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ABSTRACT

DEVELOPMENT OF ROCKING -COLUMN (ROC) SEISMIC BASE
ISOLATION SYSTEM FOR BUILDINGS

Javed Nasir
Doctor of PhilosophyCivil Engineering
Supervisor : Prof. DiAhmet Turer

September 202031 pages

Earthquake mitigation of buildings has been a istapding matter of research.
Researchensave proposed many systethat can be categorized gassive control,
active control, and hybrid systenmSeismicbase isolation, usually linked to the
passive control category, is a wktown technique to isolata structure from
harmful effects of earthquakeln this research, a new seismic isolationtesys
different from the conventional seismic base isolation systems, has been proposed
and named asRockingColumn (ROC) seismic isolation system. The working
principle of ROCis to isolatea building by the use of stolgigh rocking columns.

The study isnspired from eahquake response of ancient rocking columns used in
Greek Civilization as well as Pagoda structures construntedly in Japan, where

the first floor or all stories are flexible and behave like isolators. The research
comprises followingstages: 1) comprehensive review of the literature regarding
rocking of rigid blocks, 2)developmentof a nonlinear numerical model in
commercially available softwar&AP2000, which simulates the rocking column
behavior, 3) experimental validation of ti@merical model via testing of small scale
prototypes, 4) analyses of differdROC seismically isolated building mode2D,

3D, mass and stiffness vertical irregularitieah)d 5) development of preliminary



design guidelines foROC seismic isolation syems installed in medium rise
residential buildings. Analyses results have proven that the width and height
(slenderness) of rocking rectangular colgname themost importantparameters
which outline the performance of tHeOC seismic isolation systems. ti@r
parameters that influence the effectiveness oRBE seismic isolators include the
nature and magnitude of earthqugketal number of floorsand column bay size of
buildings. The simulation results have demonstratedRRHE systems indubitably
isolates buildingseven for largest earthquakeédditionally, the suggested
firestraining mechanisiin theROC isolation system prevengnytotal collapse of
buildings. The proposed system may be applied to existing buwsldiigch may

also provide an additional parking space or an extra floor. The outcome of the
analysesshowed thathe ROC systemgenerallyperforms better than that of the
conventional isolation systenm® laminated rubber bearing (LRB) and friction
pendulum systenfFPS) The propose@®OC seismic isolation system may provide

an alternative to the existing seismic isolation systems for medium rise buildings.
The maj or design parameters of a) ROCOG s col
(slenderness), b) number of stories, g) diae (5m or 7.5m), d) different earthquake
records are changed and responses fowvérturning,ii) floor acceleratios, iii)
interstory drifs, andiv) first floor total shearwere obtained in graphical format
whichthen helped to produgeeliminarydesigntablesof theROC isolatorsystem

for medium rise residential buildings.

Keywords:Rocking Column, Seismic Base Isolation, Rigid Block Dynamics
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Oz

BKNAL AR SKLLANAN -KOLON (SAK) SKSMKK KSOLASYON
SKSTHEMK Kk TKRKL MESK

Javed Nasir
DoktoraKnkaat M¢hendi sl iji
Tez Yoneticisi: Prof. DrAhmet Tlrer

Eylul 202Q 131 sayfa

Depreml er t¢em degnyada bi nal ar a Ve yap
Arakt érmaceéel arepyelml &ar deoy kmgaakl anan zar
pasif kontrol, aktif kontrol ve hibrit sistem olarak kategorize edilebildmegok

tekni k °n@emalkllieklde rpasi f kontr ol kat egor
zemin i zol asyonml erbiinr zyaarpaérdlaé deetpkriel er i ni
bilinen bir tekni ktir, Bu arakteéer mada,
sistemlerinden farkl e yeni bir -Kdloemi k i z
(SAK) sismik izolasyorrsi SAKdienol at @k mad |
binayé kat y¢kseklijinde sallanan kol onl &

N

ol e etmekti Uygeaalleklmagirméyluammanant i k sal l

depreme olumlu tepkisindedi ven; obiumi m&il ak

t¢e¢m katl areéen esnek olduju ve i1 zolatorl e
esinlenmi ktir. Arakt érma akajéeédaki akam:
sall anmaséna ilikkin |iteratdgeRgesalananapsaml
kol on davranékeéneée sim¢gle eden ticar.i ol a
ol mayan sayésal model | erin gel i ktiril me
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prototiplerin test edilmesiyle deneysel ol a
edi |l mik bina modellerinin analizl eri (2B, 3
ve 5) ortayukseklikte 57  k leohutlaéda kurullSAK sismik izolasyon sistemleri

i -1 n ©°nt atbalsodgra@m Rénr i | mesi . Anal iz sonu-1 ar
kolonl ar é&n geni Kl i Jinin BAK sigmikk igodakybni i ni n (r

sistemlerinin per énodmainsg&ama&ame?® ret beyeoml duj u
kanét | SANMsktsenn k i zol at®°rlerinin etkinli]ini
araséenda mnietpeleimlierva b¢yeéekl ¢ ¢, toplam kat
a- ékHdcoyuwet u bul unur . SSAK sisteanteynim nen IsUpik u - | ar e,

depremler i eitkiliilkzeodbell okatltairjéi ni §AKst er mi Kt ir

izolasyon sistermmiamde Mfeakatdembs'e&tégmné bozul
durumundadathi nal ar én -°kmesi ni Camdaear.k ¥aleand en
veya ekstra birveméveaut bindlaaaasaygllahahily. dtalizlerin

sonucimda SAK sistemi genel olarak lamine keuky a s {LRBK ve strtinme

sarkac sistemi (FPS)ibi geleneksel izolasyon sistemlerinden daha iyi performans

g°%ster mi kK tSAK sismikéizolasyan Isistemi, ortgiksekliktebinalar igin

mevcut sismik i zolasyon dindmganl &minael &K ma cdd
a SAKokeonl on y¢kseklI ijJi ve taban koemi kIl i 7] i (n
a- ellogkutu (5m veya 7.5m),ded) ktvemkll ei klepr e
devrilme, ii)d © k e mev alt er i , gorece) yatayadeftnasyonlaave a s €

iv) birinci kat toplamkesme kuvvetlerg r af i k f or mmit tnidealereB de edi |
k ul | a moréalyikseklikte @-7 kat) konutlar icin SAK izolatdr sisteminin 6n

tasar émhdadéddlodrmame&xkt ér

Anahtar KelimelerSallanarKolon, SismikZeminKz ol asy onu, Rijit Bl ok
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CHAPTER 1

INTRODUCTION

Earthquakes may cause loss of lives and extreme damages to infrastructure.
Researchers and scientists have proposed many techniques for buildings to mitigate
damages due to earthquakes; some are passive coydtems, active control
systems, hybrid systems, tuned mass dampers, braced dampers, and base isolation
systems. Seismic base isolation also known as base isolation is a type of passive
control system used to isolate the structure from harmful effectstbfi@akes. This
research is focused on development of a base isolation system suitable for buildings

which is named aRockingColumn(ROC) seismic base isolation system.

It is essential to understand the concept of rocking before the explanatRidGof
sdsmic isolation system. Rocking is the baarkd-forth motion of an object. Rocking

of a rigid rectangular column may be defined as thenbfro motion of the column

in which column rotates about one edge having no contact of the second edge with
the ground or vice versa. Figurellshows a simple rectangular column having some
weight at its top. During rocking motion, say the rocking towards right direction, the
column rotates about the pivot of rocking uplifting the other edge. Aesuat, a
restoring brce develops in the system, which tries to bring the column back to its
original position. However, if the rocking displacement exceeds the width of the

rocking column, it may cause overturning of the rocking column.
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Figurel.1 Basic concept of a rocking column

The basic concept of the rocking column may be extended to the whole story to
isolate the upper structure. The application of the concept of rocking column to use
as a story high isolat may be envisaged in Figurke2 in which bottom story
columns are allowed to rock.

(b-x)

Ground
floor

Figurel.2 Corcept of rocking column extended to use as a story high seismic
isolation.



A brief description o0ROCseismic base isolation system is explained in Figge

In ROC seismic base isolation, super structure is isolated by rocking of columns
during earthquads and rocking is restrained via walls which are constructed to
control the degree of rotation of the columns and to increase stability of rocking
system. Metallic plates and shear locks are provided at the top and bottom of columns

to prevent damage atdhrocking surfaces. It is advantageous to install Viscous
Dampers (VDb6s) between the top of walls

damping mechanism.

High compressive
Rubber ir71act bearing strength blocks Viscous Damper

\\

Shear lock

~
e
2
z.
=
i1-]

sz2
. . Earthquake
Shear lock Tension member
embedded in wall

Figurel.3 Schematic diagram d&ockingColumn (ROC)eismic base isolation
system

The walls are reinforced with diagonal tension members embedded within them, and
high compressive strength blocks are provided at the both ends and top of each
restraining walls to provide additional strength. Betb impact bearings are
embedded within the compression masonry columns to reduce the impact of columns
during rocking if large displacement demand occurs. The locations where the
construction of restraining wall is not possible, like the interior grith@fstructure,

an alternative mechanism is proposed as shown in FipdreThis alternative
restraining mechanism consists of the extended wings at the upper end of the column.
In case of rocking displacement approaching overturning displacement, thgse wi



will strike the slab and stop the motion. There is always a possibility that the column
will come back to its original position, without overturning, after collision of the
wing with the roof slab. Rubber impact dampers are installed at the uppeofides
the collision wings to reduce the damages.

Rubber
Impact Rocking
bearing column

Figurel.4 Restraining mechanism at the upper end of the rocking column to
restrain overturning

The proposedROC system is capable of isolating the structure via rocking of
columns, and it may or may not damp the vibr
is inspira from earthquake response of ancient rocking columns used in Greek
Civilization as well as Pagoda structures constructed in Japan, where the first floor
or all stories are flexible and behave like isolators. The weight of building and
geometry of the colans will provide sekcentering and restoring forces. The
concept is applied to modern buildings with newly introduced details such as
excessive deformation restraints, energy dissipating members, and shear keys. The
proposed system may also apply to emgstouildings as the first floor is cut and
raised to an additional floor. The additional floor may be a solution for parking space
problem of up to six floors high and more than twenty years old buildings, commonly
faced for neighborhoods. The researctpésformed in five stages; (i) literature
survey, (ii) numerical modeling of rocking column in SAP2000, (iii) experimental

validation of the numerical model, (iv) 2D and 3D analyses of the proposed system,



(v) development of guide lines for preliminary wgs of ROC seismic isolation
system. The advantages of the proposed system over conventional base isolation
systems are (i) it does not require utility pipes to have deformation compensation
parts, (ii) energy dissipating lead core in LRB pads must beaegl after an
earthquake buROC does not require replacement, (iii) may provide additional
parking space or one extra floor, and (iv) changing isolated frequency avoiding

resonant behavior for earthquakes of large period contents.

1.1  Aim and Objectives

This research aims to develop a new seismic isolator, namesbasngColumn
(ROC) seismic base isolation system for buildings. The developmemRQE

seismic isolation system has the following primary objectives:

1 Isolation of building via rocking of columns

1 Applicable to new anéxistinghouses

1 Remove necessity ohodification for mechanical, electrical, and plumbing
(may require flexible joints), in®rtMEP utility services to be chandefter
an earthquake.

1 Development ofthe guide for preliminary design of the proposB®C

seismic isolation system.

The application of ROC is possible to existing houses through hitmgf the
structure (see AppendB).

1.2  Scope

Scope of the proposed research is as follows:

1 Development of a rocking column model available structural analysis
(SAP2000 software.



1 Experimental validation of the rocking column model proposesiir2000
software

1 Analysis of the proposddOCseismic isolation systems subjected gy@up
of selected ground motisn

1 Preparation operformance graghfor overturning,floor acceleratiog, and
total baseshearforce for four to seven story high buildisgvith varying
parameters of width and igét of the rocking coluns) andbuilding inter-

column bay distance

1.3 Research highlights

Concept of rocking column is new and many aspects of the rocking mechanism are

not studied yet. The major research highlights of this research are as follows:

1. Compehensive review of the existing literature regarding rocking of rigid
blocks
2. Development of numerical model of the rocking column, which is applicable

in SAP2000 software and other finite element software used for building analyses

and design.

3. Experimental validation of the rocking model developed for SAP2000

framework.

4. Development of overturningerformance grag#) acceleratioperformance
grapls, andbaseshearforce performance grah) which are applicable for the

preliminary design oROC seismic isolation systems.



CHAPTER 2

LITERATURE REVIEW

Earthquakes may cause loss of lives and severe damages to infrastructure. Due to the
factor that many of the earthquagmne regions are becoming more populated, there

is aneed to advance the earthquake mitigation techniques for structures, and to
provide innovative and promising solutions for this problem. In the past, researchers
focused on the development of earthquedgstant buildings and proposed different
strategis. So far, the construction industry has adopted some of these strategies and
implemented them on buildings as structural control systems. The author of the thesis
has listed these systems into different categories, as presented in Table 1. Although
a widerange of research is available about the structural control systems applied to
buildings, Table 1 only enlists the eminent ones. Major categories of structural
control systems include passive energy dissipation systemsastwa and active
control sysems, hybrid systems, and seismic isolation systéms

2.1 Passive energy dissipation systems

In a passive energy dissipation system, an energy dissipation device installed on the
structure works without any external energy input. The passive energy dissipation
system is the moswidely implemented technique in the construction industry,
including applications of metallic dampers, friction dampers, viscoelastic dampers
(VE), viscous fluid dampers, tuned mass dampers, tuned liquid dampéré etc.
significant part of the existing literature consists of articles which focus on exploring

additional damping elements and on increasing overall damping in the buildings.



MoralesBeltran and Pa* presented a review article explaining about the

implementation of energy dissipation systems to control large scale earthquakes.

Tablel Structural protective systems againstleguakes 3

Passive energy dissipation | Semtactive and active control| Hybrid system

Metallic damperk? Active bracing gstems Hybrid mass dampét
Friction dampers? Active mass dampers Hybrid base 1 isolation
, _ _ _ _ | system
Viscoelastic dampets Variable stiffness or dampg
system§&? Hybrid damperi actwuator

Viscous fluid dampets
) o ] bracing contral
) Variable frictiondevice?
Tuned mass dampérd
) . Active base isolabn with
o Variable orifice dampér
Tuned liquid dampetg semiactive MR dampefs

o Controllable  tuned  liquid
Tuned liquid column dampg!
dampef
Tuned liquid column ball
Semiactive impact dampér
dampe?
, o Controllable  tuned mas
Circular tuned liquid columr
dampef?®
dampe?

