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ABSTRACT
NATURAL PERIODS OF BRACED STEEL FRAMES DESIGNED TO ECS8

G¢naydéen, Egemen
M.Sc., Department of Civil Engineering
Supervisor: Prof. Dr. Cem Topkaya

January2012, % pages

A two-phase stdy was undertakerto investigate thefundamental period of
concentrically braced steel fram@BFs)designed according touocode8. In the

first phasetypical office buildings werstudiedby conducting two types of designs
which are called as iteraBvand noriterative Non-iterative design is composed of
obtaining final period by designing the structure with lower bound expression in
Eurocode8 while iterative design is similar the noniterative onebut an updating

of periods was considered in erdtoconverge assumed and final periods. Different
overstrength provisions areonsideredin the study.Lower bound expressiom
Eurocode8 results in shodr periods which indicates that this expression can be
safely utilized.The lower bound represendtédy Tremblay(2005) is also admissible
except for some cases including shorter periods. In the second phasaple
expression is derived for estimating the design baseeaatieh for braced frames
proportiored according to Euomde 8. This method ragesinelastic top story drift
valueswhich were obtained from structures desigmethe first phase using iterative
method These drifts were represented fiyple expressions utilizindata fitting
technigues. The method givesiitable first order estnate for the design base
acceleration.

Keywords: Fundamental Period, Steel Frames, EC8 seismic provjsions
Concentrically Brace
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ECBK ARTNAMEGXRE DKZAYN EDKLEN ¢APRAZLI
CER¢CEVELERKN DOJAL PERKYOTLARI

G¢naydéen, Egemen
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CHAPTER 1

INTRODUCTION

1.1  Description of Concentrically Braced Frames (CBFS)

Concentrically braced frames (CBFs) can be used as a lateral load resisterg in
seismic regions.As shown in Figure 1,lthese systems resemble a vertical truss
where theseismicforces are carried by axial loads produced on the members. The
columns are for resisting overturning moments while the braces provide shear
resigance. During an earthquake CBFs dissipate energy by yielding and buckling of
the brace members. In order to ensure a satisfactory behavior the columns are

designed to remain elastic during a seismic event.

Significant amount of structural damage wdsserved in steel moment resisting
frames after Northridge and Kobe earthquakes. Until that time CBFs were not so
common because these systems were considered to bductia. After these
earthquakes significant amount of research work has been uraettaknhance the
behavior steel lateral load resisting systems. Some of the researchhaoekeen
tailored towards CBFs.

Design practice for CBFs is variald# over the world. AISC Seismic Provisions for
Structural Steel Building2005)classifies CBFs into two categories, namely Special
Concentrically Braced Frames (SCBFs) and Ordinary Concentrically Braced Frames
(OCBFs) Response modification factor and detailing requirements change
depending on the type of system selected. Similarly Euro8oclassifies ductile

lateral load resisting systemisto two categories, namely Ductility Class Medium



(DCM) and Ductility Class High (DCH). According to Eurocode 8 there is no
significant distinction for DCM and DCH CBFs and same behavior factor isnassig

to both classes.

77

(a) X- Bracing (b) SplitX Bracing (c) Chevron Bracing
Figure 11: Typical Concentrically Braced Frames

The natural period of vibration for CBFs must be determingithd the design stage

in order to calculate the amount of earthquake forces. There are various methods
used to calculate the natural periodhe most accurate way of determining the
period is to conduct an eigenvalue analysis. In addition, there atkrhathods
developed to predict the natural period. Furthermore, most specifications
recommend lower bound expressions. These expressions are usually based on
geometrical properties such as height and width and can be very useful in
preliminary design sige before the member sizes are determined. The following
sections outline the methods used to determine natural periods in general and the

ones for CBFs in particular.



1.2 CodeFormulas for Estimating Fundamental Periodsof Structures

In ASCE 710, appoximate fundamental perigqds) (in se¢ can be determined from

the following formula:

T.=GHh (1.2

Whereh, is the heighbf the structureC; andx can be obtained from Table 1.1

Table 11: Values ofApproximatePeriod Parameters CGand x for ASCE 710

Structural Type C X
Steel moment resisting frames 0.0724 0.8
Concrete moment resisting frames 0.0466 0.9
Steel eccentrically braced frames 0.0731 0.75
Steel bucklingrestrained braced frame 0.0731 0.75
All other structural systems 0.0488 0.75

Periods obtained from a rational analysis can be used according to ASCE7
However, the period obtained from a rational method cannot be larger than a factor
multiplied by the approximate period obtainedngsiEquation 1.1. These factors
depend on the level of seismicity. It is worthwhile to note that periods from a
rational analysis can be directly used without upper bounds in checking drift

requirements.

The Turkish Earthquake Code (TECO7) does nes@nt any empirical formula but
recommends a formul at i on AsbhaaesdtdthisanethoRay | e i
requires the mass and displacements of the structure under a fictitious load.
Therefore, designer must perform a first trial design to obtasetparameters. In

TECO07, fundamental period of any type of building might be calculated as follows:



(1.2

—
1
N
QS
: i
-0:0: O: O: Ok

Where mi= (g+nqg)/g
gi: dead load
qi: live load
n: is the category of use for live load reduction
ds: defamations calculated under fictitious loads in thetorey
Fi: the fictitious load acting ongi storey in the first natural vibration

period calculations.

In Eurocode 8 any rational method can be used to calculate thelnaguiod of
vibration. Alternatively some empirical formulas are also presented. For CBFs
Eurocode 8 has a similar treatment when compared with ASOE7The same
empirical formulation with slight modificatioris recommended It is stated that for
buildings with heights up to 40 m the valueTaf(in sec) can be approximated by the

following expression.

T,=C.H¥" (1.3

Where

Ci is 0.085 for moment resistant space steel fram@gsdor eccentrically
braced steel frames and 0.050 for all other structures;

H: is the height of the building, in m, from the foundatwfor from the

top of a rigid basement.

Alternatively, the estimation off; (in se9 may be made by using the

following expression:



T,=24d (1.4)

Where
d: is the lateral displacement of the top of the building, in m, due to the

gravity loads applied in the horizontal direction.

2005 National Bilding Code of Canada offers a more simplified expression to
calculate natural periods of CBFs. The expression given in Equation 1.5 was
developed by Tremblay (2005) and details of his work will be presented in the

following sections.

T, =0.025, (1.5

Where  h(m): building height

T fundamental period of the structure
1.3 Past Researclon Determination of Structural Periods

Research can be divided into two categories. Some researchers developed simplified

expressions while the others developed hand techniques.
1.3.1 Simplified Methodsin Calculating Periods

G.W.Housner and A.G.Brady1963)
This is one of the first studies on determining structural perio@&mplified
equations are derived for fundamental periods of idealized buildings and these are

compared with the measured ones.

