damage limitation checks

The interstorey drifts checks are marginally met in the direction of the bracings, while in the direction
of the MRF system they are clearly not met. Concerning the P-g effects the maximum value of 0.3
suggested by Eurocode 8 is exceeded in the last two storeys. The following quantities are only presented
for reasons of completeness, since the requirements of Eurocode 8 in conjunction with the damage
limitation checks are ignored in this scenario.

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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Table 2-38: Calculation of the inte rstorey drifts

dX dy d d h _ _
Storey XYy de A | d A
(m) (m) (m) | (kN (m) Check | Check

1 0.0485 | 0.0543z | 0.0121 | 0.0136 | 0.5 4 0.0061 | 0.0068 | 0.0075 | 0.81n | 0.90n

Ce

2 0.0769 | 0.0519 | 0.0192 | 0.0130 | 0.5 4 0.0096 | 0.0065 | 0.0075 | 0.99n | 0.87n

3 0.0708 | 0.0535 | 0.0177 | 0.0134 | 05 4 0.0089 | 0.0067 | 0.0075 | 1.18 X | 0.89 n

Table 2-39: Calculation of the P-§ effects

PI ot h Vt ot , X V[ ot , dx dY « X « Y
Storey €x ey
( kN) (m) (kN)|[ (kN) (m) (m) Check Check
1 2094.21 4 196.74 336.79 | 0.0485 | 0.0543 | 0.178 n 0.144 n
2 4188.82 4 238.26 328.79 | 0.0769 | 0.0519 | 0.338 XX 0.165 n
3 6283.54 4 286.11 394.82 | 0.0708 | 0.0535 | 0.389 XX 0.213 n

2.10 CONCLUSIONS

In this chapter, the fundamental principles of Eurocode 8 that were extensively presented in Chapter 1,
are directly applied in a regular three -storey steel building. More specifically, 4 possible design scenarios
are created that aim to address the concern regarding the consideration of the compressed bracing in
the structural configuration according to 86.7.2(2) of Eurocode 8. Another approach, however, suggests
that the seismic actions are calculated for the design earthquake, where the buckling of the compressed
bracing has already taken place. When taking into account the tension bracing only, the rigidity of the
structure, thus the period of vibration which defines the seismic loads, is almost 2 times higher than
if both braced members contributed in the total rigidity of the structure. Different fundamental periods
of vibration account for different spectral accelerations and, therefore, seismic actions, although the
structural configuration changes the distribution of internal forces along the members of the structure.

However, a conclusive answer can only be provided through the assessment of the load-bearing capacity

usingnon-l i near analyses to approach the O6actual 8 behavior
in order to provide a realistic basis for the upcoming non -linear investigation, all scenarios are designed

from the beginning. The necessity to optimize th is iterative procedure is significant and, for the purpose

of this diploma thesis, a methodology for the optimum design of regular multi -storey steel buildings that

integrates all requirements of Eurocodes 3 and 8 was developed. Each scenario constitutes adifferent

approach concerning the contribution or not of the compressed bracing in the structural system.

In Scenario 1, the structure was designed when only the tension diagonal was considered in the

structural configuration, while in Scenario 2 the modelling was based only on the tension bracing

according to the first case, although both bracings were taken into account during the elastic analysis.

Scenario 3, on the other hand, approaches the matter under investigation by considering both diagonals

in the modelling procedure and results in slightly different cross-sections compared to Scenario 1. The

| ast possible case is Scenari o 4, whi-settionawhdeduwices hal f
the value of the tension axial force is received. This scenario results in the same crosssections for all

members as Scenario 3 and is, therefore, not worth further investigation.
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A fifth design scenario is introduced, namely Scenario 5, where the structure under investigation is
designed based on the resistance checks, while the requirements of the seismic code are completely
ignored. This approach aims to highlight the necessity of capacity design in the case where the nominal
values of either the seismic actions or the resistance of the members differ compared to the design.