_ .| Smart materiafs
Pendulum  tuned liquic

column dampeér Magnetorheological (MR

damper$
Pressurized fluid damper P

o Negative stiffness devicés
Preloaded  springfriction

dampef Magnetoerheological tuned

mass dampér

Active bracing systefn




2.1.1 Tuned mass damper

Tuned mass dampers (TMDOG6s) are the supp
frequencies and are attached to the main structure. A schematic diagram of single
TMD installed on a SDOF structure is shown in Figai2

Ms
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Figure2.1 Analytical model for tuned mass damper

Tuned mass damper (TMS) is one of the vimlestigated topics in earthquake
engineering. The TMDO6s have applications
and Adeli5 have presented a brief review of TMD and its further modifications like
pendulum TMD PTMD), bidirectional TMD (BTMD), and tuned liquid column

damper (TLCD). They have also presented the use of TMD in chronological order

from 1976 to 2012 in a tabular form. The primary purpose of designing a TMD in a
high-rise building is to control struatal vibrations due to wind loading, and it can

also perform well i n equivalent earthqua
for specifically tuned frequency and perform well against wind loading and moderate
earthquakes for high rise buildings. Stllh e per f or mance of TMDOGSs

under wide frequency range especially when it is subjected to strong ground motions



since other modal frequencies are highly excited. To overcome this problem and to
increase the r obust nf%ave gefforntedtiee stidé®dns, r es e a
particle tuned mass dampers, tuned ligeotbmn dampers, multinit particle

dampers, and tuned liqupmhrticle dampers. Additionally, the shift of natural

frequencies caused by damage during large earthquakes wowdd leeWMD 6 s out of
tune. The out of tune problem can be overcome in RogRmlgmn ROC) seismic

base isolation system becalR®C is not tuned at a specific frequency and can

perform well under a wide range of frequencies.

2.1.1.1 Advanced versions of Tuned Mass Damr s ( TMD®6 s )

Tuned mass dampers perform well at specifically tuned frequency, but the
performance of TMDOGs is questionabl e under
excitation. The use of two TMDOs tuned agai
perpendicular t@ach other may perform well during biaxial earthquake excitation,

and it also reduces the risk of the detuning effdat. et al® have proposed an

improved version of TMD in which TMD is combined with particle damper and

named as particle tuned mass damper (PTMD). Experimental results have shown

thatP TMD6s have performed well under di fferen
the robustness of the system. Carmona ¥tralve designed the TMIith a friction

mechanism to dissipate energy. Zhu et lave studied the effectiveness of tuned

l i quid col umn damper s -storydie€ buildny undentsrdeal | ed on
different earthquake excitato ns. The performance of mul tipl
that of single TLCD to control mulorder modal responses. Tuned liquid particle

damper (TLPD), which is the integration of tuned liquid damper and particle damper,

may increase the effectiveness aobustness of the systémn.
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2.1.2 Particle damper or impact damper

A particle damper is a passive energysitiation device used for vibration control

of buildings in which particles dissipate energy as a result of an impact. The particle
damper is also known as the impact damper. A particle damper consists of a
container attached with the primary structure ited with a particle or particles

free to move under vibration. The particle damper dissipates energy through the
collision of particles with each other and with the walls of the container. In asingle
unit particle damper, the impact of a single masgaticle is enormous, and it may
cause deterioration of the material and may produce noise. Therefore, -amtulti
particle damper may be proposed instead of a simgjleparticle dampet These
dampers perform well for lightly dampguimary structures at the cost of a small
increase in weight. As the behavior of particle damper is highly nonlinear and
complex physics involved in the particle collision, the researthiease proposed

simplified models for analyse$ multi-unit particle dampers.

2.1.3 Hysteretic dampers

A hysteretic metallic damper is a type of passive energy dissipation devices which
provides additional stiffness, additional damping due to yielding behavior in case of
strong earthquakes, and controls defations. Hence in this way, these devices
minimize energy absorption and reduce the cost of the main striekaner et

all? introduced the concept that the energy dissipation function of supplementary
energy dissip&n devices could be considered separately from the load function.
They studied the plastic deformation of a short beam element under bending as an
energy dissipation mechanism. They provided a platform for the coming researchers
to develop various typesf diysteretic metallic dampers. Skinner et“ahave
proposed a tapered round shape hysteretic steel damper for use in base isolation
along with rubber pads. Desirable features of metallic yield dampers are; a) stable

hysteretic behavior,)bmproved lowcycle fatigue property, c) long term reliability,
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d) relative insensitivity to environmental temperature, €) and bending moments
produce a uniform flexural stress distribution over the height of the dariér.

The disadvantages associated with these dampers arenantimearbehavior that

may requirenonlinearanalysis, b) low deformatiatapacity, and c) devices that may
need a replacement after a major earthqdak&dt has been more than five decades;
many researchers have developed and used hysteretic type metallic dampers for
seismic retrofitting of existing buildings and installation in new buildings. From
these researches, it is concluded that the hysteretidlimetamper, which yields

over the whole length, bears better energy dissipation capacity and it can be achieved

by optimizing the shape of these dampers similar to an hourglass shape.

A preliminary and comprehensive description of hysteresis damper osed f
earthquakeesilient structures was presented by Skinner & Bhey introduced
four different types of hysteretic dampers; aptdps damper, b) torsional beam
damper, c) flexural beam damper, and d) skaglis damper, and recommegtbithe
use of hysteresis dampers for energy dissipation in structures.

Friction damper is another hysteretic damper used to dissipate energy due to friction

between two sliding surfaceBhe amount of friction produced between two sliding

surfaces follow§ he Coul ombdés | aw of friction, which
directly proportional to the force applied normal to the sliding surfaces. In a friction

damper, the clamping mechanism is used to control the normal force and the amount

of energy disgated. The magnitude of normal force along with the coefficient of

friction dictates the state of stick or slip of the system under an earthquake which is

an essential parameter of friction damper. The larger the clamping force, stronger

earthquake forcesirequired for surfaces to slip and activate the damper, and vice

versa.

12



2.2 Semtactive and active control

Semtactive and active control systems are the passive control systems with partial
or full control mechanisms. The effectiveness of the passive ceystEm may be
enhanced by controlling its properties intelligenfhe active structural control
system consists of three parts: a) sensors installed on buildings/structures and on the
free field; b) devices to collect information from these sensorsl(dpger), to
process the data and define the required force to be applied on the structure to reduce
vibration (an extensive algorithm); c) actuators which apply forstrtmturesThe
semtactive control system does not supply direct mechanical energthe
controlled structural part, but it provides indirect energy which is smaller in
magnitude. Hence, it requires less power and can be operated using Dattéoists.

of the active and seraictive control systems are used for moderate scale earthquakes
and strong wind loading conditions. Seattive dampers require less space as these

can be hidden withithe walls where more space is availgble.

Researchers have developed different active and-aetae control mechanisms
installed with the passive control systems. In most of the cases, these are the
devebpments of passive control systems. For example, the problem associated with
passive friction damper is that a threshold value of earthquake force is necessary to
trigger the sliding of the damper; otherwise, the damper will not activate. To
overcome thigproblem, L3’ has suggested a seattive control of friction damper

such that the damper activates in moderate and large earthquakes and dissipates
energy.Chu et af® have developed leverage type stiffness controllable tuned mass
damper (a gmi-active tuned mass damper) having lever mechanism. The pivoted
lever arm is attached with tuned mass damper at one end and with the main structure

at the other end having a changeable position of pivot.

13



2.3 Hybrid system

A hybrid control system is theombination of passive and active control or semi
active control systems to use less input energy as compared with the active-or semi
active control system and shift to the basic passive system in case of power
shutdown. Some of the hybrid control systesns reported in the literature; e.g.,
hybrid mass damper, hybtlthse isolation system, controllable dampers, and hybrid

damperi actuator bracing control systei

2.4 Conventional seismic base isolation

Seismic base isolation is a widely implemented passive structural control technique.
The basic concept in seismic base isolation is to isolate the structure from harmful
waves of earthquakes, and it is achievedhjting the natural vibration period of

the structures with high mass participation ratios, from high response (resonance)
region to low response region as shown in a typical response spectra deigueren

2.2.
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Figure2.2 Typical response spectra cut¥e



Some of the &se isolation techniques reported in the literature are listEahie 2.

Table2 List of seismic base isolation techniques

Authors | Soong | Saeed | Harvey | Warn | Turer El-
and

Ryart!
Spencel | (2015) | Kelly® | (2012) | Ozder? | and

(2002) (2016) (2008) | Adeli®

Seismicisolation (2013)

and et al? | and and Khoury

Elastomeric

bearing

Laminatedrubber
bearing
Lead rubber

bearing

Sliding friction

pendulum

Combined
elastomeric  anq X

sliding bearing

Rolling type
seismic isolator

Scrap automobilg
rubber pad X

bearing

Active base

isolation

Shape memory
alloy (SMA)
rubber  bearing

isolation system

One of the earliest passive structural control technologies for building isolation is the
use of rollers, and some researchers in the past recommend it; but, the disadvantage
associated with the use of rollers as a seismic isolator is the excessive displacement

which is challenging to control. Harvey and KéMyhave reviewed the use of
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cylindrical mllers and spherical rollers as a seismic isolator for buildings, bridges
and equipment, with or without supplementary damping. For rolling type seismic
base isolation, it is crucial to increase the seismic displacement capacity of rollers.
Elastomeric bea@ng is the natural or synthetic rubber bearing, whose vertical
stiffness is higher than its horizontal stiffness. This feature makes the elastomeric
bearing flexible in the horizontal direction and hence increases the period of the
structure when used asismic base isolation. Laminated rubber bearing is a type of
bearing in which steel layers are embedded in between the rubber layers to increase
the vertical stiffness while keeping horizontal stiffness Ibaad rubber bearing is

a rubber bearing havirgglead plug (99.9% pure lead) core at the center and the core
can deform in shear during an earthquake. Lead rubber bearings exhibit a larger
enclosed area of hysteresis loop as compared with that of rubber bearings, indicating
larger energy dissipation gacity. As lead rubber bearings are less affected by the

stroke frequency; therefore, these may perform well under strong earthgtiakes.

Figure 23 shows the deformed configuration of laminated rubber bearing (left) and

a typical crosssectional view of lead rubber bearing (right). Sliding friction
pendulum is a base isolation system that slides in case of vibrations and has the
advantage of reenteringtself. The sliding friction pendulum system consists of an
articulated slider, spherical concave surface, sliding interface, and base plate, as
shown inFigure 24. A comprehensive review of the seismic base isolation systems
with primary focus on lowdanping rubber bearing, high damping rubber bearing,
lead rubber bearing, and sliding friction pendulum is presented by Warn and'Ryan.
They have also reviewed smaltale and fulkcale labratory experiments of
different types of bearings.
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Figure2.3 Laminated rubber bearing in horizontally deformed configuration (on
the left) and lead rubber bearing (on the right), adapted from Warn ané'Ryan
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Figure2.4 Schematic diagram of sliding friction pendullb@aring, adapted from
Warn and Ryaft

The isolators are made flexible in a horizontal direction to increase the effectiveness
of seismic base isolators; however, it may make seismically isolated structures
vulnerable to pounding. The effect of poundingrisre pronounced, especially at

the level of the isolated floor, and it may be controlled by providing a seismic gap.
However, the provision of the seismic gap does not ensure that superstructure will
not pound with adjacent buildings during earthquakésTherefore, the effect of
pounding in seismically isolated buildings should be addressed at the design stage.
In Japa, the flexible stiff model is becoming an appealing concept for seismic base
isolation systems, having stiff parts as energy dissipaters (dampers) and flexible parts
as isolators. A flexiblstiff model is presented by Ene et’a(see Figure 2.5n
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which a Ushaped metallic damper is used along with rubber bearing to prepare a

flexible-stiff seismic base isolation system.
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Figure2.5 Flexuraltstiff model for seismic base isolatfSn

Another passive control base isolation technique is introduced by Turer and®zden

in which te scrap automobile rubber pads are used to isolate the strudtasss.
automobile rubber tires may be used as-tewhnology and neost seismic base
isolation systems for small housing units. Waste automobile rubber tire base
isolation is made up oféad of waste rubber tires cut into strips having a length in
multiples of its width and placed on top of each other in different patterns.
Compression test, reversed cyclic test, and inclined lateral test are performed in the
laboratory and results havesairaged the use of waste automobile rubber tires as a

seismic base isolator.

The torsional response of base isolated structure may cause additional stresses if the
building is irregular in shape. The torsional response of base isolated system can be
neglected if the center of stiffness (CS) and plasticity centroid (CP) of the base
isolation device is directly under the center of mass (CM) of the superstrifcture.
New technologies for torsion control using base isolation and energy dissipation
devices are also reviewed by Anagnostopoulos ét @bme researchers have
reported the use of smart material s | i

base isolatiod:*°
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2.5 Rocking type base isolation

Ancient Greeks had implemented the idea of rocking cotum their buildings to

survive during many earthquakes. The concept of the rocking column has attracted

a few researchersoé iIinterests, and they
earthquake mitigation of buildings. Rocking is a mechanism (showigure 26)

in which columns start rocking in case of earthquakes and isolate the superstructure

from damaging waves of earthquakes.

Building Building

Base-isolated with

“*— rocking bearing —* Q § Q

and spring

Remain still under a Start to rock nonlinear under
moderate earthquake load severe carthquake loads

Figure2.6 The basic function of rocking bassolated structure, adapted from
Cheng and Chab

Freddi et af® have designed the rocking steel column base anchored at the bottom

with posttensioned steel bars and friction dampers, as showigume 2.7

ARocking typeo base i solidthe resomnce ka t he
response when subject to strong ground motion having long periods. The
disadvantage of rocking type base isolators is the danger of overturning in case of
strong ground excitation and excessive slip, and these may be preventeddingrov
proper clamping and shear keys, respectively. The primary function of any base
isolation system is to isolate the superstructure and to provide sufficient damping in
case of an earthquake. Rocking type base isolators not only isolate the supegstructu
but also dissipate some energy whenever its surfaces hit the base at theTbeting.
energy lost in this system is due to the rocking impact only which is insufficient in
some cases and may require additional energy damping mechafissrgy
dissipaton during each collision may be calculated analytically assuming
superstructure as a rigid body before and after rocking and applying the conservation
of momentumin another research, the concept of the rocking base is appliedin self
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centering moment resting frames (SE@MRF) and it is assumed that the proposed
rocking base of steel columns would control the damage (yield) in case of
earthquakes. A diagram of the rocking column base isolator is shdwgure2.7.

Ad hoc posttensioned steel bars andction plates are integrated with the rocking

base to enhance its performarite.

Circular hollow
section

T~

———===PT bars Steel ducts

Figure2.7 Rocking column base isolator, adapted from Freddi £t al.

