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1.0 INTRODUCTION

Eathquakes are natura phenomena, which cause the ground to shake. The earth’'s
interior is hot and in a molten date. As the lava comes to the surface, it cools and new
land is formed. The lands so formed have to continuoudy keep drifting to dlow new
materid to surface. According to the theory of plate tectonics, the entire surface of the
eath can be consdered to be like severa plates, congtantly on the move. These plates
brush agang each other or collide a their boundaries giving rise to earthquakes.
Therefore regions close to the plate boundary are highly seismic and regions farther from
the boundaries exhibit less seigmicity. Earthquakes may aso be caused by other actions
such as underground explosions.

The Indian sub-continent, which forms pat of the Indo-Audrdian plae is pushing
agang the Euradan plae adong the Himdayan bdt. Therefore, the Himdayan bdt is
highly seismic whereas peninsular India, which is not traversed by any plate boundary, is
relatively less seismic. Earthquakes became frequent after the condruction of Koyna dam
and this is regarded as a classic case of manmade sasmicity. However, the Latur
earthquake of 1993, which occurred in what was previoudy consdered to be the most
dable region on the eath implies tha no region is entirdy safe from devadtating
earthquakes.

Earthquakes cause the ground to shake violently thereby triggering landdides, cresting
floods, causng the ground to heave and crack and causng large-scale dedtruction to life
and property. The study of why and where earthquakes occur comes under geology. The
dudy of the characteristics of the earthquake ground motion and its effects on engineered
dructures are the subjects of earthquake enginegring. In paticular, the effect of
earthquakes on sructures and the desgn of structures to withstand earthquakes with no or
minimum damage is the subject of earthquake resstant Structural design. The secondary
effects on structures, due to floods and landdides are generally outside its scope.

The recent earthquake in Kutch, Gujarat on 26 Jan 2001 has not only exposed the
weaknesses in the Indian condruction industry but aso the lack of knowledge about
earthquake engineering among dl concerned. Taking advantage of the fear caused by the
eathquake in the minds of both the common people and the engineering community, a
number of people who have no knowledge about earthquake engineering have made
totally absurd statements with regard to earthquake resstant design. Examples are given
below:

» Tadl buildings (exceeding 27 metres) should NOT be built.
(Comment: Thereisno scientific basisfor thislimitation).
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> A building of U or L shape (viz. Irregular shapes) is preferable.
(Comment: Buildingsof U or L shapesare under enhanced risk of earthquake
damage due to torsional mode of motions).
> Adjacent buildings should be rigidly interconnected.
(Comment: It isinappropriate to connect adjacent buildingsrigidly asre-
entrant cornersin such cases might undergo distress).
» Sted and Wood are ductile.
(Comment: Wood isNOT ductile).

It will be wise to verify the credentids of the so caled “experts’ with a view to ascertain
if they are qudified to provide advice on Earthquake resstant Design, before believing or
accepting their advice.

An important thing to remember is that as of now, earthquakes cannot be predicted by
ay means scientific or othewise. Clams tha eathquakes can be predicted by
Adrology, by Asronomica or other observations of sun-spots, by observing animas
including rats and bandicoots or by observing unnaturd phenomena such as sudden rise
in the water table are dl methods which have no scientific bass and should be
regarded as extremely risky.

Earthquake load differs from other loads in many respects, which makes it more difficult
to desgn for it. An important characterigic of earthquake loading is the uncertainty
asociated with its amplitude, duraion, and frequency content. Structures are normally
desgned to withstand gravity loads acting verticdly with adequate factor of safety.
Therefore the laterd loads arising due to horizonta earthquake ground motion can cause
severe damage unless specia provisons are made to resst them. The third characterigtic
of earthquake ground motion is that it is cyclic and induces reversad of sresses. Therefore
axidly loaded members may have to resst both tenson and compresson while beam
cross-sections will have to resst both postive and negetive bending moments. The fourth
characteridtic is that the loading is dynamic and produces different degree of response in
different structures. Dynamic andyss requires the condderation of inetia and dadic
forces as wdl as energy disspating mechanians like damping (Clough and Penzien
1993). Thee characterigics make sdamic andysds and design extremdy difficult and
time-consuming and so smplified procedures are often used in practice.

2.0DESIGN PHILOSOPHY AND METHODOLOGY

Severe earthquakes have an extremey low probability of occurrence during the life of a
dructure. If a dructure has to resst such earthquakes dadticdly, it would require an
expensve laterd load ressting system, which is unwarranted. On the other hand, if the
dructure loses its aesthetics or functiondity quite often due to minor tremors and needs
repairs, it will be a very unfavourable design. Therefore, a dual strategy, &kin to the limit
date design, is adopted. The usud drategy is
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‘to ensure elastic behaviour under a moderate earthquake which has a return
period equal to the life of the structure and prevent collapse under the
extreme probable earthquake'.

For example, if the expected life of the dructure is fifty years then it is desgned to
remain eadic under an eathquake, which is likely to occur a least once in fifty years.
Thus, no maor repar will be necessary as a consequence of such earthquakes during the
life of the structure. However, structures are designed b prevent collgpse and loss of life
under the most severe earthquake. The reason for adopting such a drategy is that it is
extremey expensive to desgn sructures to respond eadticdly under severe earthquakes,
which may not occur during their expected life. Thus, it is wel worth the risk to let them
get damaged beyond repair in case the severe earthquake occurs, the chances of which are
low.

The important properties of sructures, which contribute to their eastic resstance under
moderate earthquakes, are its yidd drength and dadic diffness. During a severe
earthquake, the dructure is likely to undergo indastic deformations and has to rey on its
ductility and hysteretic energy dissipation capacity to avoid collapse.