Concerning the modelling of the bracings, the most definitive requ irement was the non-dimensional
slenderness limitation in conjunction with the 25% n criterion that aims to achieve uniform ductility in

height. The requirement for a xial resistance is more favorable compared to the slenderness criterion
and, as a result, the cross-sections of the bracings are increased significantly. The design of the columns
is dominated by the damage limitation checks in the direction of the moment resisting frames, where
the displacements and the secondary effects are important, due to the large lateral flexibility of these

framing systems. However, the design of the main, as well as the secondary beams is based on the
Ultimate and the Serviceability Limit states which are rendered more unfavorable compared to the

seismic situations.

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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3 CHAPTER 3: INVESTIGAT ION OF THE
THREE STOREY STEEL BUILDING &
BEHAVIOR THROUGH NON-LINEAR
ANALYSES

3.1 GENERAL

This chapter focuses on the investigation of the seismic response of a regular steel building by bypassing
the limits of elastic analysis. It proceeds to develop a more comprehensive picture regarding its actual
response, which is primarily dominated by the behavior of the braced members. In the following
paragraphs, the compressed bracingd ontribution to the resistance of seismic loads is taken into
account using different scenarios of elastic analysis along with their possible structural systems.
Considering both braced members, though, requires non-linear analyses in order to approach the post-
buckling behavior of the compressed bracing and, thus, evaluate the seismic capacity of the entire
structure.

Subsequently, comparative results between the different scenarios and elastic analyses are also
presented. The effect of the rather definitive non -dimensional slenderness criterion to the design of the
bracings is investigated in terms of load-bearing capacity and displacements, which inspired the need
to highlight the necessity of the entire concept of capacity design. Finally, the best design scenario is
suggested as a simplified attempt to approach the contribution of the compressed bracing, without
being necessary to proceed to any time-consuming non-linear analyses of the entire structure.

3.2 NUMERICAL SIMULATION IN ADINA

The simulation of the structure for the required non -linear analysesis carried out with the finite element
analysis software ADINA. It should be reminded that Eurocode 8 limits the cross-section classification

Capacity design andinvestigation of the behavior of multi -storey steel buildings according to Eurocode 8
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for braced members to Class 1 or 2, as in frames with concentric diagonal bracings the dissipative zones
are located in the tension diagonals only. This limitation eliminates the possibility of local buckling in
the compressed braced members. For this reason, they are simulated with beam-type finite elements,
as the only possible form of buckling is the global. Regarding the simulation of the columns, Eurocode
8 limits the cross-section classification to Class 1 or 2as well, capacity design was applied to both X and
Y directions and the entire structure complies with the damage limitations and secondary effects checks.
Taking all this into consideration, beam-type finite elements are also introduced for the simulation of
the columns as any form of buckling is prevented due to the afor ementioned reasons.

The mesh density was selected to 20 number of subdivisions per member as an attempt to balance an
acceptable precisioninthebr aci ng me mb ekliny sand thé reduieetl computational effort.

3.2.1 Definition of geometry

The design based onthe elastic analysis in ETABS according to Eurocodes 3 and 8, are now introduced

in the non-linear model under investigation. In order to reduce the computational effort, the secondary
beams were not included in the non-linear model. Instead, their loads along with their dead loads, were
replaced with concentrated loads which are applied directly into the main beams. In the following

figures, the typical geometry of the structu re with the tension bracings only as well as with both bracings
is illustrated.

(@) (b)

Figure 3-1: Demonstration of geometry in the non -linear model with (a) the tension diagonal only
(b) both diagonals

3.2.2 Definition of material

The actual behaviour of the structure is largely affected by material non-linearity, as load-bearing

capacity in the Y direction depends on both braced members. While, on one hand, geometric non-
linearity is crucial for the developmentofthe compr essed bracingébés gl obal buckl i
the tension br a c i n g /e ofnfalire depends on vyielding. Therefore, a bilinear elastic-plastic

material is introduced in the non -linear model, with a realistic maximum allowable effective plastic strain

of 20% and a strain hardening modulus of 750.000 GPa, so as the ultimate tensile strength reaches the

value of 490 MPaas stipulated in EN19931-1: 2005, §3.2.3 Table 3.1.
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S355 (EN19931-1 83.2.3 Table 3.1)
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f,=490 MF
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300 A
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0 T T T 1
0 5 10 15 20
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Figure 3-2: Stress i strain nominal diagram for hot rolled structural steel of S355 grade

3.2.3 Definition of rigid diaphragm

In order to ensure a homoge neous horizontal displacement for each storey due to the existence of a
concrete slab, rigid links are introduced to each storey. In each level, all in pl ane pointso
displacements are restrained in the X and Y direction, while a master node is set in the centre of mass

of each diaphragm, where the seismic actions are applied. The following figure demonstrates the rigid
diaphragms in the case of the tension diagonal, but the exact same configuration applies in the case of

both braced members as well.