A parametric study investigating the role of the rocking surface geometry on the
response of thetructure is performed using the plane, spherical and polynomial
surfaces. Results have shown the better performance of the polynomial surface. The
plane surface shows negative stiffness after the start of the rocking, but the spherical
and polynomial rocikg surfaces show an increase in the stiffness after the rocking

is startect’

2.6 Concept of rocking rigid blocks

The dynamic behavior of rigitllock structure resting on a rigid foundation and
subjected to ground excitation has been a mattenvestigation for many yeafs.
Perhaps rocking is the most regularly conceived dynamic behavior of ancient
structures like Greek and Roman columns, obelisks, tombstones, etc. Furthermore,

concrete blocks used in nuclear reactors for radioactive shielding, heapyneqti
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installed in factory or laboratory, and historic masonry walls subjected to earthquake
can be better explained with the theory of rocking rigid blG€REOver the last two
decades, researchers have paid more attention to the rocking of rigid blocks, its
theoretical and experimental adeements, and its applications in civil engineering,

as is evident from the increasing number of publications in Fig8reHousnet*
proposed the theory of rocking blocks to investigate the survival (resistance against
overurning) of tall and slender structures. In his seminal work, he explored the fact
that many apparently unstable (slender and tall) water tanks sustained through the
Chilean earthquake 1960. These water tanks were thought to be more vulnerable
from a staticpoint of view but remained undamaged during dynamic loading
(earthquake). It leads him to the conclusion that simple static analysis for
establishing overturning criteria under dynamic loading is not enough and requires a
dynamic investigation. This obs@tion motivated Housner to study rocking of
inverted pendulum type rigid blocks from a dynamic point of view and to publish
one of the pioneer works in 1963. When a rigid block is placed on the rigid ground
and subjected to base excitation, six types ation are possible: (1) rest, (2) slide,

(3) rotate, (4) slideotate, (5) translaticjump, and (6) rotatiojump. The necessary
conditions for the activation of each type of motion are reported in Ishijatha.
sliding and roking both are possible, then the rocking will occur when the
coefficient of static friction (p) is greater than the slenderness ratio (width to height
ratio, b/h; Figure 2a), otherwise sliding prevails. The block will slide i psg (1+

® /g); wherew and & are the horizontal and vertical components of ground
acceleration as shown in Figur®@). Ignoring the vertical component of the ground
acceleratiorw , the above rocking condition is simplified asgb/h or h/b < 1/ g

The important factors for sliding, rocking, overturning or remaining standing of a
rigid block under ground motion are (a) the static coefficient of frictignbgtween

the slab/floor and rigid block, (b) the slenderness (ratio b/h), where 2b isdtie w
and 2h is the height of the rigid rectangular block, (c) the size R, where 2R is the
diagonal length of the rigid block, (d) the moment inertia of rigid block, and (e) the

magnitude and form of earthquake excitafid?f *° Even if pure rocking conditions

21



are satisfied, Kounadi$argues that the slidingocking mode of motion is possible

in a real scenario, in which sliding occurs for a very short interval of time just after
the initiation ofrocking. The rocking of rigid blocks is a different dynamic problem

as compared to conventional systems due to change in its basic characteristics;
hence, it cannot be treated as conventional nonlinear systems and more research is
required to develop equalence between rocking block system and conventional
dynamic system. The behavior of rocking of a rigid block on a rigid surface is
nonlinear due to the following two reasons: (1) it is nonlinear due to the
trigonometric terms involved in the equationsyadtion (see Equation 1) which can

be linearized for slender blocks (see Equation 2), and (2) it is nonlinear due to
switching between alternative equations as a result of rocking about alternative edges
of rocking blocks. The nonlinear equations of moto® approximated as piecewise
linear equations of motions and piecewise linear models of nonlinear behavior of

rocking rigid blocks are also develop@d®4
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Figure2.8 Number of publications regardimgcking of rigid blocks over the last
six decades

2.7  Characteristics of Rocking Rigid Blocks

The rocking of a rigid rectangular bl ock ha
inFigure29( a) . The block is rotatedthepivatc k wi se t h
poi nt 606 . The sl enderness ol|fé tihne rbaldoicakn si,s

which is the angle between the diagonal and side of the block. The length of the
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Figure2.9 (a) Rocking of a rigid block and (b) variationf t he r ocki ng pe
with vibratbbon monglfiiteufded réoolm Housner
Housne#* investigated the dynamics of the rocking block based upon the three
assumptions: (1) the rocking block and the ground gid,r{2) the coefficient of
friction between the surfaces of the block and ground is so high that it does not allow
any slip during motion, and (3) collision between the ground and block is inelastic

so that it does not bounce during rocking. Based upmalbve assumptions,
-"Qp @] "Q is the necessary condition to start rocking of the rigid block, under

the horizontal @ ) and vertical ¢ ) components of ground excitatié®®®l fo0 61 s
the moment of inertia about pivots (either O or O'), the motion of free rocking rigid
block about corners iseined by Equation T he mi nus signr (1) is
rocking about corner 606 and the plus si

60" 6.
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Equationl

, (o W, iy 3
P— w p 0 YOHI — T)YAI IOV —ud} 0

There is a debate in the literature, aboutiticusion of the vertical component of
ground accelerationc ) into the equations of motion for rigid blocks. The
probability of a block overturning may increase or decrease by including the vertical
component of ground motion; however, it leads talsamore exceptions to the
general trends of rocking behavi8rt? According to Aslam et &b the vertical
component of earthquake ground motion is essential because downward earthquake
acceleration may reduce the effective weight of the rigid block hence reducing the
frictional force. Effective weight (W of the block is defined asn

® p @] Q. On the other hand, Makris and Kamfatebated that the effeof

inclusion of the vertical component of ground excitation is marginal due to the
following three reasons: (a) vertical component of the ground acceleration is
multiplied with the sine term (having value approaches to zero for high slenderness
ratio) inthe equation of motion, (b) frequency of the vertical component of ground
acceleration is usually higher hence more contribution from the rotational moment
of inertia is observed and more stable is the block, and (c) vertical component of the
ground motions usually smaller as compared to the horizontal component of ground
motion. Due to the above mentioned reasons, majority of the researchers have not
included the effects of the vertical component of ground acceleration, which is

evident in Figure?.10.

Included
Not Included E

0 10 20 30 40 50 60
Number of publications

Figure2.10 Number of publications included and not included the vertical
component of the ground acceleration
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In general, the rocking of rigid blocks is less affected by the vertical component of
the groundacceleratiord . Moreover, it may be ignored for the sake of simplicity

in calculations, but the readers should keep in mind that this may cause minor
variations in the results. For tall and slender blocks (usuallyc tJ s-i h (& U
d) , a nng the \gniocalrcomponent of ground excitation, Equation 1 can be
simplified into linearized form as described in Equatioff Equation 2 is the

equation of motion of free roqgkiireyg thgi

frequency parameter definedigs —. For initial conditions— — and— Tt
att = 0, the closetbrm solution of Equation 2 is defined in Equatioff 3.
Equation2
— NS— Ay
Equation3
— | | — Al §B

Equations 2 and 3 are valid for half vibration only, i.e., from disturbed position of
rigid o)td tikeanean (est (verti) position. At the mean rest position, right

after the impact, the pivot of rocking will shift from O to O', and the sign of angle

6ddéd will change in the Equations 2 and 3.

— —to— 1T Equation 3 will yiéd to Equation 4. In Equation 4, is defined

ase —j .
Equation4
T, T,
Y ohER ——  thea —P
n p — n p
|
It is evident from Equation 4 that perio

upon the ratio othe initial amplitude of vibration to slenderness rato (and
frequency parameten). The period of vibration of the rocking block changes due

to the change in amplitude of vibration after each impact; therefore, discrete natural



period (or frequeng of a free rocking rigid block does not exist. The variation of

the period O0T6 with respect to tifbe ampl i tud
where O6Wd wel@hd, 0 Rio nreandti udsf sil eeadeiraesd, an
@ 6 r at i orotatidn toislenddrniess ratio was previously defined. The only

energy dissipation during rocking of rigid blocks is through the impact between the

block and ground. If the impact is assumed to be inelastic, then the energy dissipation

can be explainedwit t he help of the coefficient of r
theory of rocking blocks as defined by Houstfethe coefficient of restitution is

derived using conservation of momentum just before and after the impaate F

2.11(a) shows the relationship between the coefficient of restitution and the

slenderness ratio. In reality, the coefficient of restitution is also dependent upon the

types and materials of contact surfaces, and angular velocity before impact.

Howeve , i n Housner 6s model of the rigid rocki
is independent of these factors and considered as cotfstiviter each impact, the

energy remained in the block wildl be equal
impact. Using —f ande —j| , the rotation anglamplitude of the block

after the #'impact is written in Equation 5 as defined by Housfier.

Equation5

*: P P iFp p -

The behavior of the rocking block is similar to the rigidstic modeto some extent,
with a difference of second slope and hysteresis behavior. The mootetitn
characteristics of freely rocking block have a negative slepéR] with a large
discontinuity at the zermotation position, as shown in Figugell(b). In Figure
2.11(b), the definition of— is the same 4&s in Figure 29(a). Beyond points— or

—, the block is assumed to be overturned under static conditions, but under
dynamic conditions, experimental results have shown that the block may rock
slightly beyond the critical angle-32 The rocking mechanism does nbbsv any

hysteresis curve (dissipation of energy), and only energy dissipated during rocking
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of the rigid block is at the instant of imp&&t°For out of plane rocking of masonry
walls, three branch moment rotation relationship (instead of two branch moment
rotation relationship as shown in Figitellb) has shown good agreement with

the experimental results and it can be defined into three zones:-tjckieg; 2)

rocking; and 3) overturningf:434°
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Figure2.11 (a) Coefficient of restitution vs slenderness ratio, and (b) mement
rotation relation for slender blotk

2.8  Rocking of Rigid Blocks Subjected to Ground Excitations

2.8.1 Rocking of Rigid Blocks Subjectedto Harmonic Excitations

The uplift or rocking behavior of a rigidlock under harmonic excitation is
nonlinear. Spanos and K&thave studied the rigid blocks resting on the rigid ground
and subjected to harmonic ground excitations and cdedlthat rocking rigid block
becomes more robust against toppling when subjected tefrieighency harmonic
excitation as compared with lefrequency harmonic excitation. Ishiyathdias
developed the overturning conditions keepiacceleration constant but varying
excitation frequencies. In contrast, Spanos ancf¥whre able to develop safe and
unsafe regions on the excitation frequency vs excitation amplitude plane. Pena et

al28 have performed the numerical as well as experimental studies on rogihg ri
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blocks subjected to harmonic excitation. Steatite response of rocking block
under moderate harmonic excitations is possible, and qhase steadgtate
responses concerning harmonic base excitation are unstable and either leads towards
out-of-phase response or toppling over of the rigid block. The only stable responses
are from the oubf-phase steadgtate responses with respect to harmonic base
excitation?>#! All in-phase vibrations will eventually become -ofifphase stable

responses or will become unstable and overturn stayipbase.

2.8.2 Rocking of Rigid Blocks Subjectedto Pulse Excitations

The study of rocking rigid block, subjected to pulse excitatiorssbean a matter of

interest for researchers due to the reason that pulse excitation possesses some
earthquakdike characteristicé®“° The rocking response of a rigid block rested on

a ground subjected to a sudden rectangular ground acaeleratio f ma@ nfiadrude 6
the smal 1106 diux ad e foinnedd wi th the help of Equa

initial rest conditions is written in Equatiai*

Equation6

Equation7

— W] ..
- 5 P AT B p

The condition of overturning can be established by equating the work done by the

inertial forcew &) "Qequal to the difference in potential energy from positiens|

to— TLTimedurat ond otequi red for tdmmoverumthe ant accel
rigid block is estimated and presented in Table 1. Recorded data from accelerograms

has shown that in some cases, earthquake ground excitation can be represented by

one wave of sine puls&dOEJl 6 [ , and the solution of rocking problem
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subjected to this sine pulse with initial rest conditions is given in Equ8tias
defined by Housnet*

Equation8

— P 10Eﬁ&1 G ... oglo T
-~ — Al B —————
| 0 1__“00'6“ n 9 OEI

n

In Equation8, OE[T "QZ¥HandATrO p "Qj@ . Overturning condition
for rigid block subjected to sine wave pulse excitatid®, EJl 6 [ ,isthat— Tt

at the instant whea [ A .Itis anecessary to condition to ensure that the
block reaches its maximum amplitude (about to overturn) just at the moment when
ground acceleration completes its first half cyélévhen a rigid block is subjected

to half sinewavepulse ground excitation, andlf) o, the condition of overturning
is defined in Tabl3° Where]  ¢“j"Yandry  dQtY. Itis clear from the
condition of overturning of the rigid block (as defined in TaR)l¢hat the stability
of rigid block for a half sinavave pulse increases with an increase in size and

decrease in slenderness ratio

Table 3 Condition to overturn a rigid block under different types of pulse
excitationg03439

Type of pulseexcitation Condition to overturn

Constant acceleration pulse

2
84

<

o

® )
‘q

Sle
©

Half sinewave pulse oy Yo
— ¢ —ifiIm o

Earthquake like series of pulses Y
NoRY%
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Dimitrakopoulos and DeJofYhave proposed a methéar directly developing the
overturning plots without repeating simulations for different parametgke
classical work on rocking blocks, Masi et"aproposed an analytical solution for
rocking motion under blast loading. They develope@ ithesign charts to
determine/calculate standoff distance against overturning. Bachmanfy &tk
studied the rolling and rockinghenomena of rigid blocks subjected to ricker pulse

by widening its flat base using curved flanges.