Ductility is the property, which dlows the Structure to undergo large plagtic deformations
without dgnificant loss of drength [see Fg. 1(8)]. Ductility mis defined as the ratio of the
ultimate deformation d, a an assumed collapse point, to the yield deformation d,. It may
be noted that the collgpse point may be assumed to lie on the descending branch of the
load-deformation curve. This is dill safe because earthquake loading is transent and will
cease to act after a short time and so the structure will not be toppled.

Hysteretic energy is the energy dissipated by indagtic cydic deformations and is given by
the area within the load-deformation curve dso cdled the hyseretic curve. In Sructures
having low hyderetic energy disspation capecities, even if the deformaions are well
below the ultimate deformation, the dructure is likely to collgpse due to low-cycle fatigue
effect as described below.

The degradation of drength and stiffness under repested indagtic cycling is cdled low-
cycle fatigue. Ensuring that the dructure is able to disspate a large amount of hyseretic
enagy in each cyde can minimise low-cycle faigue effect. The area enclosed by the
force-deformation loops gives the hyderetic energy. Larger area implies more disspation
of hyderetic energy as shown in Fg. 1(c). One way of ensuring good ductility and energy
disspation cgpacity in sed dructures is to use thicker sections thereby avoiding early
locd buckling. Thus, plastic and compact sections are preferred over semi-compact and
dender sections. Other parameters, which control ductility, are denderness ratio and axid
load retio of the members.

Since earthquake loading produces large deformation as wel as low-cyde fatigue, both
ductility and energy disspation capacity are required to redst severe earthquakes.
Experimental studies have shown tha these two capacities are interrdlated and a large
demand on one tends to decrease the other.

With reference to framed dructures, it has been found that some collapse mechanisms
ensure larger energy disspation capacities compared to some other collgpse mechanisms.
The technique of ensuring a preferred collgpse mechanism by suitably adjusting the
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capacities of the members is caled Capacity Design. In practice, due to the difficulties
associated with indagtic andyds and design, no atempt is made to cdculate the actud
cgpacities in reldion to seismic demand and it is only ensured that the members and
joints of the dructure have adequate ductility and energy disspation capacities and the
structure as awhole will fall in a preferred coll gpse mechanism.
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Ductile /
Non-ductile % &

(a) ductile and non (b) poor energy (c) good energy
-ductile behaviour dissipation capacity dissipation capacity
Fig. 1 Earthquake Resistant Properties
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In addition to strength requirements at the ultimate load, Structures are dso designed to
have adequate diffness in the laterd direction under service loads. This is usudly
ensured, by limiting the reative displacement between successive floors, known as the
storey drift. For buildings, a maximum dlowable sorey drift of 0.004 times the storey
height is normaly used under moderate earthquakes.

Although dl of the aove mentioned concepts are important for ensuring the safety of
dructures during a severe earthquake, one should keep in mind the grest uncertainty
asociated with the seismic behaviour of dructures. Past earthquakes have demondtrated
that amplicity is the key to avoid unforeseen effects and so atention given a the
planning stage itsdf can go a long way in ensuring safety and economy in seismic design.
Some of the factors to be considered at the planning stage are described below.

Although the sdection of a suitable Ste and foundation is not within the scope of this
chapter, some guiddines are given in view of the wrong advice given by severd ‘experts
in the aftermath of the Gujarat earthquake. It is common sense to sdlect a Site where the
bedrock is available close to the surface so that the foundations can be laid directly on the
rock. Conversdly, where such a condition is not avaldble it is a Smple matter to say that
the dte should be avoided. However the engineering problem arises when, due to
practical reasons, it is not possible to avoid a site where bedrock is not available close to
the surface. For example, in the great Indo-gangetic plan or the Rann of Kutch, where
will one find a suitable rock stratum for laying the foundations? It is precisdy in these
gtuations that well qudified ‘experts are required who can give guiddines about the
type of foundations to be adopted.

Mogt Civil engineers are aware that in expansve clays one can sdect under-reamed piles
to prevent differentid settlement. A sSmilar concept can be used for earthquake
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engineering wherein one chooses for raft foundations over wesk soils to avoid differentia
stlements. If the loads are high, one should sdlect pile foundations and provide a strong
pile cap. Where spread footings are decided upon, it may be advantageous to have
adequate plinth or tie beams to prevent the deleterious effects of differentid  settlement.
An important phenomenon, which should be guarded againg is liquefaction of
sands. Sands have adequate bearing capacity under norma conditions but tend to liquefy
and lose their shear drength during an earthquake especidly when the water table rises.
In dry or desart areas, where there is little chance for the water table to rise one need not
worry about liquefaction. The other dternative is to provide sufficient drainage paths,
which can disspate the excess pore water pressure and thereby prevent liquefaction.
Different types of foundations, foundations a different levels as on a hill-dope and
foundations on different soil types should aso be avoided.

Severd other techniques such as erecting the building on a bed of sand or round stones,
providing rockers below the columns, providing some kind of diding mechanisms and so
on are dso suggested by various engineers. However, these methods could prove highly
dangerous unless they are based on sound engineering principles backed by
experimental evidence. A variety of methods which have been tested and proven to be
effective both in the |aboratory and field conditions are given at the end of this chepter.

The key for good seismic design is amplicity in plan and eevation. The plan should be
symmetric and there should be a uniform digtribution not only of mass but dso diffness.
Columns and walls should be aranged in grid fashion and should not be staggered in
plan. There should be a uniform digribution of columns and wadls in the plan and
weaknesses such as ducts and open-to-sky should be avoided. The openings in the wals
should be located centrdly and be smal enough so that the wal is not unduly weskened.
Openings from column to column as adso corner windows ahould be avoided. Both wal
dimensions and openings should conform to the provisons given in IS 4326 — 1993. In
the eevation, sudden changes in diffness as in Hilt floors, long cantilevers and floating
columns should be avoided. In case, it is not possble to avoid them, they should be
desgned by a qudified sructurd engineer who underdands sructurd dynamics and
eathquake ressant design. Appendages like sun-shades (Chgjas), water tanks and
gtaircase covers should be designed for higher safety levels.