AAA

bl

Figure 3-3: Demonstration of rigid diaphragms and master nodes at each level

3.24 Definition of end -releases

The non-linear model should fully comply in terms of mass, loads, cross-sections, boundary conditions
and end-releaseswith the linear model. As a matter of fact, end -releases in braced members, whether
in or out of pl ane, def i thandultimatelynits uckding &dal resistaricé. i n g
Therefore, in and out of plane moment end -releaseswere introduced to each bracing system, rendering

the effective buckling |l engths identical in both

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8

di



66 CHAPTER!

L2
: ¢
. o
L ]
o ®
L J
2 7
= &
(@) (b)

Figure 3-4: Demonstration of -feleages Wwith @)re tensmmbeaning orgyn d
(b) both bracings

3.2.5 Definition of seismic loads

The vertical loads applied in the non-linear model are designated by the seismic combination (G+0.3Q),

while horizontal loads are defined by the lateral force method . A modal response spectrum analysis was

not carried out in the non-linear analysis as its basic assumption is material non-linearity, which

contradicts the theoretical assumption of the elastic material in the modal re sponse spectrum analysis

method. The following figure illustrates the load distribution for the seismic combination in the case of

the non-linear model where the compressed bracings have been intentionally ignored. Nevertheless,

the vertical loads retain the same values in the case of the structural configuration with both braced

me mber s, except from t he hacediffereotdiiedol the inoreasedriyidity.al ues whi ¢

Figure 3-5: Demonstration of vertical and horizontal loads for the seismic combination in the non-linear model

3.3 INVESTIGATION OF SCENARIO 1

The first scenario under investigation was designed in §2.5, abides by all regulatories of Eurocodes 3
and 8 and includes only the tension bracing during the modelling by intentionally ignoring the existence
of the compressed bracing in the structural configuration. It should be clarified that the behavior of the
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three-storey steel building through non -linear analyses is investigated in the following paragraphs only
in the case where the CBF beams operate as secondary beams and are, therefore, lateraly resisted by
the rigid diaphragm. Consequently, the only members under compression that are expected to present
failure due to global buckling are the compressed bracings.

HEB260

HEB260

HEB260

HEB260

HEB280

HEB280

HEB280

Figure 3-6: Design based on elastic analysis for Scenario 1 according to Eurocodes 3 and 8

Moreover, in order to evaluate the results from the elastic anal ysis, the braced members under
compression should be induded in the non-linear model. This is to approach a more realistic behaviour
of the structure, as well as the influence of the post -buckling behavior to the ultimate response of the
structure.

() (b)

Figure 3-7: Definition of model in (a) elastic analysis with ETABS (b) nortlinear analysis with ADINA
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Before proceeding to the non-linear analysis, an accumulative table is presented with the most
significant characteristicso f t he st r u enembergudder compressiendsuch as crosssection,
effective buckling length, major and minor principal axis non-dimensional slenderness reduction factor,
design buckling resistance and elastic critical force. The buckling axial resistance of the RHS members
relies entirely on their out of plane resistance.

Table 3-1: Summary table of useful quantities about the compressed bracings

Storey Cross -section A(cm?) Noi,rd (KN) iy (cm) Ty
1 RHS100X60X5 14.7 522 3.58 1.33
2 RHS100X60X4 12 426 3.63 1.31
3 SHS70X3 7.94 282 2.73 1.74

Storey | Cross-section iz (cm) 1, R Nb ra (KN) Ner (KN)
1 RHS100X60X5 2.38 199 | 0.22 117 133
2 RHS100X60X4 2.43 195 | 0.23 99 112
3 SHS70X3 2.73 1.74 0.29 81 94

3.3.1 Non -linear model verification

First and foremost, it is crucial to verify the non-linear model of the structure. It is based on the
comparison of internal forces and storey displacements between the linear model in ETABS ard the
non-linear model in ADINA for seismic loads applied in the Y direction without any accidental eccentricity.