For sheawall buildings, none ofthe simple empiricalequations give precise
estimates unless wall stiffness is involved period calculationsIf design of a

building is affected by calculated period of vibration, it is recommenbat the



period is computed by Rayleigh method or estimated by a referernice measured
period of a similar building. Calculated periods of steel frmane described with ¢

formula T:1.08\/W- 0.8€ where N is the number of storieBhe measured periods

of some modern steel structures can be described as folle@S/N - 0.4. It is
concluded that period of vibration of a structure is the most informative parameter
about the internal structure of building.

It is observed that when using California building codes, period estimation of
buildings wit shear walls is less accurate than other structural types. The paper also
shows that a precise estimation of period of a structure is not possible with simple

empirical expressions.

Goel and Chopra (1997)

The purpose of this paper is to develop code a1 which calculate periods of
structures by means of recorded motions statistics. This study includes RC and steel
momentresisting frames. A regression analysis of measured data was made to

improve code formulas for estimating fundamental periods oftstres.

Building database contains 106 Californi
(Peak Groundhcceleration) PGA>0.15glt is observed that calculated code periods

are shorter than the measured periods from the recorded motions. For buildiags up

36 m, code formulas give approximately lovierund values of measured period

data;on the other hand they result in-20% shorter compared to measured data for
buildings taller than 36 m. For many buildings, measured period values are bigger

than 1.4Twhere T is period value obtained from empirical formulas. This means that

code limits on the rational analysis period results are too restrictive. It is stated that

the database must be expanded with the new earthquake data.

R. Tremblay (2004)
The aim @ this study is to propose a simple expression for the fundamental period of
CBFs by performing an analytical study. Besides, available test and field data of



building periods were compared to ones obtained with analytical predictions.
Building and desigmparameters were examined through a closed form solution and

an extensive parametric study.

From the simplified closetbrm model, it is concluded that large variations on
structure periods are related with differenaeseismic zonesTherefore,it is not
possible to capture these differences with the simple expressions that could calculate
initial periods in building codes. But, it is feasible to use such crude code expressions

provided that they give lowdyound results.

This work alsoincludes a pametric study on braced steel frames. 7524 buildings
have been analyzed in this study. Braced frame tributary areas were 250, 500 and

1000 nf. Number of stories varigfrom 1 to 25. Story height was taken as 4 m.

The fundamental period of concentricallsabed frames was found to vary with the
frame geometry and the magnitude of the design seismic loads, the latter being a
function of the seismic hazard level and soil conditions at the site as well as of the
period, the force modification factor, and thapiortance factor that are used in
design A regression analysis is made by using the scatter of caldyateods lying
between T=0.02% and T=0.09h where R is total building height. The best fit
expression is T=0.056h°. Considering a linear viation, best fit becomes T=0.84

bestfit minus one sigma is T= 0.0BQ It is found that selection of which expression

is used has small effects on the design of the structure. Besides, when the importance

factor increases, fundamental periods decreasgpested.

It is confirmed that most effective factor on the period is the building height. Braced
frame width also affects the period but not as much as other parameters. It is
discovered that CBFs period values cannot be estimated with only buildigjigt hei
and frame width which take place of the simple expressions. Building periods mostly
increase with weight of the structures but this has small effects on the periods.

Because, periods change approximately 5% considering different structure weights.



Study shows that period values of CBFs increase with the building height linearly.

As a lowerbound estimation, Z£0.0251, is recommended according to this study.

Rui Pinho and Helen Crowley (2009)

This paper evaluates estimating period of vibration offoeced concrete MRFs in
various codes around the world while performing linear static and dynamic analyses.
Effect of period on the structural design is discussed shortly and some improvement
of period estimating in Eurocode 8 is made. It is observed ttieat is a big
difference between stiffnesses of {41@80 buildings and pog980 buildings
because of changes of design philosophy; new buildings were found stiffee
Therefore Eurocode 8 period equation matches well with the measured periods of

new buildings erected in Europe.

Eurocode 8 allows lateral force method to be carried out for buildings whose
response is not broadly affected contributminhigher mode vibration. If higher
mode contribution becomesffective for the structure, modal response spectrum
analysisshould be applietb be more realistic. Recent studies have shown that these
two types of methagldiffer with calculated design base shear forces for a given
building. This difference mainly rises from calculated periods which pangod
obtained by periodheight equation for lateral force method and period of vibration
from eigenvalue analysis. So, many codes realize that simplified gezigdt
equation looks more realistic unless higher mode effects become necessary. Some
codessuggest that if the modal base shear is less than 85% of the lateral force
method base shear, modal forces should be multiplied with 0.88W&fe V is base
shear of lateral force method angi¥ modal base shear. This coefficient will be a
safeguardo avoid from low forces of analytical models with unrealistically high
periods of vibration

Oh-Sung Kwon and Eung Soo Kim (2010)
This paper is an evaluation of seismic code period formulas applied to 800 actual
buildings. The ASCE -D5 code is invesgatedand an evaluation is performed for

RC and steel moment resisting frames, braced frames, shear wall buildings and other
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structural typesDatabase contains 34 concentrically braced frames (CBFs) and 125
steel moment resisting frames and other strattypes.

From comparison of measured periods and code equation periods, equation of steel
MRFs estimates well lower bound of the measured periods for all building heights.
This difference is relatively high for lovo-medium rise buildings. Moreover, the
periods of essential buildings with bigger importance factors result in 40% shorter
periods than the neessential building periods. The code formula for braced frames

estimates lower bound periods for kb@¢medium rise buildings.

Based on the limitedvailable data for CBFs, code formula tends to underestimate
lower bound of the periods of structures taller than 61 m. Code fononolades

goodestimate®f periods for lowto-medium rise buildings.

1.3.2 Hand Methodsin Calculating Periods

Bryan StaffordSmith and Elizabeth Crowe (1985)

A hand method that can be used in estimating periods of a structure was developed.
Structures which are analyzed with this method must be regular in plan and also
along the height. Moreover, structure must be loaded synwaibtrnot to impose a
torsion effect. The method is based on a technique that regards coupled walls, rigid
frames, braced frames and wiimes as a she#lexure structure so that their static
deflection can be determined with coupled wall thetiris useful to decouple static
deflection into two parts as flexural component and shear plus flexure, so that
dynamic behavior of the structure can be captured by decoupled eigenvalue

approach.