Structures, which have more than one axis of symmetry and have uniform distribution of
drength and giffnress and are free from reentrant corners, are said to be regular
structures. Structures, which do not satisfy one or more of the above requirements, are
sad to be irregular. Some common types of irregularities are shown in Fg. 2. Irregular
dructures exhibit specid problems during earthquakes and should be avoided as far as

possible.

: o
/

\
\\ \-\(
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(@) Un-symmetric  (b) Reentrant (c) Soft Story (d) Plaza Type
Plan Corners Buildings
Fig. 2 Irregular Structures
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An unsymmetricd plan as shown in Fig. 2(a) leads to tordond effects, especidly if the
mass centre and the shear centre of the lateral load ressting systems do not coincide.
Reentrant corners, as in Fg. 2(b), lead to differentid deformations in the wings and
consequent cracking at the corners. Therefore al L-shaped, H-shaped, U-shaped, W-
shaped and any other aphabet shaped, except O shaped buildings, should be avoided. It
is advantageous to split such plans into separate rectangles with a crumple zone in
between as explained in IS 4326-1993. A flexible firs dtorey, dso known as the soft
dorey shown in Fig. 2(c) leads to excessve ductility demands on the columns in the first
storey and should be avoided. Sudden changes in diffness in the éevation, as in the
plaza-type building shown in Fig. 2(d), should dso be avoided. Connections and bridges
between buildings should be avoided and buildings with different sizes and shapes should
have adequate gap between them to avoid pounding. The revised draft of IS 1893-2000,
gives more details about irregularities and design methods for such buildings.

Masonry and infill (nonsructurd) wals should be reinforced by verticd and horizontd
reinforcing bands to avoid their fallure under a severe earthquake. It should be noted that
wood is not ductile and needs to be reinforced with stedl to withstand severe earthquakes.
Also other nongructura eements should be carefully designed so tha they do not cause
injury to people. Hugh book shelves and dmirahs should be tied to the wadls so that they
do not topple, Wall clocks and picture frames should not be put over exit doors as they
can fal on the head of the person trying to escape. Roof tiles shoud be tied by a sted
wire or some sort of sheeting should be used below them to prevent their faling down.

Reinforced Concrete eements should be detailed as per 1S 13920-1993 which requires
extra dirrups at potentid hinging locations and extra anchorage lengths. It should be
remembered that sted structures perform better than RC structures and should be adopted
for dl important buildings such as hotes, multi-storied buildings and hospitals. Pre-cast
elements should be tied securely so that they don't get didodged during the earthquake.

3.0 SEISMIC ANALYSISAND DESIGN VERIFICATION

Structures are usudly designed for gravity loads and checked for earthquake loading. In
conformity with the design philosophy, this check congdis of two steps - the firs ensures
elagtic response under moderate earthquakes and the second ensures that collapse is
precluded under a severe earthquake. Due to the uncertainties associated in predicting the
inelagtic response, the second check may be dispensed with, by providing adequate
ductility and energy disspation cgpacity. In this section, the various methods of
performing these checks are described.

The important factors, which influence earthquake resstant desgn are, the geographica
location of the dructure, the Ste soil and foundation condition, the importance of the
dructure, the dynamic characterigtics of the Structure such as the naturd periods and the
properties of the dructure such as drength, iffness, ductility, and energy disspation
capacity. These factors are congdered directly or indirectly in al the methods of andlyss.

Version | 45 - {PAGE }



EARTHQUAKE RESISTANT DESIGN OF STEEL STRUCTURES

3.1 Elastic Response Analysis

Elagtic response anaysis is invariably performed as a pat of the usud design procedure.
The primary am of dadic andyds is to ensure sevicesbility under moderate
eathquakes. For smple and regular sructures, the seismic coefficient method is normaly
used. Structures such as multi-storeyed buildings, overhead water tanks and bridge piers
ae usudly desgned by the response spectrum method while for more important
dructures such as nuclear reactors, time-history response andyss is usudly adopted. In
what follows the seimic coefficient method is explaned in detall while the response
gpectrum method and time history andysis are described briefly snce understanding of
these methods requires some knowledge of structural dynamics.

3.1.1 The Seismic Coefficient Method

This is the smplest of the avalable methods and is gpplicable to dructures, which are
ample, symmetric, and regular. In this method, the seismic load is idedised as a system
of equivdent datic loads, which is gpplied to the dtructure and an dadtic andyss is
peformed to ensure that the dresses are within dlowable limits. The sum of the
equivdent datic loads is proportiona to the totd weight of the structure and the constant
of proportionality, known as the saismic coefficient, is taken as the product of various
factors, which influence the design and are specified in the codes (IS 1893 — 1984).

Typicdly, the design horizontd seismic coefficient ay, is given by

a, = b xl a, (1)

where, &, is the basc horizontd saismic coefficient, b is a coefficient depending upon the
soil-foundation system and | is the importance factor. The factor a,, adso known as the
zore factor, takes care of the geographical location of the structure. The dte soil
condition and the type of foundation aso modify the ground motion locdly and are taken
into account by means of the coefficent b. The importance of a dructure is determined
based on its dedtructive potentid or its role in the post-earthquake scenario. Thus dams,
which can cause flooding, ae given the maximum importance while hospitas, which
may be required following the eathquake, are given rdaively higher importance than
ordinary buildings.

Thetotal horizontal load, also known as the base shear isthen taken as,

{ EMBED Equation.3 }

)
where, K = peformance factor which takes into account the ductility and energy
disspation capacities, C = coefficient taking into account the fundamental natura period
T and W = totd of dead load plus an appropriate amount of live load.