2.8.3 Rocking of Rigid Blocks Subjectedto Earthquake Excitations

A singlepulse solution of rocking rigid block is of little importance because actual
ground moibn consists of a series of pulses. Therefore, there is a possibility that
during an earthquake, a rigid block overturns at a smaller magnitude as compared
with a single pulse due to the accumulation of energy in the block from the preceding
pulses®® The rocking response of rigid blocks may change significantly due to small
perturbations and it is reported that rocking experiments are unrepeatable. However,
the researchers have concluded that the rocking response of rigid blocks can be
predicted statisticall{#*3%48Ishiyam&® has used actual ground motion records to
develop no rocking nor overturning, rocking, and overturning regions in the width
0602bdé vs height 02hdé s pec tnembars of Rassickli n g
columns resting on top of each other and subjected to earthquake excitation are also
studied theoretically and experimentaifyif the energy dissipation of the rocking
block is neglected, then the stability of the rocking block subjected to earthquake
like series opulses may be determined by comparing the energy required to overturn
the block and energy input by the earthquake. From the velocity response spectrum
S,, the probabilistic safe slenderness ratio can be obtained as described B*fable

| f the value of U is gr eat ethetprotmbilityt h e
of overturning the block is less than 50%. Hou¥heoncluded that it is the scale
effect that makes the larger of twojetts with the same slenderness ratio more
stable during an earthquake.
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2.9 Parametric Study for Rocking of Rigid Blocks

The prediction of the overturning of the rocking block, based on deterministic
analysis, is not reliable and the researcdiiéPseached conclusive remarks after
performing probabilistic amgses. The probability of overturning of the block
increases due to an increase in slenderness ratio, decrease in size and increase in
ground shaking intensity. Nevertheless, for the real earthquake of mixed waves, it is
challenging to reach a general cluston. Furthermore, the rocking response of the
block is very sensitive to a little change in the parameters. Sorrentin enagiled

the peak ground velocity (PGV) parameter of ground excitation as an assessment of
seismic hazard for rocking objects. Although PGA is an important intensity measure
parameter to start rocking, it does not play its role in overturning excephyor t
blocks. Overturning probability of rigid blocks is associated with peak ground
displacement (PGD) intensity measure for moderate slenderness and large
slenderness; it is more controlled by peak ground velocity (PGV) intensity
measuré? The dynamic behavior of free rocking rigid blocks is highly sensitive to

the initial amplitude ratio, small chargm friction, and imperfections of the blocks.
Behavior also changes with change in the interface materials. The energy dissipated
during the free rocking motion is highest for rubber interface, followed by timber
and concrete interfacéDue to @ increase in the height of the same width block,
both size and slenderness increase and these two parameters compete with each
other. In the classical theory of rocking rigid blocks presented by Hotfsher the

size efect that eventually wins over the slenderness effect but it is not applicable for
all frequency range of earthquake excitation. The stability of large and slender blocks
is very sensitive to the nature of ground excitation. This is explained with the help
of a single wavelet pulse of amplitucdeand the periodY. For a long duration pulse
(change in acceleration is slow), hence contribution from rotational inertia
(resistance to earthquake) is less and the block may become less stable. For short
pulse (rapid change in acceleration) more contribution from rotational inertia is

observed and more stable is the rocking block. Therefore, subject to long period
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predominant intense part of an earthquake, the large and slender blocks will
eventually overturnsaslenderness$ § wins the oversize (R) effect (contrary to the
classical theory of rocking rigid blocks). Eventually, it is the characteristic length
scale® "Y of the ground excitation that is more important in deciding about the
overturning of theree-standing large and slender rocking column. The larger the
length scale of pulse excitation, the lesser will be the stability. Sometimes, large and
slender blocks may overturn without rocking, but a substantial seismic input is
required for such contibns2’>” Makris and Vassiliotf have proposed a closed
form solution for the design of the width of a large and slender block that can survive

during pulse excitation.

2.10 Dynamic Models Proposed for Rocking Rigid Blocks

Rocking is a complex dynamic problem, and it is difficult to model it. Researchers
have proposed different models and tried to solve these models using numerical
analysis techniques, finite element methddcrete element method, and derived
closedform solutions as well. A brief review of these models and some other models

is presented in the following sections.

2.10.1  Analytical Models

Perhaps, Housn¥rpresented the first analgtél model of rocking rigid blocks,
conceiving it as an inverted pendulum problem. After this, many researchers
developed analytical models and their solutithid39:46.555760 Aglam et af® and
Psycharis and Jennirfyshave used the concept efuivalent viscous damping to
model the impact mechanism during rocking and written their computer programs
for numerical analyses. Pefia et®and Prieto et & haveperformed the analytical
simulation using two different tools: (a) Complex Coupled Rocking Rotation
(CCRR) method, and (b) Discrete Element Method (DEM). The CCRR method

combines the two pieesise nonlinear equations and coefficient of restitution,
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defined by Housne#?!i nt o a single formulati on. l n t
assumed to be a complex quantity and a single differential equation governs rocking
motion. Prieto and Lourenfoh ave used Lagrangeds for mul
piecewise equations as defined by Hou¥heto a single formulation. They have

also incorporated the damping mechanism into the same expression. Lipscombe and
Pellegrind® have thoraghly studied the free rocking of rigid blocks using a simple
rocking model (defined in their article) and compared it with other models. The
rocking surface does not remain under elastic stresses due to the concentration of
load on alternate edges duriragking. Therefore, Avgenakis and PsycHdrimve
proposed a macro element model to estimate the inelastic stresses developed on the
edges and withithe member during rocking. Truniger et*aktudied the flexible

SDOF structure mounted on a rocking base and subjected to pulse and recorded
earthquake ground excitations. In the case oebbéyiane rocking of a masonry wall,

to account fortie formation of secondary hinge near the corners due to crushing, a
threebranch momentotation curve is propos€d33 Analytical results are closer to
experimental results, using the proposed ttm@@ch momentotation curve. As the

slope of the monmm@-rotation curve of the rocking phase is negative; therefore, it is
challenging to perform numerical analyses for that phase. Researchers have proposed
a stepwise strength reduction method to simulate the negative stiffness behavior of
the rocking phas&“°Winkler spring model and an equivalent two spring model (at

the cornerof the rocking block) are also used to study the rocking (after partial
uplift) of buildings during earthquaké&$® Papantonopoulos et #.haveused a

distinct (discrete) element method to study the rocking behavior of discrete members
of the classical columns resting on top of each other. To make the solution of the
rocking problem computationally efficient, Vassiliou et®iave proposed a model,

which consists of anonlinear rotational spring hawig the same loading and
unloading pathsBachmann et & argued that the motion of rocking rigid blocks
could be predicted more accurately using the statistical approach (using an

ensemble/suite of ground excitations instead of a single growitdteon).
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2.10.2 Finite Element Models

Most of the commercial and opsource programs available for structural analysis
in civil engineering are based on the finite element method. Therefore, efforts are
made by many researchers to develop finite element sotutf the rocking block
problem. Vassiliou et 4f have proposed the rotational spring model for the rocking
of both rigid and flexible blocks, which is more straightforward and compatible with
readily available finite element software. Roh and Reirffdnave developed a
macralevel finite element model (using ABAQUS software) of the rocking column
and validated it from experimental results. Ma &t dlave proposed a model for
rocking structural elements which may be incorporated in finite element model
packages. Vassiliou et #lhave introduced a finite element model that is compatible
with the OpenSees framework. In this model, dermth fibers are used at the

rocking surfaced produce rocking.

2.10.3 Constant Acceleration Models

In the classical theory of rocking rigid blocks proposed by Hod$n@rcking is
defined in haHcycles between two consecutive impacts and the rocking block shows
a little variation in acceleration between two impacts. A simplified rocking model is
proposed, in which acceleration between two consecutivecisimconsidered as
constanf®’°The proposed constant acceleration between two consecutive impacts
is calculated by establishing conditions of equality between proposed and classical

rocking theories.

2.10.4  Equivalent Nonlinear SDOF Model

Priestley et at® proposed that the rocking system can be assumed with an equivalent
SDOF elastic system having a constant damping ratigparidd depending upon

the amplitude of vibration. Hence based upon this assumption, displacement

34



response spectra can be used to estimate the maximum displacement during rocking
of the system. They have also developed a curve to define the equivalemglamp
ratio of the rocking system based upon the coefficient of restitution and validated
their theory performing laboratory experimentations. Lagomatsihas also
presented a nonlinear equivalent SDOF system to define the rocking of masonry
structures and proposed a displacent@®ed capacity curve. For consideration of
rocking behavior, FEMA 356 (2@)’* has also adopted a similar procedure using
elastic response spectra and equivalent viscous damping. According to some other
authors®37%%%t he rocking of rigid block canot
elastic system due to the reason that these are two fundamentally different systems
and behavior of rigid rocking block is nonlinear and highly sensitive to small
perturbations. A convential elastic model has positive stiffness and a set of natural
frequencies, but the rocking of rigid block exhibits negative stiffness and does not
possess discrete natural frequencies. As the rocking period of the rigid block is
dependent upon the ampligidcatio (—j | ); an instantaneous frequency, instead of a
discrete frequency, can be defined representing its highly nonlinear nature. The
estimated natural period of the rocking block does not remain constant but it

decreases as the free vibration proseags shown in FigureXb).

2.10.5 3D Model

The rocking of the rigid block is a 3D problem, while most of the articles discuss 2D

rocking behavior which is a limiting case of it. The 2D rocking model does not

exhibit the exact behavior in which the block magoaiwist on its corners instead of

anedge. ChatzisandSmithave used Lagrangeo6s equation
two 3D models for the rocking of rigid blocks: 1) the concentrated spring model; 2)

the Winkler model. In the former, springs and dampezscansidered at the corner

only, while in the later, springs and dampers are distributed. Konstantinidis and
Makris'* have used the Lagrange equation of motion and rotation tensors to defined

3D rocking of rigid blocks. However, the authors did not incorporate energy
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dissipation due to the impact of this formulation. The 3D rocking of rigid cylinders
modeled on the Winktefoundation with spring and dashpot is studied by Koh and

Hsiung’®

Existing 2D rocking models may give a reasonable guess of the 3D rocking response
without demonstrating the actual response of 3D behavior. Therefore, 2D rocking
motion cannot be simply extended to define 3D rocking andivapmotion of a

rigid block or cylinder’® In 3D rocking and rigid wobbling block, the presiding mode

of motion is wobbling, and rocking impact infrequently occ@iRajah et af® have
proposed a model to study the rocking and wobbling of four cylindrical columns

having a rigid slab on top of it.

2.11 Resonance Free Behavior of Rocking Rigid Blocks

The rocking blok does not vibrate at a specific frequency because its frequency is
dependent upon the amplitude of the vibrations. Therefore, a rigid rocking block,
instead of discrete natural frequency, exhibits instantaneous frequency which
changes after each impactnlite elastic SDOF oscillatory systems, the rigid
rocking block does not resonate at a specific frequency. Natural ground acceleration
frequency matching changing frequencies of the rocking body and causing
resonances is very unlikely. Therefore, to indieesonance in rocking systems, it is
necessary to apply a ground excitation that has identical or similar frequency changes
following the frequency changes of the rocking body. This artificial excitation is
known as fAresonant i way towards theadevelopmeént oh a s

reliable resonance spectra for rigid rocking blotks.””

2.12 Rocking Structures in Civil Engineering

The use of rocking members for earthqudkenagemitigation of structures is one
of the attractiveideas which can be used for civil engineering structifesigure

2.12 gives an idea about the rocking structures used in Civil Engineering.
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2.12.1  Rockingin Bridges

The concept of rocking of piers was introduced as a source of isolation in bridges

five decades ag6 Researchefé 8 have stidied the rocking bridge piers as a source
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of seismic isolation. Chen et%have performed theoretical and experimental studies
to evaluate the rocking of a viaduct pier in the lateral direction. Although the
literature is aviable in support of rocking isolation of bridges and its structural
stability, even then, designers are reluctant to design rocking pier systems mostly
relying on conventional systerfsThe rocking and wobbling pier isolation of a
typical bidge may perform well even against strong ground excitafforsin et

al® introduced the yielding metallic damper at the base of rocking columns of a
bridge pier in their smhascale experimental study and FEM model. Expressing
rocking motion through a displacement is more relevant as compared to the tilt angle.
Therefore, the displacemebased design method may be applied for the designing
of rocking columns of bridges anther structure& Sieber et af? proposed a couple

of simplified analysis maels of rocking bridge pier rested on deformable soil. The
proposed models can predict the maximum rotation of the rocking pier due to ground
excitation but unable to predict the settlements and damping (due-&irgoture

interaction) accurately.

2.12.2  Rocking of Masonry Walls

In the absence of betype behavior of masonry wall structure, during an earthquake,
masonry wall may rock and overturn in the out of plane direéfi@ut of plane
rocking of masonry walls can be defined with the help of alivamch or three
branch momentotation curve’®>® Casapulla et &} have reviewed the recent
advancements in the field of rocking behavior of masonry walls guidiegd how
different researchers had extended the concept of rocking of rigid blocks to define
the rocking behavior of more complex problems like the rocking of masonry walls.
Sorrentino et al® and Shawa et & have studied # rocking behavior of
unreinforced masonry facades restrained from one side. They have concluded that if
the rocking is restrained on one side and the facade is allowed to rock on the other
side (outward direction only) it may lead towards more destructiselts due to
rebound on impact with restraint. In esieled rocking, there are two possible
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impacts: (a) at the bottom of the wall due to rocking which may cause dissipation of
energy and (b) the impact with the restraining transverse direction wakh wiay

cause a rebound of the rocking fagade. The latter may cause overturning or collapse
of the rocking fagade. Different researchers also developed equivalences between a
rocking masonry wall and an SDOMriestley et at® have performed the
experimental study in which a masonry wall is subjected to free vibration, harmonic
excitationand earthquake excitation forptane rocking motion, and developed an
analysis procedure based upon elastic response spectrum. Shaw? leaval.
performed the experimental studies for the-aplane rocking of the facade
connected with two masonry walls forming asblaped masonry structure.
Experimental results areompared with the results obtained from the distinct
element method (DEM) and an SDOF model. Both models have proposed good
agreement with the experimental results. Masonry walls subjected to earthquake
excitation possess extra dynamic stability againsttox@ng (collapse) even after
cracking (at the bottom) and rockifgDeJong and Dimitrakopoul®shave tried to
develop an equivalence between a single rocking block and out of plane rocking

masonry walf®

Capelli et af® have proposed a simplified model for theformable rocking block

to study the out of plane rocking of a masonry wall and compared the results with
t he Housner 0-8oggroand MalagiLhuguitayp&s studied that the
performance of anchored rocking walls increases if supplemental rotational inertia
is introduced into the system. Tomassetti € @roposed an equivalent viscous
damping model based upon the experimental and analytical coefficient of restitution
for out of plane rocking of the unreinforced masonry wall. Como%talve studied

the rocking response of cracked masonry walls in case of ground excitations. Based
on the Housnerodos rocking r% gropdsedbah o c k
equivalent 2D model to study the typical corner failure of a masonry building due to

the development of a roekg mechanism during an earthquake.
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2.12.3  Rocking of Plane Frames

Researchers have proposed an equivalent singlestineding rocking column to
explain the behavior of the rocking plane frame and concluded that the rocking frame
iIs more stable as compared withet single rocking column in case of an
earthquaké®*®°DeJong and Dimitrakopul&shave also developed an equivalence
between a single rocking block and a rocking frame (as well as a rocking arch).
Vassiliou et af® have used the deformable rocking block model to study the simple
rocking frame. Bachmann et @l.have studied the SDOF podium structures
supported by a simple rocking plane (columns can exhiptane rocking). They
studied the behavior and investigated the accuracy of the rules of thumb defined by
Polyaskov’!