Results of this study can be summarized for braced franfeags:
First natural period can be obtained by this method with a 2.9% error. For all

structure types, second mode of vibration period can be estimated with a 15% error.



K.A.Zalka (2001)

This is a simple hand method that performs a tdieensionalfrequency analysis

of structures such as coupled shear walls, shear walls and cores. Lateral vibration
was defined by three deformation types such as full height local bending, full height
global bending and shear deformation of the frameworks. The afhre gftudy was

to develop a closedrom solutionto estimate lateral frequencies by using their

stiffnesses.

Like other studies, it is assumed that structures are regular along the height.
Accuracy of the method was checked with the finite element sologisults. 4, 10,

16, 22, 28, 34, 40, 60, 80 storey buildings with eight different frameworks are used in

the comparison. Storey height was 3m and the bays of the frameworks were 6 m. For
the 144 cases, the average error between the hand method areldmigat solution

was around 2% and with a maximum error of 7%.

It has been shown that this clogedm solution can be used for the calculation of the

natural frequencies of mulsitorey buildings.

C.Chrysanthakopoulus, N.Bazeos and D.E.Beskos (2005)

This paper is an extension thfe method developed Bryan and Crowe(1985) to
CBFs and MRFs. This method consglgiane steel frangeas a flexurakhear
cantilever beam as discussed before. It is valid for both braced and unbraced frame
It is possibleto obtain the first three natural period of the structure with this method.
It employs many parametric studies which includes 110 braced and unbraced frame
analyzed with finite element method to establish a formula that reftestharacter

of equivalen cantil ever beam. Stafford Smith
some correction factors by using parametric studies. Maximwstdl$ frame is
considered in this work. This study considers-noiform member properties along

the height.

This method wasoundto besimpleandconservative enouglor performing a hand

calculation in determining first three natural periods. Maximum error is calculated as
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15% for the first and second natural periods, and third period can be estimated within
20% accuracy. Té method is limited for only one braced bay, it regimeore
computatioal work to establish a formula for more than one braced bay. Generally,
story height and bay width affects the accuracy of the estimation of the period

slightly.

1.4  Scope of the Thes

As explained in the earlier sections of the thesis, there are various methods for
calculating the natural periods of braced frames. Eurocode 8 has very special rules
for proportioning the CBFs and the resulting member sizes can be quite different

compared to designs conducted in other parts of the world.

The study aims to evaluate the fundamental periods of CBFs designed according to
Eurocode 8. A two phase research study has been undertaken. In the first phase,
several CBFs were designed accogdito Eurocode 8 and the accuracy of the
empirical formulas is evaluated. In the second phase, a more accurate empirical
equation was developdshsed on the database that was formed in the first phase.
This new empirical equation takes into account varifactors such as the level of

seismicity, soil conditions, gross dimension, mass properties and etc.

The detailed rules for proportioning CBFs using Eurocode 8 are presented in Chapter
2. The evaluation of empirical formulas using a CBF database is mivehapter 3.
Chapter 4 outlines the development of a new empirical relationshiprasdnts its
accuracy on the CBFs designed in Chapter 3. Finally, Chapter 5 presents the
conclusions derived from this twghase study.
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CHAPTER 2

DESIGN OF CONCENTRICALLY BRACED STEEL FRAMES
ACCORDING TO EURONORMS

2.1 Calculation of Lateral Loads According to EC8

2.1.1 ECS8 Design Spectrum and ldentification of Ground Types

Ground types A, B, C, D, and E may be used to account for the influence of local
ground caditions on the seismic action. These gmbulypes are classified in

Eurocode 8.

Solil type A represents rock or other rdiée material formation, including at 5 m
most of weaker material at the surface. Soil type B accounts for deposits of very
dense and, gravel, or very stiff clay. Ground type C is defined as deep deposits of
dense or medium dense sand, gravel or stiff clay with thickness from several tens to
many hundreds of meters. Type D represents deposits of -tlmosedium
cohesionless soil. TyE is a soil profile consisting of a surface alluvium layer with
average shear wave velocity values of type C or D and thickness varying between
about 5 m and 20 m, underlain by stiffer material accgrtbrEurocode 8

If there is not sufficient resedrcon the geology of the seismic zone, Eurocode 8
suggests two types of spectra, Type 1 is valid for earthquakes that have-siaface
magnitude (M) greater than 5.5, while Type 2 represents earthquakes whose M
values are not greater than 5.5. In thigdgt Type 1 spectrum is adopted. The values

of the periodd, Tc andTp and of the solil factoBdescribing the shape of the elastic

12



response spectrum depend upon the ground type for Type 1 spectra. The values
recommended in Eurocode 8 fiy, Tc, Tp, Sare given in Table 2.1.

Table 21: Values ofParameters abowBoil Conditions

Ground Type S Tg(S) Tc(s) To(S)
A 1.0 0.15 0.4 2.0
B 1.2 0.15 0.5 2.0
C 1.15 0.2 0.6 2.0
D 1.35 0.2 0.8 2.0
E 14 0.15 0.5 2.0
Where;
S soil fador;
Tg is the lower limit of the period of the constant spectral acceleration branch;

Tc is the upper limit of the period of the constant spectral acceleration branch;
Tp is the value defining the beginning of the constant displacement response

range of he spectrum

2.1.2 Design Spectrum

For the horizontal components of the seismic action the design spectral acceleration,

Sy(T), is defined by the following expressions in Eurocode 8;

06T @,: () 3.5 o= 24 (2.1)
é TB c q 3 :
T,eT o: S(T) =3 ;—’ (2.2)
T.¢T ¢L: S(T % BT (2.3)
t2 ba,
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e 2.5 el..T,
TeT: § (T){:ag'sq" 7 (2.4)
12 ba,
Where;
ay is the design ground acceleration on type A ground
T is thevibration period of a linear singlgegreeof-freedom system
b is the lower bound factor for the horizontal design spectrum, its

recommended value is 0.2.

q is the behavior factor

There is one single parameter to describe seismic hazard for most applications in
Eurocode 8, i.e. the value of reference peak grocodleration (gr) on type ground
A. The value of reference peak ground acceleration is chosen by national authorities

for each seismic zone. The design ground acceleration is calculated as follows:

& =9 ‘A (2.5)

Where;

9 is the impotance factor

In Eurocode 8 Table 4.3, importance class Il is defined as ordinary buildings, not
bel ongi ng ot heguals wauhitg 5 considered herein which is for

importance class Il.

g is the behavior factor which represents dtgtlapacity of a structuren
Eurocode 8 Table 6.2, upper limit of the behavior factor for concentrically braced
frames corresponds to 4. This value is valid for both Ductility Class Medium (DCM)
and Ductility Class High (DCH The design spectra fdifferent soil types are given

in Figure 2.1
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Figure 21: Design Spectréor g=1

2.2  Calculation of Base Shear

Several methods can be used to calculate the seismic actions according to Eurocode
8. These are equivalefateral force method, response spectrum analysis and time
history analysis. Equivalent lateral static force method is used to calculate seismic
forces in this thesis. This type of analysis can be applied to buildings whose response
is not significantly #ected by contributions from modes of vibration higher than the

fundamental mode in each principal direction.

