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ABSTRACT

Earthquakes are one of the main reasons of thapsalof the structures every year. Many reseatcliest have
been focusing on decreasing the impact of seisnaicew on the structures. For this, initially thererevmany passive
techniques introduced to decrease the damage cdusdd earthquakes. But since the late twentietiury, the focus has
shifted to introduce active techniques which areambeéo absorb the seismic waves or do not let theew propagate
through the building. Passive techniques are basediecreasing the lateral loads on a structureevihé others alter the
seismic waves that propagate through the struclims. study is primarily a review of most of thenstruction techniques
designed to resist the earthquakes in masonry aimiorced concrete framed structures. Moreover, es@mmmon
methods for these structures have also been higltig In all these methods, various aspects péartato the seismic
behaviour of that particular method have been dised based on the previous research work. Fih#ymain conclusion
drawn is that whatever method is being chosen basethe location and material availability, it skbue properly

designed and detailed.
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INTRODUCTION

Every year earthquakes cause tremendous damagfe @ntl property all around the world. The collamde
structures during earthquakes is the main reasothf® damage. This is evident from the fact timathe past 25 years,
over 25,000 people died in major earthquakes iralatbne and 95% of them were killed due to bugdiollapse. 59% of
India falls in regions that are liable to seismanthge but still less importance is given to earkguesistant structures

[29]. Building earthquake resistant structures Wélp save thousands of lives and property worthioms.

During earthquakes, seismic waves are produced fl@mground and propagate in all directions throtiggh
earth’s layers. Since the forces occurring in ttnactures due to these seismic waves are very margal complex in
nature, there is always an uncertainty about whethe structure is able to sustain the seismiceflinduced, even after
doing an approximate seismic analysis. The strastaan be resisted to some extent but not compléieihce, the term

“earthquake resistant” is used instead of “earthguaoof”.

Seismic waves result in ground shaking. This groshdking can destroy buildings. It may also destioy
foundation and isolate it from the superstructimesome cases, earthquake may also cause landalideavalanches (in

hilly regions) or tsunamis (if the epicenter issgma or ocean).
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During earthquakes, the ground on which any bujdasts gets displaced. Hence, the base of thdibgimoves
with it. But due to the inertia of the buildingetibuilding will try to resist this motion. This cses the building to suffer a
distortion and this distortion travels along théghe of the building. And due to the continuousgrd shaking, building

undergoes a complex series of oscillations [7].

This
distortion
then,

continues
along the
height of

the
building.
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Figure 1: Propagation of Seismic Waves in a Buildig

There has been extensive research on the techniguemstruct earthquake resistant structures. paiger is a
review of the various techniques to build earthgquadsistant structures as proposed by researdhefsals with both

masonry and framed structures, including high bisidings. Recent advancements in this field hdse been discussed.

The main objective of this paper is to highlighe issue of earthquake resistant structures aneview various
techniques developed by researchers to achievmisaigsistance. The following sections will talkoaib these techniques
in detail.

MASONRY BUILDINGS

Due to the brittle nature and high self weight dieg to high inertia forces), masonry structuresmaore prone to

damage during earthquakes. Moreover, most of treonrg buildings are non-engineered, hence, additiget problem.

Unreinforced masonry (URM) buildings generally esipece two kinds of failures during an earthquatanely
out of plane bending failure and in plane failu@eit-of-plane bending occurs when a horizontal lapplied at the top of a
wall causes it to topple in a direction perpendicud its plane. But if the wall gets pushed aldadength (in the plane of
the wall), it is in-plane bending [7].

In the case of reinforced masonry, both flexural ahear failure can take place. Flexural failuke$aplace when
the ratio of height to the length of wall is larged vertical reinforcement is small. Shear failon@y occur when the ratio

of height to length ratio is small. Diagonal craeke an indication of shear failure. [26].

To secure the buildings against any structural dgma masonry walls due to earthquakes, there amee s
general thumb rules. Firstly, the building shoulel §ymmetric and not too slender in plan. Seconligh strength
masonry bricks should be used in earthquake progesaThirdly, the doors and windows openings shda small as
they tend to decrease the lateral load resistakise, more the ductility of the structure, the lelssnage will occur to the
structure. [7]
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Some of the methods which can be used to impravsdismic resistance of masonry buildings are:

* BANDS IN MASONRY : Horizontal bands are provided in normally unreieéd masonry structures, normally
at the lintel, roof or gable of the building [5]h@y are provided continuously on all the edgessstoaold the
masonry together. Research [16] has shown thabufidings which had lintel bands survived the equidkes

whereas ordinary masonry buildings could not. THemeds are generally made up of reinforced conaetk

their thickness depends on the length of the.wall

¢ INTERLOCKING AT THE CORNERS: The corners of a masonry building should be intk#éd so that the
transfer of loads between the walls can take pleaee efficiently. To obtain this, a stepped joinactoothed
joint can be made at the corners. To obtain fulidbetween the perpendicular walls, a sloping fstdpjoined

is preferred. The details of these joints have beentioned in the Indian Standards code, IS 432819