In the following figures the results between the non-linear model in ADINA and the linear model in
ETABSare presented and compared for each possible scenario. In both models, axial forces do not
develop in the main beams, due to the existence of the rigid diaphragm and the assumption of infinite

axial rigidity in the XY plane.

(@) (b)

Figure 3-8: Bending moment diagram for (a) linear model in ETABS (b) non-linear model in ADINA

The distribution of axial fo rces illustrated in the figure above is developed due to both vertical and
horizontal forces for the seismic combination without accidental eccentricity. The only columns that get
additionally activated due to the horizontal loads are the ones directly connected to the bracing systems.
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Figure 3-9: Bending moment diagram for (a) linear model in ETABS (b) non -linear model in ADINA

Table 3-2: Comparative table of internal forces and displacements for the two different models

) ) . . . Maximum Maximum upper
Maximum axial force in Maximum axial force .

. . bending storey Y

Model bracings in columns .
moment displacement
(kN) (kN)
(kNm) (m)

ETABS 229.8 959.2 2195 0.0199
ADINA 229.4 959.4 225.9 0.0199

As demonstrated in the comparative table above, the non-linear model comes to almost absolute
agreement in terms of internal forces and displacements with the linear and, afterwards, an attempt to
reduce the computational effort to the minimum required is made. The exterior moment-resisting frames
that are not directly connected to the bracing systems and do not contribute in the rigidity of the
structure in the Y direction, are removed from the non -linear model as shown in the following figure 1-
10. Furthermore, both bracing systems are included in the model, as it would be inaccurate to proceed
only with its symmetric half, since any form of symmetry is eliminated during a non -linear analysis.

N\

N

AN

N

@ (b) (©

Figure 3-10: Simplified non-linear model (a) definition of geometry (b) definition of rigid diaphragm (c)
definition of loading for the seismic combination
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3.3.2 Non -linear analysis of material

This type of analysis aims to simulate the response of the structure in case only the tension diagonal is
taken into consideration, as stipul at ed by Eur oc dnd8.8.2(2) 8Thgmain ¢hedose ofe
executing a non-linear analysis of material, is that it accounts for a static pushover analysis. The purpose
of the pushover analysis is to evaluate the expected performance of a structural system by estimating
its strength and deformation demands in design earthquakes by means of a static inelastic analysis. The
results from the non -linear analysis are verified and compared to a typical pushover curve extracted by
a commercial analysis software, such asETABS.

3.3.2.1 Non-linear analysis of material using ADINA

In the case where the existence of the compressed bracing member is neglected and all columns under
compression are capacity designed, the possibility of failure related to global buckling is limited.
Additionally, since the main beams in the X direction are not affected by the seismic loads in the Y
direction, the only possible type of failure tha t could turn the structure into a sway mechanism, is the

yielding of the tension diagonals. Therefore, when only the tension diagonal is taken into account in the
non-linear model, the only type of non -linearity which is expected to be crucial for the struct ur e 6 s
response, is the material non -linearity.

3.3.2.2 Pushoveranalysisusing a commercial software

More often than not, commercial design softwares integrate useful tools that are commonly used by
engineers for a typical non-linear analysis, such asstatic pushover curves. It should be noted that the
main topic of interest in this thesis is the evaluation of the load-bearing capacity of the structure and
thus, the curve calculated by the software will not be used for the evaluation of the structure in terms
of target displacements. The following diagram demonstrates the comparison between a non-linear
analysis of material and a pushover curve where only the tension diagonal is considered. Finally, Vb1
accounts for the developed base shear when only the tension diagonal in considered. It should also be
pointed out that all elastic base shears are calculated based on the inelastic spectral acceleration.