In order to use this method in the analyses, structures must satisfy the following

requirements;

a) They have fundamental periods of vibratiopn i the two main directions

which are smaller than the following values.

15



Tey, ” (2.6)

Where;

T; is the fundamental period of the building in the horizontal direction of interest. As
described in Chapter 1, for buildings with heightsip to 40 m the value of;T(in

seg may be approximated by Equation 1.Blthough there is a height limit on
Equation 1.3it is used throughout this thesis without a limit.

b) They meet the criteria for regularity in elevation

Base shear ¢F acting ona structure is calculated with the following formula as it is

stated in Eurocode 8 provisions.

Ry =S (T). ¥ (2.7)

Where;

m is the total mass of the building, &
equal to:;00=20.785 tihfe Tuil ding has more t
otherwise. Mass calculations are performed with the following formula in Eurocode

8;

m=g Gk,j + éVE,i-Qq (2.9

Where;

a G, is the permanent action like seeight of thestructure,Q, ;is the variable
action like normal use by persons, furniture and moveable objgets,is the

combination coefficient for variable action which is determined as follows:

Vei=Voin J (2.9
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i is a factor obtained from Table 4.2 o
stories and category B (office,isbthei | di ng
combination coefficient for the quagermanent value of a variable actignvhich is
obtainedf r om EN1990, Table Al1l.1 forgixOdbegory
for the cases studied in this thesis.

After calculating the base shear, lateral forces should be distributed along the height
of the structure. The following formula is used whidleguces linearly increasing

lateral loads for cases with equal mass in all stories.

- z.m
F=F ——— 2.1
i b a Z]-.rnj ( Q
Where;
F is the horizontal force acting on stdry

m, m; are the story masses computed in accordance with Eqn. 2.8.
z, z; arethe heights of the masses m; above the level of application of the

seismic action (foundation or top of a rigid basement).

The horizontal forces jFdetermined in accordance with this clause shall be
distributed to the lateral load resisting system iassg the floors are rigid in their
plane.

2.3  Torsional Effects

In order to account for uncertainties in the location of masses and spatial variation of

the seismic motion, center of mass can be considered as being displaced from its

calculated location inazh direction by an accidental eccentricity as follows:

e, = 0.05L, (2.11)
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Where;
€ai is the accidental eccentricity

Li is the floordimension perpendicular to the direction of the seismic action

According to Eurocode 8, if the massesdalateral stiffness are symmetrically
distributed in plan and unless torsional effects are taken into consideration by a more
exact solution, the accidental torsional effects may be accounted for by multiplying
the action effects in the individual loadsigting elements resulting from the
application ofdistribution of the horizontal seismic forces)(By a factori. Thi s
factor amplifies the base shear to account for torsional effects and can be calculated

as follows:
X
a=1 40.6L— (2.12
Where;
X is the distance of the element under consideration from the center of mass of

the building in plan, meaured perpendicularly to the direction of the seismic

action considered;

Le is the distance between the two outermost lateral load resisting elements,

measured perpendicularly to the direction of the seismic action considered.
For the cases studied herehe x/L. term is considered as 0.5 for the braced frames

that are located at the perimeter of the building. Therefore, a torsional amplification

factor of 13 is considered for all cases.
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2.4  Design of Steel Members According to EC3
2.4.1 Design of Members ér Tension According to EC3

Only gross section yielding was considered in this study as a tension member limit
state, according to EC3 the following condition must be satisfied:

et g1 (213

t,Rd

Where;
Ngq  is design value of the axitdnsion force

Nira IS design value of the resistance to tension forces
The design value of resistance can be determined as follows:

Af
Nt,Rd = Y (214)
9uo

Where;
A is the gross crossectional area
fy is the yield strength

ovo  partialfactor for resistance of alf@sssections classes and is taken as unity

2.4.2 Design of Members for Compressiomccording to EC3

The following condition must be satisfied to design compression members against

instability failure:

¢ (2.15
Nb,Rd
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Where;
Neq  is the design value of compression force

Npra is the buckling resistance capacity

The design resistance considering instability effects is calculated as follows:

N = c.Af, (2.16
" G '
Where;
G is the reductin factor for the relevant buckling mode

ov1 IS a partial factor accounts for resistance of members for buckling

The r ecomme ng &sdqualtal aceordiogfto EfReduction factor and

nondi mensi onal sl ender nes sodgcanbe daloulatedas e r e |
follows:
1
c=——F————bhut c1.C (2.17
F E L2
F =0.5[1+a (/ 0.2) ¥ (2.18

Af,
/=% (2.19

Where;

Ner is the elastic critical force for relevant buckling mode

U is the imperfection factor which varies aadioig to cross section geometries
and types

U can be obtained fr omC3Ta thé relevant blickliagh d T a
curve, crossections and grade of steel. For the csEssion types considered in this
study, values of 21,084049&d6.bet ween 0. 13,
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Elastic critical force can be obtained from the following formula:

2
L=PE (2.20
(KL)
Where;
E is the elastic modulus of steel
I is the moment of inertia of the member considered
L is member length
K is the effeawve length factor
Effective | ength factor was taken as fAlo
connected.

2.5 DesignRules for Concentrically Braced FramesAccording to EC8

Concentrically braced frames must be designed in such a way that disszosaibge
take place in diagonals in tension before columns and beams yield and buckle.

Majority of the lateral loads that act on the frame are carried by columns and braces
in the braced bay. Because all connections are pinned, the entire frame can be
consdered as if it has one single braced bay. Dissipative zones should be located in
the tensile diagonals, therefore it is assumed that the compression diagonals already
buckle according to Eurocode 8. In other words, horizontal forces can be resisted

only by the tension diagonals without consideringhpoession diagonals. (Fig. 2.2)
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Figure 22: Assumptions for Modeling the Frame
2.6 DesignRules for Diagonal Members

For the frames with »racing systems, the natimensional sinderness for all

diagonals is limited by the following constraint.
13</ ¢2.C (2.21)

The lower bound of 1.3 is enforced for preventing overloading of columns in the pre
buckling stage (when considering both compression and tensionndlago The

upper bound is placed to prevent any shock effects.