Furthermore, the equivalent static lateral force procedure does not captur@dhe act
rocking behavior and dynamic analyses are reqdfétf° Bachmann et af
introduced the concept of rolling and rocking of the frame in which the end flat
rocking surfaces of the columns (in a frame) are widened using curved flanges. By
doing so, the stability of therdme is increased without increasing the uplift

acceleration.

2.12.4  Rocking of Rigid Blocks Anchored to The Ground

When rigid rocking blocks are restrained vertically with elastic anchors/tendons, the
resistance against the overturning of small blethgected to long period excitation
increases. However, the effect of vertical restraint on the rocking behavior of rigid
blocks and anchored walls diminishes due to an increase in the block size or increase
in the frequency of excitatioif:®’
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2.12.5 Rocking Mechanismsin Buildings

Researchers have introduced various rocking mechanisms in buildings for
earthquake response modification. Blebo Ro#e? have introduced a rockingie

in concentrically braced frames along with buckling restrained columns to reduce
inter-story drift. Cheng and Ch&bhave performed an experimental study by
introducing the concept of rockers for the isolation of the steel frame. The
experinental study has shown that the performance of the proposed rocking base
isolation system depends upon the aspect ratio of the rocker, shape of endplates, and
the nature of ground excitation. Freddi ef®have designed the rocking column
base along with pogensioned steel bars and friction dangpdihis rocking column

base can be used in sedntering momentesisting frames and it protects the first
story column from yielding. Due to the presence of friction dampers and post
tensioned steel bars, the moment rotation curve has no negativelgishews flag
shaped hysteretic behavior. A similar study of the rocking base of steel columns is
performed by Liu et ain which metallic slit dampers are used instead of friction
dampers at the base of the column. The theory akimg blocks is used to study
partial uplift or complete separation of building from its foundation during an
earthquake and a simplified two spring model is proposed by Psycharis and
Jenning®, and Psychari8. A seltcentering rocking system for steel buildings is
proposed by Azuhata et ¥lin which structural elements can rock during severe
earthquakes and hence protects the steel stescfuom yielding and permanent
damages. The rocking isolated frame (used in buildings) is introduced by reducing
the dimensions of footing and allowing for the formation of hinges in beams in case
of strong earthquakes. The performance of rocking isofedatks is better than that

of its conventional counterpatt. RiosGarcia & BenavenClimenf® proposed
rocking isolation of buildingin which the bottom story columns can rock and
metallic yielding dampers damp these columns at the lateral restraining edges of the
columns. Columns are restrained by central steel bars which provide restoring force

in case of limit lateral displacememtowever, the authors did not pay attention to
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control the slip of the rocking columns and did not pay attention to the 3D behavior
of rocking columns which is quite different from the 2D rocking behavior. Hashemi
and Quennevill¥ proposed a friction damping and restoring mechanism at the
corners of the irplane rocking walls of the wooden structures. They developed the
numerical model using SAP2000 and performed time history analyses for different
earthquake records. Bachmann ef®aproposed an analytical model and its
experimental verification of an SDOF structure connected at the top of a rocking

column singé-story frame structure.

2.12.6  Rocking of Chimneys

Sharpe and Skinn€rhave modeled and built an industrial chimney to rock during
large earthquakes. Vassiliou et*ahave theoretically studied the performance of
that chimney with and withoubcking. They have used the simplified rotational
spring model (to model rocking behavior) at the base of the chimney and concluded

that rocking had enhanced the performance of chimney under saisipits.

2.13 Remarks

The following remarks are summarized &@h®n a comprehensive review of rocking

rigid blocks which are presented in this chapter:

1 Simple static analysis for establishing overturning criteria under dynamic
loading is not enough and requires a dynamic investigation.

1 The vertical component of grodmexcitation may be ignored during analyses
of the rocking of rigid blocks.

1 The probabilityof single rocking block overturningincreases due to
increase in slendernesd ¢ cr ease i n s | i@ dedreasenie s s
rocking columnsize (R), andii) increase in ground shakirarceleration

amplitude.
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Peak ground velocity (PGV) is an essential parameter for seismic hazard
assessment of rocking objects.

Larger weight and rotational inertia make the rocking blocks more stable.
The rocking of a rigid block is nonlinear and highly sensitive to small
pertubations (chaotic).

The rocking of a rigid block cannot be treated as an equivalent SDOF elastic
system.

The rocking frame is more stable as compared with the single rocking

column.
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CHAPTER 3

METHODOLOGY

This research aims to develop argthighRockingColumn (ROC)seismic isolator
for the residential buildings. Figu®l presents a brief flow chart of the research
road map, and the researabmmencesvith a survey of existing literature for the
better understanding of the rocking beloav The next step is to develop the
numerical model of the rocking columnwll-knownstructural analysis and design
framework (SAP2000 v21 or SAP2000 v22) is used fordbeelopmentof the
rocking column model.

2. Numerical model of

3. Experimental

the numerical
simulations

analyses

1. Literature review |——>| rocking column using validation of the
SAP2000 software numerical model
v
- - 6.2D analyses
t4.£es(i:gogn(g Egi"dr:??or 5. Selection of ground comparison of DRC
ype, ' g ——>| motion data suite for the seismic isolation with

conventional isolation
systems

vV

7. 3D analyses
development of guide
chart for preliminary
design of DRC seismic

isolation system

—

8. Conclusions

Figure3.1 Flow chart explaining different steps involved in the research.

As the rocking model is sensitive to change in parameters (like ground excitation,
damping ratio, slenderness and size of the rocking column), thereforesseistial

to validate the proposed numerical model with the help of laboratory experiments.
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The laboratory experiments are performed in two phases. The first phase consists of
experimental validation of the rocking of solitary wooden column. The secosd pha
comprises of the experimental validation of a wooden podium structure which is
made up of four rocking wooden columns and a stiff roofing board resting at top of
these four column. Theolumnbase and columroof connections are made to rock

the structve as a whole. After the accomplishment of the experimental validation of
the numerical rocking model, the next step is to perform further numerical study
using SAP2000 software. A data suite of eight different ground motion records is
used to study the bavior of the rocking structure. The numerical study is
categorizednto 2D analyses and 3D analyses. The category of 2D analyses deals
with the dynamic response of tROCseismidsolated buildings and its comparison

with the conventional seismic baselaion systems. This comparison gives an idea
about the adequacy of the propo&dC seismic isolation system in the buildings.

The effect of different parameters like height of the building, width and height of the
rocking column, bay size, and differeairthquake records are studied in the
category of 3D analyses. The results of the 3D analyses lead to the development of
guide charts for the preliminary design ROC seismic isolation for residential

buildings.

3.1 Details of building plan, grid size, and leight

A regular building plan is proposed for the 2D and 3D analyses using SAP2000. A
uniform grid size of 5m is used for the 2D analyses, having four bays in both
directions. Four and seven stories are the two different building heights for 2D

analyses.

The building plan of 3D model is of two types, one with 5m bay size and the other
with 7.5m bay size (as shown in Figu#@). The reason behind the selection of 5m
and 7.5m bay sizes is that these are suitable for the parking facility. The former bay
sizeis suitable for the parking of two carsbetweertwo consecutive columns and

the later bay size is suitable for the parking of three cars in between two consecutive
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columns. As theROC seismic isolation is proposed for the typical residential
buildings;therefore, four to seven stories of the building are used for the analyses.
Another variable parameter for the 3D analyses isstbedernessf the rocking
columns and details about this parameter is available in the coming sections.
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Figure3.2 Grid plan of building for the 3D analysdgs) 5m bay distance, (b) 7.5m
bay distance, (c)4shaped building with 5m bay distance

3.2  Selection of earthquake data suite

The belavior of the rocking stuctures is sensitive to the change in ground motion
type and earthquake magnitude. The rocking structures are vulnerable to large
changes in its response due to small changes in the ground motion record, and it leads
us to use a range of ground motion de¢d Therefore, a suite of eight different
earthquake records (Tab#y is used for the numerical analyses of the rocking
structures. The ground motion data is downloaded from the PEER. In Table 1, R_rup
value is the shortest distance from the ruptureasetb the station point where data

is collectedand Vsois the average velocity of the shear wave at a depth of 30m from
the surface. The selected ground motion data suite covers diflsmeihiquake
magnitudes antlypes of fault mechanisms, e.g., normal, reverse, reverse oblique,

and strike slip fault
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Table4 Suite of eight different ground motion data (PEER)

Serial Year| Station Mw R_rup | Vso
No Earthquake Name Mechanism | (km) (m/sec)
Name
1 | Imperial 1940| El Centro| 6.95| strike slip 6.09| 213.44
Valley Array #9
02_USA
2 | Kobe_ 1995 | Nishi 6.9 | strike slip 7.08 609
Japan Akashi
3 1994 | Arleta -| 6.69| Reverse 8.66| 297.71
Northridge Nordhoff
01 Fire
Station
4 | Campano | 1980| Sturno 4.9 | Normal 28.68 382
Lucano (STN)
(aftershock
9) ltaly
5 | Duzce 1999 | Duzce 7.14| strike slip 6.58| 281.86
Turkey
6 | Erzican_ 1992 | Erzincan | 6.69| strike slip 4.38| 352.05
Turkey
7 | Kalamata_ | 1986 | Kalamata| 6.2 | Normal 6.45| 382.21
Greece0l (bsmt)
8 | Loma 1989 6.93| Reverse 3.85| 462.24
Prieta USA Corralitos Oblique

In the ground motion data suite, each earthquake consists of two horizontal records.
All of the records used for the analyses are unscaled ardased. Figur8.3 to
Figure3.10 show the acceleratigime histories of two horizontal components and

acceeration response spectra of all the selected earthquakes.
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Imperial Valley-02 USA, H, (M=6.95)
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Figure3.3 Imperial Valley02 earthquake, 1940, USA, El Centro array # 9.
Acceleration time history component ELC180 (top left) and component ELC270
(top right). Acceleration response spe¢&% damping) component ELC180
(bottom left) and component ELC270 (lmott right).
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Figure3.4 Kobe 1995, Japan, Nislikashi. Acceleration time histoilycomponent
NIS000 (top left), component NIS090 (top right). Acceleration response spectra
(5% dampingi) component NIS000 (btatm left), component NIS090 (bottom

right).
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Figure3.5 Northridge01, USA, 1994, ArletdNordhoff Fire Station. Acceleration
time historyi component ARLO90 (top left) and component ARL360 (top right).
Acceleration response specf&& damping) component ARL090 (bottom left)
and component ARL360 (bottom right).
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Figure3.6 Campano Lucano (aftershock 9), Italy, 1980, Sturno. Acceleration time
historyi component STUOOQO (top left) and component STU0270 (top right).

Acceleration response specfi& damping) component STUOOO (bottom left)

and componersTU (bottom right).
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Figure3.7 Duzce, Turkey, 1999. Acceleration time historgomponent DUZ180

(top left) and component DUZ270 (top right). Acceleration response sig%ira

damping)i component DUZ180 (ittom left) and component DUZ270 (bottom
right).
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Figure3.8 Erzincan, Turkey, 1992. Acceleration time historgomponent ERZ
EW (top left) and component ERYS (top right). Acceleratioresponse spectra
(5% damping) component ERZEW (bottom left) and ERAS (bottom right).
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Kalamata Greece, H1 (M=6.2) Kalamata Greece, H2 (M=6.2)
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Figure3.9 KalamataOl, 1989, Greece. Acceleration time histbrgomponent
KAL -NS (top left) and component KAWE (top right). Acceleration response
spectrag5% damping) component KAENS (bottom left) and component KAL
WE (bottom right).
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Figure3.10 Loma Prieta, 1989, USA, Corralitos. Acceleration time history
component CLS000 (top left) and component CLS090 (top right). Acceleration
response spectf&% damping) component CLS000 (bottom left) and component
CLS090 (bottom right).
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3.3  Anatomy of 2D analyses

In the first category of analyses, whieale 2D analyses, two different building
heights are proposed. The first building is a four story building and the second
building is a seven story building. In the categofy2D analysesROC seismic
isolation system is modelled at the bottom story and the anafgsedts are
compared with that o€onventionalbase isolation systems and regular building
without isolators Two conventional base isolation systems used fctimparison

are the friction pendulum system (FPS) and laminated rubber bearing (LRB). Other
variable parameters are the mass irregularity and stiffness irregularity along the
height of the building. Mass irregularity is achieved by the means of intreglaci
massive slab at thérst-floor level. In the mass irregular building models, the
thickness of thdirst-floor slab is 0.4m as compared to the thickness of the regular
remaining slabsbeing 0.15m. Whereas, stiffness irregularity is achieved by
increagng the height of the ground floor from 3m to 4m (soft story effect at the
ground floor level). The concept of mass irregularity (Mi) and stiffness irregularity
(Si) is further explained in Figure 11.

Mass irregularity (Mi) Stiffness irregularity (Si)

Slab i
odqom-+— | 1 1 [
thick I I Story
height
4.5m

Figure3.11 Introduction of mass irregularity by increasing the thickness to 0.4m
(left) and introduction of stiffness irregularity by increasing the height of ground
floor to 4.5m (right).

Height of the building, type of isolation, and type of irregularityadticed into the
building are the variable parameter for the 2D analyses category. The combination
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of all these parameters makes the total number of models equal to thirty. A
nomenclature is defined to explain each model. An example afidhmenclaturés
explained in Figureé8.12. There are three portions of the nomenclature, the first
stands for the number of stories, the second stands for the type of base isolation, and

the third stands for the type of irregularity.
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Figure3.12 Nomenclature of the developed for 2D analyses

Typical building Mass irregularity

Stiffness irregularity

w4 Story w4 Story w4 Story
wRegular column wRegular column wRegular column
wFPS wFPS wFPS
wLRB wLRB wLRB
wRock20 wRock20 wRock20
wRock30 wRock30 wRock30

w7 Story w7 Story w7 Story
wRegular column wRegular column wRegular column
wFPS wFPS wFPS
wLRB wLRB wLRB
wRock20 wRock20 wRock20
wRock30 wRock30 wRock30

Figure3.13 List of the thirty models used for 2D analyses
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3.4  Anatomy of 3D analyses

In the second category of analy$ethe 3D analyses the intention is to develop
preliminary design graphs for tHROC seismic isolation system which applies to
medium rise residential building. The variable parameters in this category of
analyses are ¢hwidth of rocking columns, height of the rocking column, height of
the building, and bay size. The combination of all these parameters makes the total
number of models equal to sixty four (64). A naralature is also defined to explain
every model in thisategory and it is areonstrated in Figur8.14. The nomenclature
consists of four groups of letter, the first group stands for width of the rocking
column, the second group stands for the height of the rocking column, the third group
stands for the numbei stories. The last group (if present) stands for the larger bay
size (7.5m bay size). In case the last group is missing in the nomenclature, it

represents the smaller bay size (5m bay size).