¢ CONFINED MASONRY: In confined masonry arrangement, vertical reirddrconcrete elements (or tie
columns) are used at the intersection of masontlgwacorners to confine the masonry walls aldmgjrtvertical
edges. The seismic forces are resisted by the caitepaction of tie columns and the masonry wally.[h the
construction of masonry wall buildings, masonrylg/ake constructed first, one story at a time, thieth the RC
tie-columns are constructed. Finally, RC tie-beanesconstructed on top of the walls often simultaséy with
the floor/roof slab construction. In the reseadohe by Tomazevwiand Klemenc [20], various models of a three
storeyed structure were tested and was found ttkeéiuildings made of confined masonry will not ape when
subjected to repeated shaking with peak grounderatmn (PGA) of more than 1.3g. The general failmode
is diagonal shear. The tensile stresses are r@digtthe longitudinal reinforcement in tie-columassconcrete is
weak in tension and the compression stresses sistae by concrete, masonry, and longitudinal cgggment in

tie-columns.

¢ REINFORCEMENTS IN MASONRY: Since steel is ductile, providing steel reinfanemts in masonry will
improve the ductility of the system. A hollow cavis made between two layers of bricks and std®ns in both
horizontal and vertical reinforcements, are ingkitéo this cavity and then grout is poured inte tavity to fill
the space. Through this arrangement, steel is dahdd/between the layers of masonry, thereby hglipin
resisting the horizontal seismic forces. The reitdments should generally be provided at cornengtions and
around large openings [12]. Adequately placed osagments are expected to improve the seismic bmlvanf a
building significantly. Horizontal reinforcementsgwents the walls from failing in shear [19]. Maawperiments
have been performed which compare the seismic tg@aed damage of reinforced and unreinforced mason

buildings.

e AERATED CONCRETE: Aerated or foamed concrete is made by aeratingaherete mix while casting so as
to make it fluffy and lightweight [27]. Using foamieconcrete as a substitute for the mortar used asomry
structures may help to decrease the high self weifjimasonry and hence decrease its seismic vuditigyaThis
is due to the fact that the earthquake forces deperthe inertia forces which in turn depend onrtfess of the
structure; hence, using aerated concrete insteatdoofar decreases the magnitude of earthquake sfoiidee

specifications on how to use aerated concrete isomg have been provided by the Masonry Standaoig J
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Committee (MSJC)- MSJC 2008, administered by Thadviay Society (TMS). Reinforcements can also bel use

along with aerated concrete to make the structumes marthquake resistant.

FRP LAMINATES IN MASONRY: Using Carbon fiber reinforced polymer (CFRP) arldsS fiber reinforced
polymer (GFRP) laminates in the masonry can hedpeimse the seismic load carrying capacity and stegacity
also [21]. FRPs are generally preferred over othaterials because they are lightweight yet strofgug’'s

modulus of elasticity up to 600 GPa can be achigved

NSM FRPs in Masonry: Using NSM (Near Surface mounted) FRPs in the mgsomhere FRP bars were
mounted vertically or horizontally into embeddingterials can also increase seismic capacity oktheture.
The research done by V. Turco et. al. used twefit embedding materials: a latex modified certient paste
and an epoxy-based paste [33]. The specimens wstedt for both flexure and shear. The experimemie w
conducted by using both CFRPs and GFRPs and usimglifferent sections, circular and rectangularroligh
these experiments, it was found that often GFRR=® dpetter results than CFRPs, though both had asexk
seismic capacity. Moreover, it was also observeat Bmooth circular FRP bars are appropriate forarshe

strengthening, while rectangular FRP bars have geofbrmances in the case of flexural strengthening

MASONRY SHEAR WALL: Shear walls are vertical walls constructed tostdsiteral forces through in-plane
bending. These walls generally start at the fouoddevel and are continuous throughout the bugdieight, or
at least 85% of the building height. Masonry shealts are the shear walls made of hollow concréteks with
filled mortar and reinforcement on site to resis¢ fateral forces caused by the earthquakes. Thigrdef
masonry shear walls has been specified in manyscodlasonry shear walls are generally built for $mal

structures.