The yield resistance must satisBguation 2.13. Unlike many other design codes,

EC8 enforces uniform vyielding along the height of the structure for a more
homogenous energy dissipation bdbav Therefore overstrengtli q ) of br ac:
shouldbec | ose to each other. Accordinp® to EC(

does not differ fr ompmyt)byenorethamP5fu m over st r

N )
\/Vi —  pL,Rd,i (223
NEd,i
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Where;

Npi,rdj is the design resistance of diagbn
Neq, is the axial force in the same diagonal according to design seismic
situation

2.7 Design Rules for @lumns

Columns shall satisfy the following formula for columns with axial forces in

concentrically braced frames.

NpI,Rd(MEd)Z NEdG -H"lgov' WEd[ (2-23)

Where;
Np.rdMed)  is design buckling resistance value of the column
Ned.c is the axial force of the column due to resismic effects calculated

with combinations of actions for the seismic design situation

Ned,e is the axial force in the columrebause of the design seismic situation
Jov is the material overstrength which is equal to 1.1 for steel grade S355
q is the minimum value of overstrength obtained according to Eqn. 2.22

2.8 Calculation of Brace & Column Forces

In EN1990, combinations ottons for the seismic design situations are described as

follows:
é_l G "t" A" -I-i?/zyiq’i (2.29
Where;
Agq is the design value of the seismic action
Ay =9 A (2.25
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Where;

Aex is the characteristic value of the seismic action

Y2, equals to 0.3 because category of use is B (office areas) in EN1990. Eqn. 2.24

turns into following formula:

G, +A, 0.3Q (2.26

2.9 Lateral Drift Check

After the design is performed, displacements are calculated and compared hgainst t
drift limits. For buildings having nestructural elements fixed in a way so as not to

interfere with structural deformations the following must be satisfied:

d.7¢0.01th (2.27

Where;

dr is the design interstory drift, consideredd#$erence of the average lateral
displacements @at the top and bottom of the story

h is the story height

3 is a reduction factor which takes into consideration the lower return period of

the seismic action

dr are defined as follows by Eurocode 8:

d =q 3 (2.28
Where;

q is the behavior factor

ds is the displacement of the structuresig@ed by linear analysis based oa th

design spectrum mentioned in 2.1.2

24



3 i s rel ated with t he i mportance facto
importance classes | and Il, and 0.4 for importance classes Ill and IV. Equation 2.27

translates into a aximum of 2% lateral drift ratio (th) for importance class II.

25



CHAPTER 3

EVALUATION OF EMPIRICAL CODE FORMULAS

The accuracy of the empirical lower bound expressions given inkwedn
specifications are evaluated tinis chapter. For this purpose a MATLAB program

was developed. This program is capable of conducting designs for different braced
frame configurations. After the design is complete the program determines the
fundamental period of vibration usingthe Ragi ghdés met hod. I n g
presented in Eurocode 8 and Eurocode 3 were strictly followed. For each of the
geometry considered two separate designs were conducted. As explained before, a
trial period needs to be selected to come up with dmalimiesign. All designs start

by assuming a fundamental period defined by Equation 1.3. The difference between

the two design methods arises from the way in which the fundamental period is
updated. In the first method the periods were not updatedthén words the lateral

forces are calculated based on the period obtained from Equation 1.3. On the other
hand, the second method is an iterative design and uses updating of periods. Because
Eurocode 8 allows for any rational method to be ydexiRayé i ghds met hod ¢
adopted to calculate the periods. The iterative method starts with an initial period
taken equal to the period given by Equation 1.3. A design is completed based on this
initial period. Later, the actual period of the structureascc ul at ed by Ray
method and the design is updated by making use of this new period value. Design
process is continued until the initial and the final period converges. The second
method is more realistic because the lateral forces are calculased lon the
fundamental period obtained from a rational analydn general, iterativéype of

designs resultsn lighter and cost efficient systems. The structural layouts are

presented next followed by the analysis results.
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3.1 Geometrical Propertiesand Layouts of the CBFs Considered

Two types of bracing systems were considered in this study. The first system is

concentrically Xbracing (Fig. 3.1a), and the other one is Spilirdcing (Fig. 3.1b).

7> 7>

(a) X-bracing system (b) Spit-X bracing system
Figure 31: Bracing Systems (a)-Xracing system, (b) SpiKX bracing system

Dead load is taken to be equal to 4.4 kRifn 9 kN/nf. All buildings were
considered to be used as office buildings. This usatggory corresponds to type B
according to Table 6.1 in EN1991. The recommended value of imposed loads for
Category B corresponds to-3 kN/nt in Table 6.2 of EN1991. Therefore, live load
intensity is taken as 2 kN/mPlan views of the buildings consiee in this study are
given in Figs 3.2 through 3.7. Six types of floor plan systems are considered. They
vary with respect to their number of braced bays and braced frame tributary area.

These plans include two braced bays or four braced bays.
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variable

22 m <__,/v -

P
<« >

constant

Dead load intensity: 4.4r 9kN/m?
Live Load intensity: 2 kN/m
Floor Plan Area660 nf

30 m

Braced frame tributary area: 33¢ m

Braced
Bay

Figure 32: PlanView of theBuilding with Two BracedBays with BFTA of 330

variable

22'm 4__,/' P

»

constant

A

Dead load intendiy: 4.40r 9kN/m?
Live Load intensity: 2 kN/mh
Floor Plan Area660 nf

Braced frame tributary area: 165 m

30 m

Braced
Bay

Figure 33: PlanView of theBuilding with Four BracedBays with BFTA of 165 rh
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variable constant

L L

Dead load intensity: 4.4r 9kN/m?
Live Load intensity: 2 kN/rh

Floor Plan Area900 nf

Braced frame tributargrea: 450

30 m

Braced
Bay

Figure 34: PlanView of theBuilding with Two BracedBays with BFTA of 450

variable

30M  ——" L constant

A

Dead load intensity: 4.4r 9kN/m?
Live Load intensity: 2 kN/m
Floor Plan Area900 nf

Braced frame tributary area: 225 m

30 m

Braced
Bay

Figure 35: PlanView of theBuilding with Four BracedBays with BFTA of 225 rh
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variable
45m <« — /r constant

A

Dead load intensity: 4.4r 9kN/m?

uiv Live Load intensity: 2 kN/h

Floor Plan Area2025 nf
Braced frame tributary area: 1012.5 n

v

Braced
Bay
Figure 36: PlanView of theBuilding with Two BracedBays with BFTA of 1012.5
m2
variable
L 45m < / / constant
A
I S —
e Dead load intensity: 4.4r 9kN/m?
0 Live Load intensity: &AN/m?