/Q.éb (:%Hx:é‘sx:\

Width of Height of Number of storie + sign

rocking column rocking column  4S: 4 stories if present then
0.3b: 0.3mwidth 3H: 3m height 5S: 5 stories 7.5m grid size
0.4b: 0.4m width ~ 4H: 4m height ~ 6S: 6 stories otherwise
0.5b: 0.5m width 7S: 7 stories 5m grid size

Figure3.14 Nomenclature defined for 3D analyses.
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CHAPTER 4

THEORY AND NUMERICAL MODEL OF THE ROCKING COLUMNS

TheRockingColumn (ROC)keismic isolation system is a system which isolates the
super structure via rocking of columns. The complete knowledge of rocking behavior
and its characteristics is important to understand. Let us consider an example of a
solitary rectangular column fohé better comprehension of the rocking behavior.
Figure4.1 shows a single rectangular column supporting the weighot the super
structure. The forces participating during rocking of column and the restoring
moment to bring the column back to its onigii position are also shown in Figure

4.1. The lateral force due to earthquakgds, the width of the rocking column is b,

and the height of the rocking column is h. The column starts rocking when the
moment due to the lateral ground fofe&, exceeds tl restoring moment due the
weight of superstructund/ (if we ignorethe selfweightof the column as compared

with the weight of the superstructure). In other words, the rocking initiates when the
acceleration due to ground motiordpis greaterthanthé b/ hdé r ati o mul t i

t he gravitati on ado>@- b/lt).dheanathematicahderidagian of( i . e .
this condition is presented as follows:

Fech>W-b Inequality 1

Feqo>W-b/h Inequality 2

As O6MO6 i s t he mars,therefdreWWt=IMg andFaop-@eM. Bhe r uct u
Inequality 2 becomes;

aQ:-M>M- g -b/h Inequality 3

aeq> (g -b/h Inequality 4

Hence, ao > g -b/h is the necessary condition for the column to start rocking, having

a slab at top of it. As the veréiccomponent of the ground acceleration has marginal

effect on the rocking response of rigid blocks; therefore, it does not appear in the

above derivation.
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Restoring Momentyes
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Point of Point of

contact b rocking
Point of Point of
rocking / contact
3 = =
FEQ U EQ
W m. =W(b-x) W

Figure4.1 Diagram showing the forces required to trigger the rocking of column,

and the restoring momentda

The restoring moment, 3= W-(b-x), is present during rocking only, and its tries

to bring the column back to its original position. For a single stigty tolumn (h =
3.0m) allowed, for example, to sway up to a distance of 30cm during rocking, the
calculated width o6bdéd required for col umn
Substituting b = 30 cm, h = 300 cm, and g = 10 m/s2 in Inequality 4, the ground
acceleration should be greater than 1 m/s2 or 0.1g in order to trigger the rocking of
columns. The proposed calculations show that columns initiate rocking at ground
acceleration of 0.1g and can rock up to 30cm istery drift in one direction at the
isolation level for the proposed dimensions of the column.

The literature review indicates that the slope of moment rotation curve is large and
positive just before the initiation of rocking, but after the initiation of rocking, it
becomes negative. A free bodiagram and geometry of the rocking column is

drawn in Figured.2 to derive the lateral force vs. lateral displacement relationship.
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In Figure4.2 , F(x) is the force required to pr
OWO6 is the | oad. Readtaage aecd ip the originalrpositidn wfr e
column before rocking and rectangle a'ec'd’ is the position of column after rocking.

The width of column is b and the height is h. After the start of rocking motion, as the

top edge of the @oadamowmntdi spl dces amate, 0xt
experiences a Vv egrlttsiessential tauderlve ldteral desplaceamens t o |
vs. lateral force relationship to compute the stiffness of the column during rocking

motion. The stiffness of the rockinglamn is maximum at lateral displacement x =

0, and it decreases to zero at lateral displacement x = b. At x > b, system becomes
unstable due to overturning; therefore, a stop mechanism is required to restrain the
rocking col umn b e ferwiseetheGocking colerancvhl everturda b 6 . O
and the structural system will become unstable. Equ&isnderived from right

angle triangle fed' in Figu#2 as follows:

Figure4.2 Free body diagram and geometry of rocking column
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Equation9
O QY Y
The vert pmaybe expredsedfag a function of lateral displacement x and

geometrical properties of the column, b, h, and R, as shown in Eq@étion
Equationl10

1Y 60w
k= 0 @ x ~=Rh@xa=mwd 0

Conservation of emgy approach may be used to find the lateral force F(x) as a
function of | at er al di spl acement . The work
di st abn cies 0diq u a |storedm the sysgemd&bEn=aii,) gThe lateral force

may be obtained after taking the first deri-

0x0. Eld amal tEquationl2 show the expression for the lateral force, and

Equation13 shows the final form of the expression.

Equationll
.y Q0O
W .
Qw
Equationl2
0 ¥ 6o Qo
"Ow -
Qw
Equationl3
Oow —
Y W W

Alternatively, the same expression may also be obtained from the equilibrium of the
momentum. The moment equilibrium of the rocking column is shown in Equation
14.

Equationl4

o o 0]
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Figure4.3 Normalized displacement wsormalized force for different b/h ratios

Substitut i ngnEguatmnldyeeldsuthe samé expression as Equation

10. The normalized lateral displacement vs. norpedl lateral force curve is shown

in Figure 4.3. The behavior of F(x) vs. x is nonlinear for high ratios of b/h but it
becomes reasonably linear for b/h ratios less than 0.2. In most of the practical cases,
b/h ratios of the rocking columns are usuallglden 0.2; therefore, it is appropriate

to simplify the above expression into a linear expression. For b/h < 0.2, let us assume

t hat Yh @ o =h,the Equation 4 can bewgitten in form of Equation

15as below:
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The Equation 6 applies to b/h ratios lesser than 0.2 as shown in Figure 4.4.
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LI- —
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O
S
'c .
()
N
T
£
o
zZ

-0.25 -
Normalized displacement, x/b

Figure4.4 Linear approximation of F(x) v relationship

4.1 Definition of the numerical model for SAP2000 software

As the rocking behavior is less understood among the community of civil engineers;
therefore, the software developers put less efforts to incorporate the rocking behavior
module in thecommerciallyavailable finite elerant analyse$rameworks It is a
tedious job to develop the numerical model of the rocking behavior which can also
be utilized within the commercially availableoftware In this research, a simple

numerical model is proposed which can be easily modellé¢idei already available
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finite elemensoftwarelike SAP2000. Figurd.5 showsthe fundamental diagram of

the free rocking column model.

Column

| — Shear link
/ _~Nonlinear spring
;I

Ground / Support

Figure4.5 Numerical model ofree-standingrocking column

In this model, the column is made up of concrete or steel. The bottom corners of the
rectangular column (about which the column is assumed to rock alternatively) are
attached with the ground with the help of nonlinear springs. The nonlinear spring is
very stiff under compression anery flexible under tension. In this way, the spring
allows the corner to uplift but does not allow the corner to sink. The rocking model
is incomplete without the provision of a shear key or shear link, because in the
absence fothe shear link, the column may slide infinitely. The shear link is
mandatory to prevent slip of the column and to transfer necessary shear forces. Any
stiff prismatic truss element which does not deform axially during the earthquake
loading may serve theurpose of the shear link. Hence the axial deformation of the
shear link is negligible. In actual scenario, both ends of the column experience
rocking motion; therefore, it is necessary to replicate the same rocking model at the
top of the column as welkigure4.6 shows a column supporting a slab at top of it
and experiencing rocking at both ends.
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Slab

==
\Nonlincar spring

Rigid shear link

Column

=

Ground / Support

Figure4.6 Numerical model of a rocking column supporting a slalistop

The same rockingehaviormay be obtained with four different combinations of the
shear links. Two of them yield the similar stress (either tension or compression) in
both shear links, anché remaining two combinations yield the opposite stress
(tension in om end anadompression in the other, or vice versa) in the shear links.

The four possible combinations are drawn in Figure

Slab Slab Slab Slab
= T
Column Column Column Column
= = = = =
Ground / Support Ground / Support Ground / Support Ground / Support
Similar stress in shear link Opposite stress in shear link

Figure4.7 Different possible configurations of shear links in the numerical model
of rocking column

Let us consider an example to explain further the direction of stress (either tension

or compression) in the shear links. Considerléise combination shown in Figure
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4.7 with opposite stress directions in the shear links. All possible six phases of

rocking are drawn (in Figu8) for these combinations

Slab

Slab
E EE

= = ==

- - e — —_— —_ -——
Earthquake Earthquake Earthquake Earthquake Earthquake Earthquake

Figure4.8 Different phases afocking and the corresponding stresses (either
tension of compression) in the shear links.

Phase 1 is the rest state of a rocking column (rest at both ends). When an earthquake

hits the column (coming from right to left), the bottom shear link will exqpee the
compression, and the top shear link will experience the tension. These shear links
are shown with dotted | ines and compress
60TO. I f the earthquake accel er ditionton 1 s S
initiate the rocking, then the rocking column will uplift from one end (left) while

rock aboutthe other end (right). At phase 2, the bottom shear link is under
compression and top shear link is under tension. Suppose that the direction of
earthquake has changed, so the direction of stresses in shear links will also change

as shown in Phase 3. Due &versal of earthquake direction, the column will try to

come back to its original position, as shown in Phase 4. At Phase 4, the bottom shear

link is under tension and top shear link is under compression and same is the case

with Phase 5. At Phase 5, rigtittom end of the column is uplifted and column is

rocking about left bottom end. If the earthquake changes its direction, then again, the
direction of the stress in shear links will be the same as that in the phase 1. In this
example, at any possible g&aof an earthquake, the strdggctionin the shear links

(top and bottom) are opposite. There are only two possible shear link combinations

with opposite stress directions. However, the reader can imagine the case with

similar stress directions in tlslear links as well.
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4.2 Role of the gap length

The nonlinear spring element used to define the rocking column model introduces a
gap between the ground and bottom of the column, and between the slab and top of
the column. The length of the gap may cause lglide or slip of the column during

rocking motion, as shown in Figude9.

e f S ' fy

Figure4.9 Shear slide at the ends of the rocking columns due to the high axial
stiffness of the shear link can be ignored.

In the Figure 4.9, a rectangular column abcd is attached with ground and upper slab
with four nonlinear spring elements; ea, fb, cg, and dh. Two shear link elements, fa
and dg, are attached in such a way that similar stresses will be developed during
rocking.Let us suppose that the column has started rocking about point b and all the
points have changed their positions as shown with subscripts 1. After uplift of corner
a, the length of the shear link may increase from fa to flal, such that flal = fa + dL.

As shear link is very rigid, this will not happen and shear link will apply a force on
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the column to slide or slip. A similar force will also act at the top of the column due
to the shear link. Smaller the length of the spring element, smaller will be ¢og eff
of additional slide or slip. Smaller length of nonlinear spring element will filter out
the effect of additional shear slide or slip of the rocking column.

4.3  Extension of 2D rocking model concept to make 3D rocking model

The concept of 2D rocking model is extended to develop 3D model of the rocking
column. The 3D model also employs the basic concept of using nonlinear spring
elements and shear links. Finite elemeaftwarelike SAP2000 are capable of
developing the propesl rocking model. The step by step formation of the 3D
rocking model is shown in Figu#l0. Figure 4.10(a) shows four nonlinear links
which are rigid under compression and flexible under tension in along its axis. The
stiffness of the spring in two othkateral directions is explained in Figure 4.11. For
the 3D rocking model, four corner springs are required in contrast to the 2D model,
where two springs are sufficient to define the model. The next stage of the
development of the model is modeling twaahlink elements in the xz as shown in
Figure 4.10(b & c). Figure 4.10 (d) shows the modelling of frame elements so that
the deformations of the springs remain in one plane. In Figure 4.10 (e,f,g, and h), the
same model is replicated in the upper layertt@ rocking in yz plane. This model

is capable of producing rocking in the xz plane, yz plane, or in both planes. The
model is also capable of rocking about the corner points. The stiffnesses of the
nonlinear spring elements is explained in Figure 4THe springs at the bottom

layers are fixed at the base against 6DOF-.
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Top layer of nonlinear springs

Ux: fixed/very rigid

Uy: free/very flexible

Uz: very rigid under compression and very
flexible under tension

Rx: free/very flexible

Ry: fixed/very rigid

Rz: free/very flexible

Bottom layer of nonlinear springs

Ux: Free/very flexible

Uy: fixed/very rigid

Uz: very rigid under compression and very flexible
under tension

Rx: fixed/very rigid

Ry: free/very flexible

Rz: free/very flexible

X Note: springs are restrained at the base against 6DOF

ST ST, W

S s,

ool sy

R, T
I S I RN
S

X

Figure4113 D rocking model, DOFO6s are explair
springs and top layers of the springs.
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CHAPTER 5

EXPERIMENTAL VALIDATION OF SAP2000 MODEL

The next step following the development of numerical model of the rocking column
in SAP2000 is its experimental validation. The experiments performed for the
validation of rocking column model are conducted in tvinages. The following

paragraph briefly overviews these two phases of the experiments.

5.1  Overview of the experiments

Two phases of the experiments are performed to validate the SAP2000 rocking
column model. The first phase of experiments corresponds todtutymre of a free
rocking wooden column. In the free rocking of a solitary wooden block, the free
rocking tests are performed with and without additional weights at the top. The free
vibration tests are repeated for different initial rocking conditions #rel
corresponding models are prepared in SAP2000. The comparison of the SAP2000
rocking model results and experimental observations have validated the proposed
rocking model. Second phase of experiments conforms to the forced rocking of a
simple podium ke prototype. The podium prototype consists of a roofing board
supported by four wooden columns at its four corners. The wooden columns are
connected with the roofing board with the help of particular hinges which allow the
structure to rock. Manual vibiahs are induced at the base to rock the prototype.
Accelerations at the base and the roof level are observed with the help of
accelerometers. The experiments are repeated with different ground excitations
(which are manually produced) and the correspanditodels are developed in
SAP2000.
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5.2  Free rocking of a solitary wooden column

The free rocking of a solitary wooden column consists of a single wooden column
prototype allowed to rock freely on glass and laminated floor surfaces. The column
may or may not aay additional weight at the top. The rocking column is displaced
at the top (not exceeding the overturning displacement) to initiate the rocking
motion. An accelerometer is installed at the top of the column to record acceleration
response history. The geetric properties and weight of the wooden column is
presented in Tabl&

Table5 Geometric properties and weight of the wooden column.