Pushover response curves comparison

1200 -
1st, 2nd & 3rd bracing's yielding

1000 - l O
= p— {2
< 800 A 1
E 600 - Pushover (tension diagonal)
£ """ Vb,1=509 kN e | inear analysis (tension diagonal)
w 400 - i i
= MNA (Tension diagonal)
> 20047 |- 2AfycosO

0 T T T T T T T T T T T 1

0.00 0.03 0.05 0.08 0.10 0.13 0.15 0.18 0.20 0.23 0.25 0.28 0.30
Y displacement of upper storey (m)

Figure 3-11: Comparison between a typical pushover curve and non-linear analysis of material (MNA)
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(@) (b)

Figure 3-12: Deformed shape of the structure in (a) Point 1 and (b) Point 2 in MNA curve

The comparative Figure 3-11descri bes the structureds r e slipearitys e

completely relies on the material. The typical pushover curve from the commercial software comes to
an agreement in terms of load-bearing capacity, as in both curves the tangent becomes almost zero for
a base shear value of 900 kN. Since the bracings are designedin an optimum way, it is expected that
their yielding takes place almost for all three at the same time, which is actually the case.

Nevertheless the structure seems to retain its load-bearing capacity to 900 kN in the case of the MNA
with a tangent close to zero, due to the hardening of the material. Unfortunately, the commercial
software is not capabl e of t aki nghisimaytlead talessacaunate
results that do not come to absolute agr eement with those represented by the MNA especially after the
structure reachesits ultimate load.

Moreover, a simplified way to verify the maximum load, is the assumption that the base shear is resisted

by the horizontal component of the 1% storey braced me mber sé axi al forces.

bracing has a plastic yielding strength of Npra= Afy = 522 kN, the total resisting base shear can reach
the value of 2Npirscose = 868 kN . This result comes to an agreement with the maximum base shear
developed, when the axial contribution of the columns is taken into account. Additionally, the two curves
seem to demonstrate almost the same elastic rigidity.

Another important conclusion can be reached regarding the different values between the horizontal
load-bearing capacity and the design earthquaked base shear. The design of the braced members was
based on the 3 criteria mentioned in 86.7.3(1), one of which is that of axial resistance. However, the
i mit of t hoe-dimeasiohakesteridemnessl . Gl O2 . il conjunction with the 25% criteria
for n, leads to higher demand for cross-sections, thus resulting in increased load-bearing capacity
compared to the design earthquakeb s bas.e shear

3.3.3 Non -linear analysis of geometry and material with initial imperfections

3.3.3.1 Linearized buckling analysis

The main purpose of a linearized buckling analysis is to extract buckling modes in order to introduce

initial imperfections in the non -linear model. It should be noted that a linearized buckling analysis

Capacity design and investigation of the behavior of multi-storey steel buildings according to Eurocode 8
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increases both vertical and horizontal loads at the same time, thus becoming an insecure method for
the evaluation of buckling loads. The following figures demonstrate the buckling modes that were
selected and introduced as initial imperfections.

@ (b)
Figure 3-13: Buckling modes, RHS100X60X5 (a)“Mode 1, out of plane,l ¢ = 0.793 (b) Mode 3, out of plane,
ler =0.797
For all buckling systems, the lower member of the compressed bracing requires slightly less critical load
to buckle compared to the upper member of the same bracing system. This is because the lower member
receives the dead load from the upper tension member, thus increasing its total axial force.

Considering that the braced me mb e r s &ections@re KRHS100X60X5, RHS100X60X4 and SHS70X3
from the bottom to the top, it is expected that the out of plane buckling modes precede the in plane
ones, which is actually the case. In addition, t he me mb eautsobplane non-dimensional slenderness
increasesin height, because the buckling length is exactly the same both in and out of plane. However,

it is impossible to determine directly which braced member is going to buckle first, as horizontal loads
and, therefore, the axial forces that the bracings develop, decrease in height.

@) (b)

Figure 3-14: Buckling modes, RHS100X60X4 (a) Mode 5, out of plane,l . = 0.840 (b) Mode 7, out of plane,
I =0.844
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(b)

Figure 3-15: Buckling modes, SHS70X3 (a) Mode 9, out of plane, ¢ = 1.201 (b) Mode 11, in plane, 1¢ = 1.201

@

(b)

Figure 3-16: Buckling modes, SHS70X3 (a) Mode 13, out of plane, I ¢ = 1.208 (b) Mode 15, in plane, 1

@

1.208

b)

(

a)

(

17: Buckling modes,

I o = 1. 804 (b) Mode 19, in plane, ¢

~

in plane,

RHS100X60X5 (a) Mode 17,

Figure 3
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