Floor Plan Area2025 nf
Braced frame tributary area: 506.25 n

v

Braced
Bay
Figure 37: Plan View of the Building with Four Braced Bays with BFTA of 506.25

m2

30



A common side view for all plan types are given in theofeihg figure:

Y Y

Figure 38: SideView of theBuildings

Braced widths of 3m, 4m, 5m, 6m, and 7m were considered-foa¥ed frames and
8m, 10m, 12m, and 14m for spht braced frames. While the braced bay widths

charge the floor plan dimensions remain constant.

Four zones were considered in this study and these zones are identical to Turkish
earthquake zones. The peak ground acceleration values for zones 1, 2, 3, and 4 are
0.4g, 0.3g, 0.2g, and 0.1g, respectivelifor all zones 5 soil types described in
Eurocode 8 were considered. Three importance clg&se, IC 1ll, IC IV) that

result in importance factors of 1.0, 1.2 and 1.4 were taken into account.

Two types of steel grades namely S235 and S355 were crethiddhe number of
stories changed between 3 and 12 febrdced frames and 3 and 16 for Split
braced frames. In general the total height to braced bay width ratio was kept below 8.

European steel profiles were used in the design of braced framesndraly all
HEA, HEB, HD, HEM, IPN, IPE sections were included in the database. In addition,
tubular sections produced by Borusan were added to theadatabypical designs

of CBFs are given in the Appendix.
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It has been argued in the past by Elghaz@aD9) that the overstrength rule given in
Equation 2.2 is quite restrictive and can lead to uneconomical designs. Elghazouli
(20M) proposed that using stiff columns through the height of the brayethdy be
sufficient to omit the restriction placed dhe overstrength of braces. In order to
take into account this recommendation the overstrength provision was separately
investigated. Designs were conducted by taking into account the provision given by
Equation 2.2 as well as omitting it. The resslfor these designs are presented

separeely in the following sections.

3.2 Results of Parametric Study

The results of the parametric study are presented in this section. Results are
presented separately depending on the type of design conducteie(aibre vs.
iterative), overstrength provision adopted, and importance faétbout 28800
buildings were considerddr each analysis sefThe results were compared with the

initial period estimates and the lower bound proposed by Tremblay (2005).

3.2.1 Designs vhich Include Overstrength Provision

32111 mportance=10) ass |1 (9o

The results for importance class Il are given in Figures 3.9 through 3.12. In general,
the lower bound expression given in Eurocode 8 is sufficient. There are some data
points which fal below the lower bound expression proposed by Tremblay (2005).
The data is quite scattered and some fundamental period values are significantly
higher than the initial assumed period. In order to understand the level of
conservatism the spectral accateyns obtained using the lower bound expression
and the spectral accelerations obtained using the final period are also plotted. It is
evident that the estimated design spectral accelerations are much higher compared to
the actual design spectral accateons. The differences are much more pronounced

if an iterative type of design is conducted.
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The upper bound equation proposed by Tremblay (2005) is sufficient to represent the

designs conducted using the Aterative method. There are onlyenf points above

the upper bound line. On the other hand, there are more cases in the iterative design
space which has periods higher than the periods estimated by the upper bound
equation. Upper bound expressions obtained by curve fitting to the datiepmky

in this study are given in Figures 3.9 and 3.10.

Period vs. Height Relationship (Non-Iterative) IC Il with Overstrength Rule

5 Periods
y = 0.2827x0.6569
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Period vs. Height Relationship (lterative) IC Il with Overstrength Rule
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Estimated S,(T) vs. Actual S4(T) (Iterative) IC Il with Overstrength Rule
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Rule

The related statistics for the analysis cases is given in Table 3.1. According to the
data given in this table the fundamental periods of the structures examined herein are
on average 2.31 times higher than the periods dddausing the lower bound
expression. This number modifies to 2.94 if an iterative type of design is conducted.
Similarly the estimated design spectral acceleratameson averag 1.85 and 2.22

times the actual design spectral accelerations foriteosiive and iterate design

cases, respectively.
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Table 31: Statistics oData forAnalysis of Importance Classwlith Overstrength

Rule
Actual period | Actual period . '
_ . Estimated &T) | Estimated gT)
o /Estimated /Estimated
Statistics ) ) / Actual S(T) /Actual §(T)
period (Non period ) _ )
_ _ ) (Noniterative) (Iterative)
iterative) (Iterative)
Mean 2.31 2.94 1.85 2.22
Standarg g 6y 0.99 0.53 0.74
Dev.
Max. 4.62 7.34 3.44 4.38
Min. 1.1 1.13 1 1

3.2.1.2 Importance Class Il ( 51.2)

The same cases were studied by considering Importance Class Ill. The results are
presented in Figures 3.13 through 3.16 and the related statistics are given in Table
3.2. The very same conclusions can be derived for Importance Class lllowere

bound equation given by Eurocode 8 is sufficient to capture the response. There are
a few points that fall below the lower bound expressieneloped by Tremblay
(2005).
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Period vs. Height Relationship (Non-Iterative) IC lll with Overstrength Rule
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Estimated Sy(T) vs. Actual S4(T) (Non-lterative) IC lll with Overstrength Rule
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Table 32: Statistics oData forAnalysis of Importance Class 11l with Owtrength
Rule

Actual period | Actual period

_ . Estimated ET) | Estimated {T)
[Estimated /Estimated

period (Non period _ ) _
) _ ) (Norntiterative) (Iterative)
iterative) (Iterative)
Mean 2.25 2.86 1.82 2.18
Standarg 4 65 0.97 0.52 0.74
Dev.
Max. 4.48 7.36 3.31 4.38
Min. 1.09 1.12 1 1

32131 mportance =4 ass |V (o

The results for Importance Class IV are given in Figures 3.17 through 3.20 and the
related statists can be found in Table 3.3he sane conclusions can be derivixt

Importance Class IV.