Width (b) Depth (d) Height (h) Weight of Weight of Additional

column acceleromete weight

7.8 cm 3.9cm 67.5cm 920 gm 40 gm 2716 gm

Figure 5.1 shows an image of the free rocking column prototype, indicating
geometric properties (b, d, and h), additional weight, and the position of
accelerometer. Four different experiments are performed uhdgphase of free
rocking of solitary column. There are four sub categories of the free rocking column
experiments. The set of first and second experiments correspond to the free rocking
of column without additional weight. Whereas third and fourth erpents
correspond to the rocking of column with additional weight at its top. The free
rocking tests of the solitary columns (with and without additional weight) are

repeated on the glass surface and the laminated floor surface.
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Figure5.1 Free standing wooden column with additional weight at the top.

A typical acceleration response history of the free rocking column is shown in Figure
5.2. The rocking starts with the initial top displacement of the rockuhgnen and
releasing it to rock freely. The spikes at specific intervals in the acceleration response
history represent the impact of the rocking column. The acceleration changes its
direction after each impact. The interval between two consecutive impagtbe

cal |l ed apsertihoed of hoafl ft he r oc ki n .2 nhattthe o n .
half-period of the rocking column is not constant, but it decreases with time. The
decrease in half period after each impact is because some energy is disdipate
each impact. Figurg.2 also shows the zoomed in graph of the acceleration between
two consecutive impacts. The typical shape of the variation of the acceleration
between two consecutive impacts is like a parabola. As the magnitude of acceleration

in between two consecutive @mvals is large as compared to its variation; therefore,

the acceleration between two consecutive impacts may be considered as constant.

Hence, the magnitude of acceleration within a-paliiod is almost constant. The
half-period acceleration magnitudetefelve different experiments is enlisted in the
Table6.

73

t



Table 6 Approximately constant halferiod acceleration values observed from
acceleratiomesponséiistories of different experimental triggers.

Trigger 1 2 3 4 5 6 7 8 9 10 11 12

number

Simplified 015 0.15 015 015 015 015 015 065 065 065 065 0.65

constant

acceleration

(9)

15 0.2

_5 016 - -

Bou YR

[T

5 2 y = 0.1655x% - 1.0871x + 1.9321

34 36 38

Tim

o
n

Lateral acceleration {g)
°
|

Time (sec)

Figure5.2 A typical acceleration response history dfese-standingrocking
column observed from the accelerometer and zoeimadage of a hatperiod.

The acceleration response histories of different experiments are shown ing=3gure

As discussed earlier, the magnitude of acceleration is almost constant within a half
period, and the rocking motion continues with the same magnitude of acceleration
(alternating its direction after each impact). After maintaining almost the same
acceleation magnitude (either positive or negatitlgpughouthe response history,
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the acceleration magnitude suddenly drops to zero at the end of the rocking motion.
The first row of Figuré.3(a and b) shows the rocking of wooden column prototype
without adlitional mass whereas the second of row of Fig.Bé& and d) shows the
rocking of wooden column prototype with additional mass at the top. Part (a and c)
represent the rocking on a glass base and part (b and d) represent the rocking on the
laminated floo base. It is observed from the response histories that the average
constant acceleration is decreasing due to increase in the additional weight at top of
the rocking column. Furthermore, the nature of rocking surface (glass or laminated

floor) also affect the rocking behavior of the wooden prototype.

Figure5.4 shows the halperiod accelerations (almost constant) obtained from the
experimental observations and accelerations calculated from SAP2000 simulations.
The value of halperiod acceleration is abb0.15g and 0.065g for the rocking
columns without and with additional weights at the top respectively. The same values
are obtained from the SAP2000 analyses results. The same values-oéralf
accelerations obtained from the experimental obsenst@ SAP2000 results

validate the proposed numerical model for the rocking column.
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Figure5.3 Acceleration response histories of the free rocking wooden prototype (a)
without additional weight at top andags base, (b) without additional weight at top
and laminated floor base, (c) with additional mass and glass base, (d) without
additional mass
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Figure5.4 Match of experimental observations vs. SAP2000 tesulterms of
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The experimental results and the SAP2000 analyses results are also compared in
terms of variation in halperiod, with time, to validate the proposed rocking model
further. The amplitude and the hakeriod of the roking vibration of a free rocking
column decreases after each impact. The decrease-penalfl after each impact is
observed from the experiments and it is plotted for five different experimental
triggers in Figures.5. Trigger 01 to trigger 05, shown Figure5.5, belong to the
experiments of rocking columns without additional weight at the top and rocking on
the glass base. All the results, irrespective of the initial condition of rocking (initial
amplitude of rocking displacement), and total numbde@mpacts, follow the same

path on the number of impacts vs. half period graph. It shows that the experiments
are repeatable and results are reliable to validate the rocking model. The numerical
model of the same experimental triggers (01 to 05) are gederaSAP2000 and

shown with the help of a red colored line in Figai&

Experiments: trigger 01 to trigger 05 (glass base)

e R
Ww R o~ b

0.2

Half period (delta t, sec)

=
==

0 10 20 30 40 50 60 70 80

Number of impacts

= Trigger 01 Trigger 02 Trigger 03 Trigger 04 Trigger 05

Figure5.5 Experimental observations of decrease of-paliods with each impact.

The results of the SAP2000 simulation resulistah quite well with that of the
experiments (Figur®.6). It is observed that the SAP2000 simulation results are
affected by the integration time step and valu&Jof d e f i n e d -Hughest h e
TaylerU ( HBD)T met hod 57).dreFgurd57 gut ke deeadases o f
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from left to right ¢1/12,-1/6, and-1/3), and the value of integration time step is

increases from top to bottom (1/1000 sec, 1/500 sec, and 1/200 sec). The best match

with the experimental results is for intagon time step equal to 1/200 sec &hd

value equal t61/3. The SAP2000 simulations become unstable (for this particular

case) for integrati on-vatué eqeal talllZE as stownu a | to 1/
in Figure5.7.

deltat = 1/200 sec; alpha-%/3
0.9

~—~ 0.8

o
\‘

elta t, sec
o
>

T 05

0.4

0.3 \

0.2 <o

0.1 \

Half period (

Number of impacts

Trigger 01 Trigger 02

Trigger 03

Trigger 04 Trigger 05 == SAP2000 simulation

Figure5.6 Free rocking of the wooden prototype without additional weight at the
top; match of experiment al results with th
value of-1/3 and integration time step of 1/200 sec.
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delta t = 1/1000 sec; alpha = -1/12 delta t = 1/1000 sec; alpha = -1/6 delta t = 1/1000; alpha = -1/3
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delta t = 1/500 sec; alpah = -1/12 delta t = 1/500 sec; alpha =-1/6 delta t = 1/500 sec; alpha = -1/3
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Trigger 01 Trigger 02 ——Trigger 03 Trigger 04 Trigger 05 === SAP2000 simulations

Figureb.7 Free rocking of the wooden prototype without additional weight at the
top; effect of i naaleortEetSARR000 dmulatenresdlte p and
U-value is decreasing from left to rightdintegration time step is increasing from
top to bottan
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Integration interval = 1/200 sec; alpha®3

[EnY

Half periods (delta t, sec)

0 10 20 30 40 50 60 70 80
Number of impacts

Trigger 10 Trigger 11 Trigger 12 = = = SAP2000 simulation

Figure5.8 Free rocking of the wooden prototype with additional weight at the top;
match of experimental results with that of SAP2000 simulations f tvalue ofU
1/3 and integration time step of 1/200 sec.
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Integration interval = 1/1000 sec; alpha = -1/12 Integration interval = 1/1000 sec; alpha = -1/6 Integration interval = 1/1000 sec; alpha = -1/3
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Figure5.9 Free rocking of the wooden prototype with additional weight at the top;
effect of integwaltienorn itnmee sSAoP2 MW sSUi mu
value is decreasing from left to right and integration time step is increasing from

top to bottom.

Ast h evalug decreasesl(12 to-1/3), the results become numerically stable, and

the curve also fits well with the experimental results for small values of integration
time intervals. Hence, -Valoerof-1/3hseusefl,latdur e e x
very small intervals for the time integration are avoided to minimize accumulated

errors. Figures.8 shows the match of the wooden prototype experimental results

with that of the SAP2000 simulations, and Figgr@ s hows t hwlueef f ect

and integrationime step on the results of SAP20§ithulations
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5.3  Rocking of asingle-story podium prototype

The second phase of the experimental work consists of the rockirgingfl@story

podium prototype. It is a simple structure in which four columns at its corners
support roofing board. The dimensions of the roofing board is 48.1 x 60.2 cm2. The
rocking columns are made up of wood having a rectangular-seasi®n of 5.0 cm

x 5.0 cm. The connections between the roofing boards and the columns are made so
that the olumns may exhibit the rocking behavior. Particular hinges are made in the
laboratory of the Civil Engineering Department, METU, to allow the rocking of the
structure. The detailed drawing of the experimental setup used for the second phase

of experimentss shown in Figuré.10.

ie id

47.9 48 1
4 +5.0
P o O O
{ Direction of
acceleration
6091 @229 230 E 602| Eo3g9 237 40.2
-~ A A O A
BﬂJE chmn ’
Base plan BP Roof plan B}
Roofing board Roofing board

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

uuuuuuuuuuuuuuu s

Accelerometer

Note: All dimensions
450 are in centimeters
I Column

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

27.3 40.2
Section A-A Section B-B

Figure5.10 Experimental setup for the experiments of rocking podium structure.
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A manual ground shaking is applied at the base board of the prototype. The
accelerations at the baed the roof are observed with the help of the accelerometers
for each manual ground shaking. FigbrEl to Figurés.15 show the manual ground
excitations induced to the prototype and the accelerations observed at the roof level.
The significant difference of the magnitude of ground acceleration at the base and
the roof level confirms the proposed ideaR®C seismic istation system. Instead

of whole base acceleration history, a segment of the base acceleration is selected for
the numerical analyses in Sap2000. For example, in trigger 02 (Bigd)einstead

of whole acceleration history of 40 sec, a segment of tisteryi from 8 sec to 29

sec is selected for the validation of SAP2000 model. Similarly, time history segments
from 7 to 14 sec, 13 to 20.5 sec, 17 to 31 sec, and 5 to 29 sec are selected for trigger
03 (Figure5.12), trigger 04 (Figur®.13), trigger 05 (Fjure5.14), and trigger 06
(Figureb.15) respectively.

zzzzzz

; 8-29 sec | I 8-29 sec

Base acceleration

Figure5.11 Base and roof accelerations of the rocking podium structure; Trigger
02
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Top acceleration ~

Base acceleration’

Figure5.12 Baseand roof acceleration of rocking podium structure with additional
mass; Trigger 03

3

237108

13-2055ec

Base acceleration

Figure5.13 Base and roof acceleration of rocking podium structure with metallic
rocking surface; Trigger 04
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; wi | W

Base acceleration

Figure5.14 Base and roof acceleration of rocking podium structure with metallic
rocking surfaces and additional mass at the top; Trigger 05

Top acceleration’

B

. 5-29 sec " 5-29.sec
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Figure5.15Base and roof acceleration of rocking podium structure witlalireet
rocking surfaces and additional mass at the top; Trigger 06

The Fast Fourier Transform (FFT) analyses are executed on the selected segments

of acceleration time histories. The results of the FFT are shown in EHdireThe
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segments selected for thout ground acceleration of SAP2000 aralyzedo get

an idea about the frequency range of the input ground acceleration.

Spectrum - T02 Spectrum - 103

s H
Berioa ) Period )

Spectrum - o4 Spectrum - 05

Period {3} Perod is)

Spectrum - T06

Jeration {m/s/s)

Period ()

Figureb5.16 Fast Fourier Transform analyses results of the input ground
accelerations.

For the experiments, trigger 04, trigger 05, and trigger 06, metallic pieces are glued
at the rocking surfaces to achieve improved rocking behavior. All the experimental

results a&e generated using the proposed rocking model in SAP2000 software. The
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SAP2000 results are well matched with the experimental results, as shown from
Figure 5.16 to Figure 5.20.
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Figure5.17 Comparison of rof accelerations; experimental vs. SAP2000 results;
trigger 02
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Figure5.18 Comparison of roof accelerations; experimental vs. SAP2000 results;
trigger 03
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Figure5.19 Comparison of roof accelerations; experimental vs. SAP2000 results;

trigger 04
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Figure5.20 Comparison of roof accelerations; experimental vs. SAP2000 results;
trigger 05
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Figure5.21 Comparison of roof accelerations; experimental vs. SAP2000 results;
trigger 06
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CHAPTER 6

FEM ANALYSES FOR DEVELOPING RESPONSE SPECTRA FOR ROC AND
DISCUSSION

The primary objective of this part of the research is to perform the required analyses
(both 2D and 3D) to have a better understanding ofRBE seismic isolation
systems for medium rise residential buildings. The successful validation of the
rocking modé defined in SAP2000, leads us to use this model for further
investigation of the proposed system. The analyses are performed in two parts; 2D

analyses and 3D analyses.

6.1 2D analyses

The purpose of 2D analyses is to compare the effectivenB&3@$eismidsolation
systems (having 0.20m and 0.30m widths of the rocking columns) with conventional
seismic base isolation systems and regular buildings without isolation systems. The
conventional base isolation systems, considered for the comparison, are friction
pendulum system (FPS) and laminated rubber bearing (LRB). Fifteen different

numerical models are prepared to perform the 2D analyses in SAP2000.