FRAMED RCC STRUCTURES

Generally, an RCC framed building is made of hartab components like beams and slabs and vertical

components like columns and walls. The earthquakees$ travel through slabs and beams to the col@amdghen to the

ground through the foundations. These forces teratctumulate at the lower storeys. Therefore theilastoreys should

be designed stronger than the top storeys. Sircaature of earthquake forces is different fromdtevity forces, there

can be tension even at the top face of the beamcéHie is recommended to provide reinforcementsoét top and bottom

faces of the beams as concrete alone is weak sioter7]

Moreover, the design should be based on “strongneolweak beam” theory, which means that beams dHaill

before the columns. This is so because during gteanthquakes, it is required that the columns nelastic so that they

can provide stability and strength of the stories\v&. It is also required that the beam columntjsiould be stronger than

the column.

The seismic resistance of framed structures campmved by using any of the following methods:

MASONRY INFILLS: Introducing masonry infill walls between the colwsncan significantly increase both the
in-plane horizontal stiffness and the strengthhef frame. [34]. But due to lack of knowledge of ttmmposite

behavior of the frame and the infill, their effect the behaviour of the composite structure cahadheoretically
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explained. Therefore, several experiments have Ipggformed by adding masonry infills with and witto
openings. For new buildings, infill wall is modeladd designed to provide high rigidity. Infill pdselecrease
the storey drift demands and increase the stoteyallaforce resistance respectively, while theimtdbution to the
global energy dissipation capacity is significgrgvided they are effectively confined by the surding frame.

Moreover, due to infill walls in the building, thep storey displacement is reduced.

¢ RC SHEAR WALLS AND SHEAR CORE: Shear walls are vertical reinforced concrete svatinstructed to
resist lateral forces through in-plane bending.l@ngs with properly designed and detailed shealtswaave
shown good performance in the past earthquakesr S¥adls are easy to construct and efficient, botterms of
cost and reduction of damage due to earthquakesrStalls should be provided along the length &edwidth
of the building and they should be symmetricallydted in the building so that there are no torsifiects on the
building [7, 22]. The structure formed by shear ls/at the center of the building is known as a sheme.
Generally, the shear core is provided around theagbrs or staircases. The thickness of the shalis should
not be less than 100mm [18].

¢ STEEL PLATE SHEAR WALLS : There has been much research [3,4,9] on the mitaand modeling of steel
plate shear walls. Steel plate shear walls have bsed in buildings in the USA, Canada and Japaméoe than
the past three decades. On one side, they hegircing the wall thickness, speeding up the cootstmi process
and improving the ductility of the structure, but the other, they decrease the flexural stiffnéshesystem and

these shear walls require a proper constructionesemp to avoid excessive compression in the pasgl [

¢ BRACED FRAMES: Braced frames are generally used to refer framas utilize trussing as the primary
bracing technique. The trussing, or triangulatisnysually formed by the insertion of diagonal mensbin the
rectangular bays of the frame. If single diagoraiks used, they must serve dual functions: actingrision for
lateral loads in one direction and in compressidrenvthe load direction is reversed. To eliminat tieed of

compression members, frames are often braced wdb-crossed set of diagonals (X-bracing).

* The various advantages of using braced framesatditstly, the trussing causes the lateral Idadsduce only
axial forces in the members of the frame as conptoethe behaviour of rigid frames. Moreover, thessing

results in a frame which is stiffer and has leskformations than the rigid frame. But the disadage with the

trusses is that they lack the potential for resdieand energy absorption that exists with mongifle structures

* MOMENT RESISTING FRAMES: These are the frames in which interactions betwesembers of the frame
include the transfer of moments through the conoest These are also called rigid frames, sincgdhms or
connections are fixed. Design of these frames shoahsider both gravity and lateral load conditiol®st
moment resistive frames are made up of either steebncrete. Though the frame becomes indetermirmit
there are various approximate methods to find le@itrhoments, reactions and/or deflections for badlvity and
lateral load conditions.

¢ BOX SYSTEMS: Box systems are used to describe a building camgistf a connected set of horizontal and

vertical elements (consisting of stiffened planangtruction). The horizontal diaphragms consistwetsally of
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the continuous structural deck of a roof or flobhe vertical diaphragms consist of walls etc. & #lement

themselves, plus their connections are capableewetldping resistance to lateral forces, the rasutypically a

relatively stiff bracing system

COMMON METHODS

Apart from the specific construction techniquesmprove the seismic resistance of a building, theme some

methods common to all the buildings. Some of theen a

¢ BASE ISOLATION : Base isolation is a technique in which the basthe® superstructure is isolated from the
ground in such a way that only a small portionhaf $eismic ground motions is transmitted up thraaughilding.
In other words, although the ground underneath wianate violently, the building itself would remaialatively
stable. This results in significant reduction i tsarthquake motion in the superstructure. Iscdaéoe used to
separate the superstructure and the substructoree $f the common isolators being used are elastome
spherical sliding isolators, rubber layer as fouimhasupport and friction pendulum bearings [3@].nhasonry
structures, waste tire pads generally act as atoeferic bearing. Rectangular shaped layers aréa@ut tread
sections of used tires and then piled on top of edber, which can function as an elastomeric bgaBut base
isolation for other structures is a difficult andstly process which is not suitable for low and mpdrise
buildings and low cost buildings. As of now, in iadthe use of base isolation techniques is imi@sption. Much

of the research has been going on in this process.