Period vs. Height Relationship (Non-Iterative) IC IV with Overstrength Rule
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Period vs. Height Relationship (lterative) IC IV with Overstrength Rule
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Estimated S,(T) vs. Actual S,(T) (lterative) IC IV with Overstrength Rule
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Table 33: Statistics oData forAnalysis of Importance Class IV with Overstrength

Rule
Actual period | Actual period ) _
) _ Estimated T) | Estimated JT)
/Estimated /Estimated
period (Non period . _ .
_ . _ (Noriterative) (Iterative)
iterative) (Iterative)
Mean 2.14 2.71 1.74 2.097
Standarc g 5g 0.93 0.50 0.73
Dev.
Max. 4.18 6.83 3.13 4.38
Min. 1.02 1.03 1 1

3.2.2 Designs whichViolate the Overstrength Rule

Same types of investigations were repeate@xplore the effects of omitting the
overstrength rule in the design of braced frames. The results were categorized

according to the importance classes and are given in the following sections.
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32211 mportance=10) ass |1 (9o

The results for this categoryeagiven in Figures 3.21 through 3.24 and the related
statistics can be found in Table 3.4. In general, omitting the overstrength rule does
not have a significant effect on the peroeight relationship. The statistical

measures are quite similar to tlemes obtained by including the overstrength

provisions in design.
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Period vs. Height Relationship (Iterative) IC Il without Overstrength Rule
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Estimated S,(T) vs. Actual S4(T) (Iterative) IC Il without Overstrength Rule
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Overstrength Rule

Table 34: Statistics oData forAnalysis of Importance Class Il without

Overstrength Rule

Actual period| Actual period _ .
_ . Estimated §T) | Estimated JT)
/Estimated /Estimated
period (Non peiiod _ ) _
) _ ) (Noriterative) (Iterative)
iterative) (Iterative)
Mean 2.40 3.37 1.88 2.35
Standarg 74 1.15 0.55 0.83
Dev.
Max. 4.62 7.44 3.44 4.38
Min. 1.10 1.13 1.00 1.00

32221 mportance =Cd)ass | I 1

(o

The esults for this category are given in Figures 3.25 through 3.28 and the related

statistics can be found in Table 3.5. In general, omitting the overstrength rule does

not have a significant effect on the perioeight relationship.
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measure are quite similar to the ones obtained by including the overstrength
provisions in design.

Period vs. Height Relationship (Non-lterative) IC lll without Overstrength Rule
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Period vs. Height Relationship (Iterative) IC Il without Overstrength Rule
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4.5

Estimated S,(T) vs. Actual S,(T) (Iterative) IC Il without Overstrength Rule
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Table 35: Statistics oData forAnalysis of Importance Class Il without

Overstrength Rule

Actual period | Actual period ) )
_ . Estimated T) | Estimated &T)
/Estimated /Estimated
Statistics _ _ / Actual §(T) | /Actual S(T)
period (Non period . _ _
_ _ _ (Noriterative) (Iterative)
iterative) (Iterative)
Mean 2.33 3.21 1.84 2.29
Standard g 67 1.11 0.54 0.82
Dev.
Max. 4.48 7.36 3.36 4.38
Min. 1.10 1.12 1.00 1.00
3223 Importance Cl &k4 |V (0o

The results for this category are given in Figures 3.29 through 3.32 and the related
statistics can be found in Table 3.6. In general, omitting the overstrength rule does
not have a significant effect on the perioeight relationiip.
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The statistical



measures are quite similar to the ones obtained by including the overstrength
provisions in design.
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Period vs. Height Relationship (Iterative) IC IV without Overstrength Rule
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Estimated Sy(T) vs. Actual Sy(T) (Iterative) IC IV without Overstrength Rule
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Table 36: Statistics oData forAnalysis of Importance Class IV without

Overstrength Rule

Actual period | Actual period _ )
_ _ Estimated &T) | Estimated ET)
/Estimated /Estimated
Statistics _ . [ Actual §(T) | /Actual (T)
period (Non period _ . _
_ _ _ (Nonriterative) (Iterative)
iterative) (Iterative)
Mean 2.19 2.99 1.76 2.19
Sandard 0,63 1.07 0.52 0.81
ev.
Max. 4.18 6.83 3.15 4.38
Min. 1.02 1.03 1.00 1.00
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3.2.3 The Effect of Bracing Type and Seismic Level on Periods

It is seen that seismic level has an inversely proportional resaijnvith the
calculated perioddn other words, periods go higher as the earthquake zone reduces.
The mean &lues of all type of earthquake zones are showigume 3.33 and figure




3.34 As can be seendm these figuresthe differences between the mean values
become much more pronounaédn iterative type of design is conducted.

Mean Values of Periods for IC Il (Non-iterative Design)

3.5

2.5 ====70ne 1

= . =/0ne 2

Mean Values of Periods (sec)
[\

T emTT e Zone 3
1.5 ="
Zone 4
1 T=0.05*Hn~0.75
0.5
0 _I T T T
0 20 40 60

Building Height (m)
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Mean Values of Periods for IC I
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Figure 335. Mean Values of Periods according to Bracinyges for IC I

The two types of bracing systeare found to be close each other. Namely, a

significant difference was not observed between tHara€ing and SphX bracing

types.

3.2.4 Overstrength of Braced Frames

To showthe differences between two déifent design philosophies the ovensgth

of the designed frames wasvestigated. The results are presented in Figureés 3.3
and 3.3. In general the overstrength of frames is inversely proportional with the
level of seismic action. Higher ow&@rengtls are observed for casevith low
seismicity and less reactive weight. For these cases the brace overstrength provisions
given in Equation 22 governs the design and the resulting swengths can be

quite high. In order to present the data in an &ffeananner the level of seismic

action is represented by a variable 3 whi
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x:% 35 Braced Frame Tributary Area {m ) 3 Story $8dntensity (kN/m (3.1)

Where;

a .
—2 and S are unitless.
g

This variable takes into account the peak ground acceleratactive weight per
story, and soil conditions. According to Figure@tBere is a decreasing trend with

3 and the overstrength values reach to
value should not be greater than the behavior factor. e meaningful results

are obtained when the overstrength provision is omitted. In this case the maximum
overstrength values reach to 4.5 and majority of the values are below 2.0. This
aspect of design should be considered by the developers of EurB8cod&s
explained by Elghazouli (2@) the use of the overstrength provision can sometimes

be overly restrictive.
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Minimum Overstrengths of Braces for IC Il without Overstrength Rule
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CHAPTER 4

DEVELOPMENT OF AN EMPIRICAL FORMULA FOR DETERMINING
THE FUNDAMENTAL PERIOD OF BRACED FRAMES

The results presented in Chapter 3 rewkaleat the natural period expressions
provided in the design specifications are sufficient as a lower bodingse can
result in overly conservative estimates of the design spectral acceleration. In this
Chapter an alternative method is developed toigiréiae fundamental natural period

of braced fames with more accuracy. The objective of this derivation is to reduce the
amount of scatter in predicting the periods usingeloound expressions. In this
chapter the detailed derivation of the method iespnted followed by its

verification.