For multi-storey buildings, the naturd period in seconds may be caculated as T = 0.1n,
where, n isthe number of Storeys.
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The base shear caculated above is then digtributed adong the height of the building using
the formula,

W 2
Qi :VB n Ih (3)

awh’

i=1
where, Q; is the lateral force at the top of floor i, W is the total of dead and appropriate
amount of live load at the top of floor i, h; is the height measured from the base of the
building to the top of floor i, and n isthe number of storeys.

The saismic coefficient method gives consarvative results but has the advantage of being
ample and easy to use It ignores the effect of higher modes and cannot accommodate
irregularities in the gdructure. It is used for checking aganst moderate earthquakes since
the emphasis is on resging the earthquake loads by virtue of dadic drength rather than
indadtic behaviour. Therefore the only safeguards that can be provided against severe
earthquakes is by following a design procedure, as in cgpacity desgn, dong with a set of
detaling rules, which will ensure some degree of ductility and energy disspation
capacity.

3.1.2 The Response Spectrum Method

Although the response spectrum method requires more cdculations than the ssismic
coefficient method, it has the advantage that, it can account for irregularities as wel as
higher mode contributions and gives more accurate results Therefore, this is the most
widdly used method in saismic andyss. Numerous attempts have been made to extend
the gpplicability of the method for inelastic response under severe earthquiakes.

The response spectrum is a plot of the maximum response (usudly the accderation S,) of
sangle-degree-of-freedom (SDOF) systems as a function of their natural period T (see Fig.
3). For design purposes, the smoothed average of a number of dastic response spectrums
corresponding to various possible earthquakes at a particular site, known as the smoothed
elastic design response spectrum (SEDRS), is used. The SEDRS is further smplified so
that it can be represented by a set of equations corresponding to different period ranges.
SEDRS are usudly specified for different soil conditiors.

Most dructures, such as multi-storeyed buildings are multi-degree-of-freedom (MDOF)
systems whose response can be approximated by consdering only the first few naturd
modes. This fact is used to great advantage in modal spectral analysis, where the firs few
naturd vibration mode shapes are cdculated as a fird step. Each mode can then be
consdered to represent the vibration shape of an SDOF with a corresponding natural
period and so its maximum response can be directly determined from the response
gpectrum. The totd response of the structure can then be caculated as a combination of
these individud responses A vaiely of ways are avalable to combine the individua
responses congdering the fact that these maximum responses occur at different ingants
of time. When the naurad periods ae sufficently gpat, the most common way of
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combining the maximum responses is by teking the square root of the sum of the squares
(SRSS) method (Clough and Penzien 1993).

S SEDRS S

T T
Fig. 3 Developing the Design Response Spectrum

3.1.3 Time-history Analysis Method

For important structures, both linear and non-linear responses can be obtained by carrying
out detalled time-history andyss for one or more design accderograms. These design
accelerograms may be either natura accelerograms recorded at the Ste or & Smilar Stes
or they can be atificid accderograms generated in such a way as to be compatible with
the desdgn response spectrum. A vaiey of numerica time-stepping methods are
avalable for cdculating the response time-higtory. Detailed discussons of these methods
are beyond the scope of the present chapter and the reader is referred to books on
gructura dynamics (Clough and Penzien 1993).

3.2 Inelastic Response Analysis

Some dructures may be more ductile than others may and the designer may wish to teke
advantage of ductility to reduce the desgn loads. In such cases, indagic response
anaysiswill be required to ensure safety under severe earthquakes.

3.2.1 Inelastic Response Spectra

The concept of eagtic response spectrum @n be extended to the indastic range with the
tacit assumption that damage is proportiond to the maximum indagic digplacement.
Thus, the indlastic response spectrum for a given earthquake accelerogram can be plotted
by carying out an indadic time-history andyss for each SDOF system period and
picking up the maximum vdue of the reponse as will be explaned in the next
subsection.

For design purposes, an inglastic design response spectrum can be specified based on an
assumed force-deformation reationship. Alternatively, the ratio of the ordinate of the
Elagtic Design Response Spectrum (EDRS) to that of the Indagtic Desgn Response
Spectrum (IDRS), known as the force-reduction-factor (FRF) or the g-factor can be
specified for various time periods T. The corresponding inelastic design strength Fy can
be obtained as the dastic design strength F. divided by the FRF (see Fig. 4).
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Asuuming an elastic-perfectly-plastic (EPP) force-deformation relationship that is typicd
for dructurd ded, and andysing for a large number of earthquake accelerograms,
Newmark and Hall (1982) arrived at the following values for the force-reduction-factors.

{ EMBED Equation.3 } 4)

Note that as T tends to zero, the accderaion of the indastic sysem will be the same as
the accderation of the dagtic sysem and so FRF = 1. As T tends to infinity, the
diglacement of the indagic sysem will be mtimes the displacement of the dadic
gystem and so FRF = m For sysems with intermediate period ranges, consdering the
equivdlence of absorbed energy (i.e. equating the areas under OAB and OAC), the
expression for FRF can be derived as (i2rAl).

Some researchers have used other types of force-deformation reaionships to arrive a
various expressons for FRFs (Krawinkler and Nassar 1992, Miranda 1993, Kumar and
Usami, 1996). Based on these dudies, it has been found that the divison of the entire
gpectrum of time periods into three ranges leads to highly conservative results a the
upper end and unconservative results a the lower end of each range. Therefore, it would
be more appropriate to specify FRFs as smooth functions of time period. Also when the
earthquake acceerogram has a predominant period close to the system period, FRFs in
excess of ncan be obtained.

S

S j Fe= mSse
o ! FRF = Fe/Fy
EDRS :
IDRS o -
T O d de dy d

Fig. 4 Inelastic Design Response Spectrum

Strictly spesking, modd spectrd andyss is not gpplicable in the indagtic range snce
superposition of the moda responses is not vaid. Further, it is difficult to cadculate the
FRFs for MDOF dructures as it depends on severa factors such as the locd ductility of
criticd sections, amount of redidribution of forces possble the type of collapse
mechanism developed and aso on the characterigics of the earthquake accelerogram.
Therefore, the codes prefer to specify the IDRS by usng a behavioural factor or the g
factor, which is dmilar to the FRF (Eurocode 8 1993, AISC 1997). The behaviourd
factor assumes a cetan levd of ductility and energy disspation cgpacity depending on
the type and topology of the structure. For example, eccentricaly braced frames or
moment ressting frames are assgned a larger gfactor compared to concentrically braced
framesin Eurocode 8.