¢ SMART BASE ISOLATION TECHNIQUE : Considering the fact that the base-isolated gl are still
vulnerable to strong impulsive ground motions #ythare generated at near-source locations [15fitre base
isolation method should be modified. Hence, reseasc have proposed a “smart” base isolation tecieniq
through which the base drifts can be decreaseduiitthe increase in superstructure motion as seepassive
devices. Ramallo et. al. (2002) used a smart bsglation technique which was composed of low dagpin
elastomeric bearings and active (controllable) reégpheological fluid dampers [15]. This was complate the
conventional (passive) lead-rubber bearing andads viound that the former had a superior performaage
compared to the latter. Due to the adaptable naifine smart isolation system, it can even sustaivere

earthquakes.

¢ DAMPERS: Dampers, as the name suggests, damps the seifmations of the building by partially absorbing
the seismic energy which is being transmitted. rBigisdampers were introduced in 1990s though fordwin
resistance, they were being used since 1960sThé&re are various types of dampers based on hoatbeorb
the seismic energy. There are basically three tyissous dampers where energy is absorbed byicagassing
between piston cylinder arrangement, friction darspehere energy is absorbed through friction aredding

dampers where energy is absorbed by metallic coemerthat yield.

* Nowadays, tuned mass dampers (TMD) are being ustallistructures. TMD is a vibrating mass whicbrates
out of phase with the structure it is installedsospended to. It is a simple assembly of a maspriag and a
damper. Whenever earthquakes come, the TMD displiacihe opposite direction to the structure s thea the
lateral displacement and hence, damage due togeakbs is reduced [32]. The famous Taipei-101 mgld
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encloses a huge 728 ton TMD. During the 2008 Siclazthquake, there was no damage to Taipei-101.

¢ SEISMIC INVISIBILITY CLOAK : In the past 10 years, there has been an increasptiasis on the use of
seismic invisibility cloak to shield buildings froearthquakes. Scientists in Europe have claiméate built and
tested the first seismic invisibility cloak [17]h& technique involves modifying the ground aroursiracture to
divert seismic waves, effectively cloaking the stuwe from an earthquake's destructive energy usigg rings
of a flexible metamaterials spaced around buildmgndations and tuned to the wavelength of the wdwebe
diverted. This concept can be used to protect kahe buildings such as nuclear power plants guoais. This
process is still in its developing phase as theeamhers are currently characterizing polymers atiebr

metamaterials for giant ring resonators that ctaelduned to a seismic wavelength

* ROCKING FRAME: Rocking frame is constructed by rocking the basaroelastic braced frame. In other
words, it is a modification of braced frame in whithe frame is allowed to uplift from its suppopsor to
diagonal brace yielding and bracing. [23]. Slidiagnot allowed in rocking frames. This arrangenteips in the
reduction of peak base overturning moments. Mamegments have shown that rocking frames improee th
seismic performance as compared to the traditiduelile systems. In the design of rocking framésas design
must be considered whenever a gap opening mecharisiiowed [8]. Shear transfer across the baset joi
interface in steel rocking frames is usually preddhrough a steel curb or bumper at the columa.bdsreover,
viscous dampers can also be mounted between tineldtian and the column bases in order to dissipagzegy
and control the lateral displacements. Several iaxgats have also testified the advantages of vsaampers
in these frames. [25]. There have been many matiifios in the design of rocking frame in order taximize its

efficiency to resist the earthquakes like usingsfresssed materials and eccentric frames [8].
CONCLUSIONS

In this paper, a number of techniques have beeloeg and discussed which could improve the eaekegu
resistance of a structure. In the past centuryyraler of researchers and people from the industve libeen proposing
ways to tackle the damage caused by the earthquakeks there is still research going on to improhe texisting

techniques.

On one hand, where techniques like bands in masoanfined masonry, braced frames, shear wallshaoent

resisting frames are becoming very common but enother hand, newer techniques like seismic inwisilcloak and

smart base isolation techniques are rare and hypideveloped

In the 2010 earthquake of Haiti, the improper @ioément of the walls was a bigger problem wheadizs the
1970 earthquake of Peru, the walls were reinfonv@h a plastic mesh. Hence, different techniques laging adopted
based on the location and the availability of miater To conclude, proper design and detailingsseatial to ensure

proper load distribution and seismic resistance bfiilding.
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