4.1 Development of an Alternative Formula for Estimating Fundamental

Period of Braced Frames

This method requires the top story drift
period. This information is derived from the design set developed in this thesis. The

following assumptions are adopted during the development of this method:

1 All stories have equal mass. In other words, the method is applicable to
structures having the same mass properties at all floors. This is a valid
assumption for most of the residential and office type buildings. Although
the roof level may contain a smallemaunt of mass compared to other
stories, this difference does not lead to significant errors.

1 Story height is constant along the height of the building. In other words, the

distance between the floor levels is the same. For most of the regular
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residentiaand office buildings this assumption is valid. Although in some
structures the height of the first story can be greater than the others it is
considered that larger first story height does not lead to significant errors.
The equal mass and story heigissumptions lead to an inverted triangular
type of load pattern according to the equivalent lateral force procedure
described in Eurocode 8.

Lateral displacements of the stories vary linearly over the height of the

building as shown in Figure 4.1.

/77
Forces Displacements

Figure 41: RepresentativEorce and Displacemenafern

It was eylained by Goel and Chopra (199%hat the period of a structure

under similar assumptions can be expressed as follows:

T=CH 29 (4.1)

where; G: constant that depends on the type of lateral load resisting system,
H: total height of the building, amal : coefficient that
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spectrum where the base shear is proportional td 1ITis evident from
Equation 4.1 that if the coefficient
undefined. Therefore, in the derivation of the pnésmethod the design
response spectrum has been modified to eliminate the region defined by
T>Tp. Instead the spectrum function recommended for the regionTT@ T

is used for periodscO T . This assumption results
design base &ar. A comparison of the original and modified spectra is
shown in Figure 4.2. As shown in this figure omitting the region defined by
T>Tp slightly modifies the spectrum and for most of the soil types the
minimum base shear governs the design. Theredog one function which

is represented in Equation 4.2 is considered to represent the response

spectrum for the rangecD T .

S,(T)=a, 3 s =28 —é’ (4.2)

/ E D
09 c | ee-- lower bound I
Soil Type A
0.8 B Soil Type B B
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' Soil Type E
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g 0 5 - -
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@D
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Figure 42: A Comparison of the Original and Modified Spedoaq=4
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Under these assumptions the fundatakperiod of a structure can be calculated
using the Rayleighds method as foll ows:

T =23 ps3 (4.3)

Wherem;: mass of the"l story which is assumeth be equal ton for all stories,F;:

lateral force at level igi: displacement at th& story,N: number of stories.

According to Eurocode 8 the lateral force at each story is equal to:

Fo=F, o0 (4.4)
azm
j=1
C
F=ZN3m 4.5
b= T (4.5)
C,=/3d%a,353 25T, (4.6)
q

Wherez;: is the height of thé"istory measured from the base.

The displacement of each story can be expressed in terms of the top story drift ratio

as follows:

d =18z 4.7)

58



Inserting Equations 4.4, 4.5, 4.6 and 4.7 into Equation 4.3 yields:

N
ma (|/23 ziz)
T=23p3 1

N
w
3
O: OO

5

a%Tl3 iN 3N3ImM3 1B 7z
% o
¢

3
QD
N

-aD: O

Equation 4.8 simplifies to:

N
m3 V§ z°
— 23 p3 i=1
T=2p C,AN3m3 VY, N 72
1 3a i
T el
|—1az.
i

=1

Further simplification of Equation 4.9 yields

T3V N 43 p?3 YN\
Az =—(n; g ad
Cl3 N =1 C13 N i=1

T=23p3

(4.8)

(4.9)

(4.10)

For buildings with equal story height, thdacta can be expressed as follows:

z, =j3h

Wherehg height of one story.

Equation 4.10 can be rewritten by making use of Eqnal.11 as follows:

S

43 p®3 160 N
T:pf j
C:N <
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(4.11)

(4.12)



The summation term in Equation 4.12 can be written in terms of the number of

stories as follows:

N N(N+1
al - N(N+1) (4.13)
=1 2
Inserting Equation 4.13 into Equation 4.12 yields:
3 23 3 3 n23 (3 3
To22p 1R (N+1) 23 p?3qg® 12 h(N+1) (4.14)

C, 253 /3 d%a,%S3T,

Denoting the termg3 Vvastte i nel ast i ¢ t pEQuasoh 44 ganber i f t

expressed as follows:

__22p*eh3(N+)
25%/3d%a,% ST,

3 i (4.15)

Equation 4.15 can be used to estimate the fundamental natural pregictiucture if

the inelastic top story drift ratio is known in advance. It should be noted that the
developed expression is valid in the rang®T . The developed pe
equation can be used to calculate the design spectral accelerdftibgslation 4.15

is inserted into Equation 4.2 the following expression can be derived for the design

spectral acceleration:

82532 3S°T. & /3 d
S,(T)= g <
0 (T) éﬁ ) O 23 g3 h3(N+1)3 I

(4.16)

Wherea, 3 S3 %2 Si(M)2 b3 a,
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Given the inelastic toptary drift ratio the design spectral acceleration can be directly
found from Equation 4.16. It should be mentioned that an upper bound on the
inelastic top story drift ratio is provided by the design specifications. In general the
rules are given for ietstory drift but top story drift is the summation of interstory
drifts. For example if the interstory drift limit is set at 0.02 then it is ensured that the

top story drift cannot exceed this amount too.

As mentioned beforethe inelastic top story dtifratio can be extracted from the

designs conducted in Chapter 3. A careful examination of the data reveals that this
ratio depends on the level of seismicity, importance class, and type of steel used.
The 3 factor defi ned ientth€va@dapon ef meladtictoms f o

story drift ratio.

Inelastic top story drift ratios are plotted in Figure8 through 48. These plots
reveal that the inelastic top story drift ratio increases as the level of seismicity
represent ed Inageneral the valoer reaehesecsan upper bound which is
close to the bound set forth by Eurocode 8. In order to represent the data in a simple
way the following relationship is proposed herein:

KV =a3x¢th (4.17)
Wherea: slope of the curve fit line in the ascending regionypper bound on the
inelastic top story drift ratio. The curve fits are also shown in FiguBthrbugh

48. Thevalues of the parameteasandb are given in Tables 4.1 and 4.2 for S235

and S355 steels, respectively.
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Figure 43: Inelastic Top Story Drift Ratios for IC Il with Overstrength Rule
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Figure 44: Inelastic Top Story Drift Ratios for IC 11l with Overstrength Rule
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Figure 46: Inelastic Top Story Drift Rats for IC Il without Overstrength Rule
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Figure 47: Inelastic Top Story Drift Ratios for IC 11l without Overstrength Rule

Figure 48: Inelastic Top Story Drift Ratios for IC IV without Overstréndrule
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