3.2.2 Inelastic Time-history Analysis
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Indadtic time-history andyss is basc for plotting the indadtic response spectrum and
requires a hyderetic modd giving the cydic force-displacement rdationship. In addition
to the maximum displacement plotted in the indadtic response spectrum, time-history
andyss dso provides information such as the number and magnitude of indadic
excursgons and the resdud displacement at the end of the earthquake. The accuracy of
the analysis will depend on the numericd method used and the corrdation between the
assumed hygeretic mode and the actud behaviour. Some of the commonly assumed
hysteretic models for sted structures and members will now be described.

The dmplest and the most commonly used hyderetic modd is the eadtic-perfectly-plastic
(EPP) modd [Fig. 5(a)]. The model comes directly from plagtic theory and conssts of an
elagic branch up to the yidd deformation followed by a perfectly plagtic range a the
actud or eguivdent yidd load. It neglects the effect of stran hardening and is incapable
of amulating the strength and stiffness degradation due to low-cycle fatigue.

A dight modification of the EPP modd yidds the dadic-plagtic-hardening (EPH) modd
[Fig. 5(b)], which takes into account the gradua pladtification and sran hardening
effects The most common hardening rule used in this modd is the kinematic hardening
rue wherein an increese in the yidd load in one direction is accompanied by a
corresponding decrease in the yield load in the other direction so that the dagtic range
remains constant.

For bolted connections, the dip modd shown in Fig. 5(c) is commonly used. This is
because, once the bolts eongate in tenson and separation takes place between the
connected plates, the connection offers little ressance to load reversd until the
connected plates come back in contact and bear againgt each other in compression.

For cross-sections undergoing locd buckling such as wide-flanged beams and thin-walled
sections, the drength and gtiffness degradation are pronounced under cydlic loading and
cannot be neglected. Therefore, more complicated hysteretic models employing a st of
degradation rules derived empiricaly or evolutionary-degrading hysteretic models based
on adamage index are used (Cosenza and Manfreidi 1992, Kumar and Usami 1996).

7" N
177 TP O

(a) EPP model (b) EPH model (c) Slip model

The hyderetic behaviour can Q%Sbgygﬁraertlb%mcﬂ Pe%lt?y from experiments and used in
ime-higory andyss smultaneoudy. Such tests are cdled pseudo-dynamic tests or
hybrid tests (Kumar and Usami 1996).
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Apart from the hysteretic mode, which defines the behaviour of a member or system, the
characterigtics of the ground motion dso dictate the type of response. Therefore, standard
accderograms are usudly specified for use in time higory andyss. Where a number of
andyses are required a sat of accderograms may be generated atificidly so as to be
compatible to the design spectrum.

3.2.3 Damage Evaluation and Damage Spectra

Since a number of aspects of the response contribute to the damage of the member or
dructure, a damage index is used to evauate and compare different response higtories.
The damage index is a number, which indicates the amount of damage sustained and the
reserve capacity left after the structure or member is subjected to a particular earthquake.
Typicdly, it is normdised to have a vaue of zero for dadic response ad aitains a vaue
of unity a an assumed collgpse point. Various damage indices are avalable in the
literature and a few important ones are described in this section. The use of the damage
index in design, by means of damage spectra, is aso explained.

The damage sudained by a structure under cyclic loading is reflected by a number of
parameters. The parameters may be sated as (1) the maximum deformation; (2) the low-
cycle fatigue, (3) the digribution of cycles, (4) the order of cycles and (5) the dructurd
parameters and loading conditions. Depending on the parameters conddered, damage
indices of various types and complexities exist.

The smples damage index is the ductility damage index, which consders only the
damage due to maximum deformation. The ductility damage index is given by

d -d,
v 5
d ) )
where, dnax is the maximum deformétion, d, is the ultimate deformetion and d, is the
yield deformation.

A damage index, which condders only the damage due to low-cycle fatligue, may be
defined as

é w

d, -

d, 0
7 (6)

d, 5

where, d is the maximum deformation in the i-th hdf-cycle, N is the totd number of haf-

cyclesand cisadructurd parameter suchthat c3 1.

Combining the above expressons, a comprehensve damage index conddering both
deformation damage and low- cycle fatigue effect can be defined as
{ EMBED Equation.3 } )
where, b and ¢ are sructurd parameters and E; is the hysteretic energy disspated in the F

th half-cycle. Note that for an e astic-perfectly-plagtic system, E; = f,(d-d,).
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The damage index can be used to quantify the damage sustained and thus enables the
comparison of the different types of responses. However, the damage index can be put to
greater use if one redises that inelastic response spectra or force reduction factor spectra
can be plotted for congtant damage index rather than for congtant ductility vaues. In this
way the low-cycle faigue effect can aso be taken into account in design. Such damage
gpectra have been plotted by Cosenza and Manfreidi (1992) and Kumar and Usami
(1996) among others.

40 SEISMIC BEHAVIOUR OF STEEL STRUCTURES

Sted dructures have been known to peform wel under earthquake loads provided
cetan guiddines ae followed in desgn. Some of these guiddines ae discussed
quditetively at the materid, member and sructurd levels.

4.1 Seismic Behaviour of Structural Sted

Sted being a ductile materid, equdly strong in compression and tension, is idedly suited
for earthquake resstant dructures. The common grades of mild sted have adequate
ductility and perform wel under cydlic reversd of dresses High drength dtedls provide
higher dadic limits but have less ductility. Another disadvantage in usng high drength
deds is that they require less areas of cross-section as compared to mild steds and
thereby get more prone to ingtability effects.

Sted as a maerid is produced with high qudity control, which ads in Capacity Desgn.
The sequence of formation of plagtic hinges is important in capacity design and o it is
necessary to be able to predict the actud yidd stress accuratdly. If the actua strength of
members is larger than ther desgn drength, plasic hinges may develop in other
members fird. In order to avoid such a stuation, some codes introduce a factor, which is
the ratio of the expected yidd drength to the specified minimum yidd drength for
various grades of ged. This factor is aso used to ensure that members or connections
that must withgand the development of plagtic hinges in other members have sufficient
drength.

4.2 Seismic Behaviour of Bracing Members

Bracing members are used ether as part of a laterd load ressting sysem or to increase
the diffness of a frame in the laterd direction. They may be dther pin-ended or fixed-
ended. Pin-ended braces will be subjected to only axid forces and usudly fal by globd
buckling under compressve load. After the initid buckling, the buckling drength gets
reduced in subsequent cycles due to nongraightness of the brace. However, the
maximum tendle drength remains rdatively unchanged during cycling and presents a
ductile behaviour. Therefore, pin-ended braces are usudly used in pairs, as in X-bracing
S0 that at least one brace will be effective for loading on either sde. Ancther advantage of
using braces is that it becomes possble to disspate energy without damaging the man
structure and it is easy and economica to replace the braces after an earthquake.
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The hyderetic behaviour of a dender brace subjected to incrementad amplitude cyding is
shown in Fig. 6. In the firs cycle on the compresson dde, a dragtic change in geometry
takes place because of indagtic buckling. During reloading on the tenson side, the loops
are well rounded because the fibres on the ingde of the buckle undergo plagtic yielding.
Subsequent cycles have a tragpezoidd shape with a plagtic limb on the tenson sde and
another on the compresson sde. The limb on the tenson sSde has a congant strength
cose to the yidd drength while the limb on the compresson side has the degraded
drength. Unloading and rdoading from tenson to compresson dde is admogt
ingantaneous while that from compression to tenson side takes place with a degraded
diffness.

(comp.) Buckling.

5 4 3 2 -1 0 1 2 3 4d5

Fig. 6 Hysteretic behaviour of a slender brace

To ensure adequate energy disspation capacity, the denderness is normdly limited to a
value such that the drength of the brace under satic compressive loading is about one-
hdf of that under tenson. Ductility on the compresson sde is low but it reflects the
ductility of the materid on the tendon sde and ductility vaues as large as twenty can be
obtained on the tenson sde. Since loading is predominantly axia, members with solid
cross-sections such a rods and bars are preferred and so local buckling is usudly not a
congderation except in sSingle angle braces.

4.3 Seismic Behaviour of Beam-Columns

Frame members such as beams and columns are normaly expected to develop ductile
plagic hinges a critical sections. Therefore such members should have pladtic cross-
sections. However, since plastic cross-sections are not dways very efficient there is a
tendency to use compact and sometimes semi-compact sections in which case adequate
ultimate moment capacity, ductility or rotation capacity and dso the hysteretic energy
disspation capacity should be ascertained. Since locd buckling is the controlling factor
in the evauation of these quantities, the mogt reliable methods are empirica in naure.
Vaious methods of evduating these quantities are avalable in the literature but are
beyond the scope of the present chapter. In the following, a quditative description of the
cyclic behaviour of beam-columns with various cross-sections is described in terms of the
characteristics of the hyderetic loop shapes, the degradation, and the falure mode.
Understanding these aspects will help the designer to choose an appropriate cross-section
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for the various members.

4.3.1 Seismic Behaviour of |-sections

Sted |-sections have good ductility and energy disspation capacities and usudly fal by
loca buckling of the flanges, which is sometimes followed by initiation of cracks a the
flange-web junction or in the case of built-up sections, at the weldments. Stedl Fsections
have been tested by Bertero and Popov (1965), Krawinkler and Zhorei (1984) and Bdlio
and Cadtiglioni (1994) among others.

2
M/M,

| ) SR i

Y i

LT T i |
8 6 4 -2 0 2 4 g8

Fig.7 Hysteretic behaviour of an |-section

A typicd hyderetic curve is shown in Fg. 7 for congant amplitude cycling. The three
ranges of response, namey, the degradation due to locd buckling, the gradud
dabilisation, and subsequent pinching of the hyseretic curve after crack initiation can be
observed. As the sections become more and more compact, the middle range becomes
gndler and the tendency for cracking is increased which means that highly compact
sections, coupled with rigid connections, may not be able to provide the required
rotations. The damage accumulation in these sections can be moddled using the low-
cycle fatigue gpproach.

4.3.2 Rectangular Hollow Sections (RHS)

Rectangular hollow sections, ether hot-rolled or fabricated by welding four plates are
used in buildings and bridge piers. The sections used in buildings have reativey low
width-thickness ratios of component plates but are subjected to higher axid load ratios
(ratio of applied axid load to squash load) as compared to the sections used in bridge
piers. These sections score over Fsections due to the fact that there are no outstands and
consequently the ultimate drengths are higher and the post-locd buckling performance is
aso better. However beam-to-column connections ae rdativdy more difficult to
fabricate using rectangular hollow sections.

Rectangular hollow sections have been tested by Badlio and Caado (1994) and Kumar
and Usami (1996). A typicd hydteretic curve under incrementa amplitude cydling is
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shown in Fig. 8. The hygeretic loop shape is Smilar to that of Fsections but in the case of
sections with higher width-thickness ratios, the degradation in strength with cycling is
congderable, paticulaly under incressed amplitudes. Therefore the damage
accumulation cadculaions need to take into account the deformation damage in addition
to the low-cycle faigue damage. Both ductility and strength are affected by the axid load
ratio and the ductility decreasesrapidly with increasein the axiad load ratio.

RHS sections used in buildings are invaridbly undiffened and the falure is by inward
locdl buckling of the flange followed by outward buckling of the web plates.

\\\\\\/

-5 -4 -3 -2 -1 0 1 2 3 ffS
Fig. 8 Hysteretic behaviour of rectangular hollow section

4.3.3 Circular Hollow Sections (CHYS)

Due to ther pleasng appearance, circular hollow sections ae used as columns in
buildings and in bridge piers. Unlike RHS, CHS are more difficult to connect to Fsection
beams and may require eaborate externd iffeners to achieve aductile connection.

Circular hollow sections have been tested by Kumar e a (1998) and others. A typicd
hygeretic curve under incrementd amplitude cycling is shown in Fig. 9. It can be seen
from the figure that the hysteretic loops are more rounded and have negative dopes in the
plagtic regions. This is due to the type of loca buckling and the way it spreads around the
circumference as described below.

When a CHS section is subjected to bending in one direction, the part of the section under
compresson develops locd buckling outwards. As the bending moment is increased, the
loca buckling spreads aong the circumference of the tube, since there are no webs to
ares the spread like in RHS sections. If a bending moment is gpplied in the opposite
direction, a sgmilar loca buckling devdops and findly merges with the previoudy
developed locd buckling to form what is known as a ring type locd buckling. The
formation of a ring type loca buckling not only gives smdler ductility vaues for CHS as
compared to RHS but also causes progressive collapse under moderate but long duration
earthquakes. This is because, when cycled a smdl amplitudes, the sde, which buckles
fird, tends to have a smdler maximum strength as compared to the opposite Sde. As a
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result, the deformations on thet Sde increase progressively leading to collapse.

M/M,2

Fig. 9 Hysteretic behaviour of circular hollow section

4.3.4 Concrete-Filled Tubes (CFTs)

Hollow sections filled with concrete have severa advantages such as increased axid load
carying capacity and no necessty for formwork. Ther earthquake performance is aso
excdlent due to the fact that their bending strengths are high, the concrete being in a
confined dtate disspates more energy and aso enhances the loca buckling strength of the
stedl section in some cases.

Fig. 10 Failure Mode of a
Concretefilled RHS

In the case of concrete-filled rectangular sections, the concrete effectively prevents the
tendency of the flanges to buckle inwards thereby ddaying the loca buckling and
increesng strength, ductility and energy disspation capacity of the member. Concrete-
filled rectangular sections have been tested by Ge and Usami (1994) and others. Some
pinching may be observed in the hyderetic curve due to separation or dip between
concrete and sted but its effect on energy disspation capacity is negligible. Falure is by
outward buckling of both flange and web plates and consequently a crack develops and
propagates in the longitudina direction, separating the plates.
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Circular sections tend to develop loca buckling outwards and so filling concrete indde is
not likdy to increese ther ductility athough some improvement in strength may be

expected.
4.4 Connections

Connections are the most vulnerable in sted sructures. Bolted connections using black
bolts tend to dip, which reduces their energy disspation capacity under cyclic loading
and s0 are to be avoided. HSFG bolts perform better. All bolted connections exhibit
pinching of the hygeretic loops, which reduces their energy disspation capacities. Brittle
welding falures are common due to low-cycle fatigue and so specia care needs to be
taken to reduce stress concentrations a welds. The cost of various types of connections
dictates the latera load ressting system used in stedl framed structures.

Simple connections are not expected to carry any moments and so only rigid and semi-
rigid connections will be discussed. Rigid connections are usudly dtrengthened to an
extent that ther rotations /deformations are negligible compared to that of the members
being connected. This is because in conformity with the capacity design philosophy, it is
advantageous to ensure the development of plastic hinges in beams away from the beam
column connection.

Limited test results are avallable for the cyclic behaviour of beam-to-column connections
(Mazzolani and PFiluso 1996 and Cdado e a 1998). It was found that fully welded
connections with column web diffeners a the levd of the beam flanges [Fig. 11(a)]
provide a well-developed hyderetic curve smilar to that shown for I-sections. Extended
end plate connections to rigid column stubs usng bolts [Fig. 11(b)], dso provides farly
good hygeretic loops but leads to aorupt falures after a few cycles. Bolted angle
connections with top and seat angles as well as web cleats [Fig. 11(c)] leads to
pronounced pinching of hyderetic loops due to deformation of the angles (Fig. 12).
Connections with three splice plates welded to columns and bolted to beam flanges and
web [Fg. 11(d)] give some degree of pinching but provison of diagona column web
diffeners does not improve the stuation. It should be noted tha the above tests were
conducted in a quas-tatic manner.

Observations on sted moment ressting connections damaged during the Northridge and
Kobe earthquakes indicate that such connections develop brittle fractures under high
grain rates (Bruneau et a 1998) and so0 it may be advantageous to provide some degree
of flexibility in the connections and go for semi-rigid connections. Semi-rigid
connections for composite beams may be obtained by providing top reinforcemert. .
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45 Sted Frames

Sted Frames can be classified as sway frames and non-sway frames depending upon their
sendtivity to second-order effects in the dastic range. Both types of frames can be ether
braced or unbraced even though braced frames normaly fal under non-sway category.
Braced frames can be classified as concentrically braced or eccentrically braced.

Concentric bracing may be desgned to resst ether the entire sesmic load or as a
supplementary sysem in a moment ressting frame. In the former case the bracing is used
in combination with smple beam-to- column connections (shear connections).

2
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In concentricaIIyF 'a%%dﬂ%%ggligﬁlﬁvh%rngéﬂée 8.%'&%892 | t=(s)rgassumed that the
centroida axes of the members meet a a common point a each joint and so the members
cary essentidly axid loads. Various bracing configurations such as diagona bracing
[Fig. 13 (8)], Cross or X-bracing [Fig. 13 (b)] and Chevron bracing [Fig. 13 (¢)], are
possible. Concentric bracing has not been found to peform wel due to premature
buckling of the braces, which limits ther energy disspation cepacity. Further, due to
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their higher diffness, they tend to attain a larger seismic force. Their peformance can be
improved by limiting the tendency of the brace to develop globd or loca buckling and
ensuring proper connections. They may dso interfere with aesthetics and functiondity of
the buildings

Eccentrically braced frames (EBF) are desgned by assuming the bracing member to be
pinrended but the beam-column connection to be a moment-resising connection. The
bracing provides increased diffness in the laterd direction and thus helps in contralling
the drift. The short part of the beam, between the bracing and the column is known as the
link (see Fg. 13(d)) and most of the energy is disspated in the link by yielding in shear
or flexure. Therefore, eccentricdly braced frames peform better than concentricaly
braced frames. They are dso functionaly convenient in some Stuaions

Moment resisting frames (MRF) rely on the ability of the frame to act as a partidly or
fully rigid jointed frame while resding the laerd loads Due to ther flexibility, moment
ressing frames experience a lage drift especidly in multi-storeyed buildings. The
frames can be desgned ether to disspate energy by the formation of plagtic hinges at the
beam-ends or to disspate energy in the connections. The former is preferred over the
latter due to the complexities associated with connection andyds and design. However,
in both cases it is necessary to ensure a strong and ductile connection. Measures taken to
improve the performance of connections include the use of column-web diffeners in I-
beam to I-column connections to diffen the paned zones. Beams ends may dso be
haunched to ensure the formation of the plasiic hinge away from the connection and
thereby obtain better performance.

5.0 CAPACITY DESGN

The type of collapse mechanism developed largely dictates the overdl ductility and
energy disspation capecity of the frame and so capacity design is invariably carried out.
In capacity design, the type of collgpse mechanism required is pre-decided and attempts
ae made to make sure that no other mechanism develops. In mult-story frames, the
grong column-wesk beam mechanism is prefered since this mechanism requires the
formation of many plagtic hinges and dso the plagtic rotation capacity required a the
hinges is less (Fig. 14). The term plagtic rotation capacity is used in place of ductility
when taking about the moment-rotation curve insead of the usud force-deformation
curve (thisis explained in the chapter on plagtic andyss).
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Fig. 14 Desired and Undesired Collapse Mechanisms in Capacity Design

6.0 SPECIAL DEVICESAND SYSTEMS

In addition to the above mentioned desgn guiddines, the dructurd engineer has the
option of usng a variety of devices or systems to ensure safety and servicesbility of the
gructure under strong ground motion (Kwok 1991). These devices or systems ether
isolate the dructure from ground vibretion or act as energy disspating mechanisms
thereby reducing the vibration amplitudes and damage to the structure. A brief overview
of some of the avalable sysems will be given in this section. These ae finding
increasng gpplications in modern designs.

Lead

Plug
I

Fig. 15 Laminated rubber
bearing pad

The smplest way of reducing the vibraion of the structure and hence its desgn loads is
by isolating it from the ground by means of springs or specid rubber pads. This technique
is cdled base isolation. The idea behind base isolation is to put a spring or Smilar device,
which makes the dructure-spring system flexible thereby increesng the time period.
Looking a the response spectrum in Fg. 3, it can be redised that an increase in time-
period implies a reduction in the response. Base isolators may be ether coiled springs or
laminated rubber-bearing pads. The pads are made of dternate layers of sted and rubber
and have alow laterd dtiffness[Fig. 15].

The technique of reducing the vibration by means of specid devices mounted on the
dructure is caled vibration control. When the device merdy absorbs the energy during
vibration without any energy input from outsde, the control is said to be passve. On the
other hand, when the system opposes the vibration by means of an externd energy
source, the control is said to be active.

Visco-elastic dampers are commonly used as diding supports of beams and trusses. They
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consst of a visco-dagtic materid, sandwiched between two sted plates, which undergoes
shear deformation and thus dissipates energy.

Tuned mass dampers (TMD) are extra masses attached to a Structure by a spring-dashpot
system and tuned to vibrate out of phase with the structure. Energy is disspated by the
dashpot due to the relative motion between the mass and the structure.

Tuned liquid dampers (TLD) are essentidly water tanks mounted on structures and
disspate energy by the doshing of the water. The mation of the liquid may dso be
hindered, by baffles or orifices, to get additiona energy disspation.

Hydraulic actuators can be used to provide active vibration control and are expensive but
effective in controlling the vibraion. They require a sensor to sense the vibration and
activate the actuator so asto counter it.

Wesk links, stoppers or other devices, made of ductile materid can be used to disspate
energy by hyseretic behaviour (Inelastic dampers) and thereby increase the overdl
damping in the sructure.

7.0 SUMMARY

The characterigtics of earthquake loads were described. The dud drategy of ensuring
elagic response under moderate earthquakes and preventing collgpse under a severe
eathquake was explained. The properties of the dructure, particularly ductility and
hygseretic energy disspaion capacity, which ad in redding earthquake loads, were
pointed out. The architectura condderations, which can smplify the design process and
assure good selsmic performance, were described.

The dadic and indadic response prediction methods such as seismic  coefficient,
response spectrum and time-history andyss were explained. The background concepts
on which most codd provisons are based were dso explained. Guiddines to improve the
seigmic behaviour of dsed dructures were given a the materid, member and Structure
levels. In paticular, the hysteretic behaviour and collgpse modes of bracing members and
flexurd members with various cross-sections were described in detall. The behaviour of
laterd load resding sysems such as bracings and moment resdant frames was
described. The concept of capacity desgn, which ams a maximisng the energy
disspation capacity of moment ressing frames by choosng an appropriate collapse
mechanism, was explained. Findly, an overview of specid devices and sysems, which
can be used to control the response and thus reduce the design forces for members, was
given.
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