Table7 List of the numerical models used for 2D analyses in SAP2000

Normal Mass irregularity Stiffness irregularity
4Reg 4RegMi 4RegSi

4FPS AFPSMi AFPSSI

4LRB 4LRBMi 4LRBSI

4Rock20 4Rock20Mi 4Rock20Si
4Rock30 4Rock30Mi 4Rock30Mi
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These models are enlisted in TaBlaccording to their nomenclature as defined in
the chapter of Methodologylhe results from the analyses are presented in the
graphical forms from Figur6.1 to Figure6.24. These figures are divided into two
super categoriedirst belongs to four storydildings and second belongs to seven
story buildings. Eaclsuper categorys divided into three groups (four figures for
each group); first group is for normal buildings, second group is for buildings with
mass irregularity, and group part is for buildings with stiffness irregularity. For
example, Figuré.1 to Figure6.4 repraent the first group of figures. In each group;
first figure shows the intestory drift ratio (ratio of intestory drift to story height),
second figure also shows the ingtory drift ratio but the first story is missing, third
figure shows the storycaeleration, and fourth figure shows the normalized story
shears (concerning the total dead load of the building). Thestdryr drift ratio,
floor accelerations, and floor shears results are compared among the normal
buildings, friction pendulum systerfFPS) buildings, laminated rubber bearing
(LRB) buildings, damped rocking columiRQC) system with rocking width of
0.20m and damped rocking coluniR@C) system with rocking width of 0.30m.
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Figure6.1 Comparison of interstory drift ratio ébur-storybuildings for regular,
FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory drift, %
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Figure6.2 Comparison of interstory drift ratiof four-story buildings (except
bottom story) for regular, FPS, LRBycking0.20m, andocking 0.30m systems.
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Figure6.3 Comparison of story accelerationsfofir-storybuildings for regular,
FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory Shear, Ratio of total building dead load
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Figure6.4 Comparison of story shears of four story buildings for regular, FPS,
LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.5 Comparison of interstorgrift ratio of four story buildings with mass
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory drift, %
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Figure6.6 Comparison of interstory drift ratio of four stdoyildings (except

bottom story) with mass irregularity for regular, FPS, LRB, Rocking 0.20m, and

Campano Lucano
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Figure6.7 Comparison of floor accelerations of four story burfgh with mass
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Campanec Lucano

Interstory Shear, Ratio of total building dead load
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Figure6.8 Comparison of floor shears of four story buildings with mass irregularity
for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.9 Comparison of intersotry drift ratiof four story buildings with stiffness
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory drift, %
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Figure6.10 Comparison of interstory drift ratio of four story laings (except
bottom story) with stiffness irregularity for regular, FPS, LRB, Rocking 0.20m, and
Rocking 0.30m systems.

Floor acceleration, g

Campano Lucano Duzce Erzincan El Centro
AT T 4 AT AT
15 H
i ET
G Y B M .
5] [ ] &
2 2 |i; 2
£ £ [ih £
5 H ERNERT E]
zzB e 220y =4
= 2 |iE =
2 =L 2
2] : @ |:3l «
i3r e 1)z "=r|
n
i
—— Regular 0 oLk
— — FPs 002 003 004 0 2 4 6 0 05 1 15 2 05 1
TR *=0.2m unstable
-------- Rocking 0.20
"""" Rocking 0.30 Kalamata Kobe Northridge Loma Prieta
——Regular5% | 4 4 T 4T AT
i £ ! H
il El 1! Ii!
L 3 " r o 3 fae L 3 L B[
@ | @ HI [ ir @ E
E=1 o i 2 i = B
£ il E|iil E |if £ |ik
= | 2 H =] i S 3
zZ2 Z 2| Z 2| Z z|id
= |ifl = |if = | =
g il g |if o | 2
w0 w0 j %] H w
i i 1Y) 115 —
I H] H] £
I H] H £
0 0 0=+ 0 -
0 05 1 15 0 05 1 15 0 05 1 15 0 05 1 15 2

Figure6.11 Comparison of accelerations of four story buildings with stiffness

irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory Shear, Ratio of total building dead load
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Figure6.12 Comparison of story sheartfour story buildings with stiffness
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.

Interstory drift, %

Campano Lucano Duzce Erzincan El Centro
T 7 7
o . H S 6kt L~ 6
T @ @ | @
Z £ E5f! £s
S S =] i S
=z Zz4 Z 4R Z4
7] @ w _E! 1%}
2 2E" 2
i
1 eremmn 1 fyr 1 T
—— Regular 0 : o L 0 H
— — FP§ 0.03 0 50 100 160 0 2 4 6 8 0 2 4 6 8
s *=0.2m unstable
-------- Rocking 0.20
"""" Rocking 0.30 Kalamata Kobe Northridge Loma Prieta
——Regular 5%
7 7 7k
. .6 .6 R
3 3 3 5.8
5 £° £° = 1
- < Z4 24y
g £ £ Eafl
[ 7] 7] IR L]
2 2 2 B
1 e 1 1 [y sy
o o o

2 4 6 2 4 6 0 1 2

Figure6.13 Comparison of interstorgrift ratio of seven story buildings for
regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory drift, %
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Figure6.14 Comparison of interstorgrift ratio of seven story buildings (except
bottom story) for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.15 Comparison of floor accelerations of seven starydings for regular,
FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.16 Comparison of story shears of seven story buildings for regular, FPS,

Campano Lucano

Interstory Shear, Ratio of total building dead load
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LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.17 Comparison of interstory drift ratiof seven story buildings with mass

irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Interstory drift, %
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Figure6.18 Comparison of interstorgrift ratio of seven story buildings (except
bottom story) with mass irregularity for regular, FPS, LRB, Rocking 0.20m, and
Rocking 0.30m systems.
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Figure6.19 Comparson of floor accelerations of seven story buildings with mass
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.20 Comparison of story shears of seven story buildings with mass
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.
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Figure6.21 Comparison of interstory drift ratio of seven story buildings with
stiffness irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m

systems.
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Figure6.22 Comparison of interstory drift ratio of seven story buildings (except
bottom story) with stiffness irregularity for regular, FPS, LRB, Rocking 0.20m, and
Rocking 0.30m systems.
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Figure6.23 Comparison of floor accelerations of seven story buildings with
stiffness irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m
systems.
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Interstory Shear, Ratio of total building dead load
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Figure6.24 Comparison of story shears of seven story buildings with stiffness
irregularity for regular, FPS, LRB, Rocking 0.20m, and Rocking 0.30m systems.

6.2 3D analyses

The purpose of 3D analyses is to develop guide charts for the preliminary design of
ROC seismic isolation systems. The guide charts are developed in terms of
overturningperformance graph acceleratioperformance graghat the first floor

level, and sheaaperformance grapghat the bottom story level. These graphs are
presented in Figur@.26 to Figures.31. A total ofsixty fourmodels prepared for the
graphs covering different heights of the buildings, different widths and height of the
rocking columns, and two different bay sizes. Each numerical model is analyses for
eight different ground motions (considering both horizontaiponents) in
SAP2000 software. A typical overturnipgrformance grapls presented in Figure
6.25. The abscissa of the overturnpegrformance grapis the width of the rocking
column (b) and ordinate is the number of stories. The height of the roakungrc

and ground motion data record are shown in the title. The color bar shows the
magnitude of the rocking displacement. Red color zone means the rocking
displacement is equal to or greater than the width of the rocking column (overturning
displacement)The black colored dots in the graphs represents the results obtained
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from the SAP2000 analyses, whereas the results in between two black dots are

linearly interpolated. The same color scheme is adopted in all the spectra.
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Figure6.25 A typical overturningoerformance graph
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Figure6.26 Overturningperformance grapfor building grid size of 5m
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Figure6.27 Overturning response spectra for building grid size of 7.5m
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107

First Floor acceleration/y First Floor acceleration/y First Floor aceeleration/g First Floar accelerations

First Floor acceleration/g First Floor accelerationig First Floor acceleration/g First Floor acceleration/!



H=3m; El Centro
7

Number of floors

4l
03 04 05 06
H=3m; Northridge

7

Number of floors

03 04 0.5

H=3m; Duzce

06

o
=]
[=]
=
= 6
&
a5
€
24
03 04 05 06
@ H=3m; Kalamata
&
[=]
=
s . .
'
£
E]
=z

4
03 04 05 06
‘Width of rocking column, b

I W N W W E W

=)
=
Shear Force/Total weig

=)
[
Shear Farn

=)
[
Shear Fare

fe?

fe?

Ground Floor Shear Force(:

H=4m; El Centro
7 .

4 L
03 04 05 06

H=4m; Northridge
7 "

06

4
03

04 05
H=4m; Duzce

4
03

04 05 06
H=4m; Kalamata
7 .

06

4
03
Width of rocking column, b

04 0.5

I W N W W E W

04

02

Shear Farce/Total weig

fe?

04

02

Shear Far

e

04

02

Shear Fare

04

02

Ground Floor Shear Farce(:

o
]
=
H=3m; Kobe B
7 e
04 8
8 fd
]
5 02 2
%
0
03 04 05 06
H—3m Campano Lucano
<
04 8
fd
]
0z §
%
0
04
; Erzincan
<
04 8
i
&
5 02 2
%
4 0
03 04 05 06
H=3m; Loma Prieta
[ 2
04 §
6 fid
]
5 02 p
@
0o 2
03 04 05 06 v
Width of rocking column, b 3
a

H=4m; Kobe

4 L
03 04 05 06
H=4m; Campane Lucano

7

6

5

4
03 05 06

H=4m; Erzincan

04

4
03 04 05 06
H=4m; Loma Prieta
7 "

06

4
0.3
Width of rocking column, b

04 05

Figure6.30 Sheamerformance grapfor building grid size of 5m

- H=3m; El Centro
57
(=]
=
Z6 . .
Es . .
£
34

03 04 05 06
«» _ H=3m; Northridge
571
[=]
=
‘S
®
o
E i
24

03 04 05 06
@ H=3m; Duzce
&
o
=
-55
Zs
£
34

03 04 05 06
- H=3m; Kalamata
&
[=]
=
Z6 . .
5 -
S
24

03 04 05 06

‘Width of rocking column, b

Ground Floor Shear ForceGasahd éighir Shear ForceGoahaditdr Shear Force Galahd dilgdr Shear Force/Total weig

H=4m; El Centro
7

4 \
03 04 05 08

H=4m; Northridge
7 ,

08

4
03

04 05
H=4m; Duzce

4
03

04 05 06
H=4m; Kalamata

o
i
ﬂ

08

4
03
Width of rocking column, b

04 0.5

04

0z

04

02

04

0z

Ground Floor Shear ForceGatahd Eilghir Shear ForceFaahe&igdr Shear ForceGatahd dilghir Shear Force/Total weig

H=3m; Kobe

=
.
.

0.3 04 05 06

H 3m; Campano Lucano

0.4
0.2
0

D.] 04 05 06
H=3m; Erzincan

0.4
6
5 02
4 0
03 04 05 06

H=3m; Loma Prieta
7

04
6 .
5 A 0.2
4 0
03 04 05 06

Width of rocking column, b

Ground Floor Shear Force Gasahd &lghdr Shear ForceSoahedirdr Shear Force Galahe dilgdr Shear Force/Total weig

H=4m; Kobe
6 . .
5 -
4 |
03 04 05 08

H=4m; Campano Lucano
7

04 05
H=4m; Erzincan

06

4
03

04 05 06
H=4m; Loma Prieta
7 "

086

4
03
Width of rocking column, b

04 05

Figure6.31 Sheamperformance grapfor building grid size of 7.5m
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6.3  Proposed procedure for the preliminary design oROC seismic isolation

system

The procedure proposed for tifiereliminary desigd of ROC seismic isolation
system is explained in the following stef®esigner should conduct series of
detailed time history analysés make surehe structure is safe and well designed.
No factor of safety is used in preliminary design tables as displacemm@nstlling

precautions are mandatory. Preliminary design steps are as follows:

1. Select the number of stories and bay size of the building. The number of

stories ranges from four to seven stories, and bay size of the building is either 5m or
7.5m. (othe distances may be interpolated or larger size may be selected for larger
factor of safety).

2. Select the ground motion record (for which the system is supposed to be
designed).
3. Decide the width and height of the rocking column from the overturning

regponse spectra given in Figu&6 and Figur&.27.

4, Obtain the corresponding first floor acceleration and shear from the
acceleratiorperformance grapand sheaperformance graptespectively, as given
in Figure6.28 to Figures.31.

5. If the accelerabn and shear values are within the acceptable range, proceed

to step 6; otherwise go back to step 1.

6. Perform wind load analyses to ensure that the building is not overturning for

the propose@®OC seismic isolation system.

AppendixA exhibits the tablesvhich may be used for the preliminary design of
ROC seismic isolation system with different number of stories vs. earthquake

records.
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CHAPTER 7

CONCLUSIONS AND REMARKS

The concept of rocking column may be applied for #dethquake response
modification of civil engineering structures. In this research, rocking columns are
used as a story high seismic isolatoD@®) for the earthquake mitigation of medium

rise residential buildings. The conclusions are divided into tleees; first section
belongs to the remarks drawn from the literature review, second section belongs to
the experimental part of the research, and third section belongs to the results obtained
from the finite element analysaad design

The following renarks are summarized based on a comprehensive review of rocking
rigid blocks which are presented in this paper:

A The rocking of a solitary rigid column cannot be treated as an equivalent
SDOF elastic system.

A The vertical component of ground excitationyne ignored during analyses

of the rocking of a solitary column.

A The probability of overturning of rocking column increases due to a decrease
in slenderness ratio (U), a decrease in
amplitude.

A Larger weightand rotational inertia make ttsnglerocking columns more
stable.

A The rocking of a rigid column is nonlinear and highly sensitive to small
perturbations (chaotic).

A The rocking frame is more stable as compared with the single rocking

column.

The expe@ment areperformed in two stages; 1) experiment of a single rocking

column prototype and 2) experiment S¥hallscalesinglestory podium structure

111



with rocking columnsAfter the experiments, the respective models are developed

in a finite element softare (SAP2000). The comparison of the numerical model
defined in the SAP2000 and the experimental observation is concluded as follows:

A The numerical model defined in SAP2000 software is sensitive to the change
in the i nt e g-vaue, andampihg rati@ The éxpedmentdl validation

of the numerical model has shown that optimum values of integration time step,
alpha (U), and damping ratio, for the
comparison with the experimentalluesare 1/20Gsec,-1/3, and 01%, respectively.

The same conclusion holds for all the experiments.

A The observed acceleration spikes at the impacts, in the SAP2000 results, are
fake as these spikes are not present in the experimental results. The false spikes may
be dispersed 0o s ome extent -vhlye uploe-/Jaadatlsesdalse t h e
acceleration spikes appeared in the SAP2000 ramajde ignored since they were

not observed in the experiments

A The acceleration between two consecutive impacts of a free roclidg ri
block is observed asfluctuating parabola (instead a constant value as assumed in
some of the literature). The acceleration changes its sign after each impact. However,
for forcedvibration testing (shaking tableghe acceleration between two impacts is

not constant or parabolic, biitapparentlychangess a function othe excitation.

A The halfperiod of the free rocking column prototype decreases after each
impact without anymajor decrease in the peak accaloon during the rocking
motion. The acceleration and halriod values approaches to zero at the end of the
free rocking vibration.

A For the rocking of the single story podium prototype, the comparison of
acceleration at the top and the base showsalbiselute effectiveness of theOR
(Figure5.11to Figureb.15).

A Validation of he FEM simulation capabilitieare performed using small

scale shaking tests. As the results from simulation closely matches the experiment,
full size analytical modelareutilized to simulate earthquake responsenfiad-rise

residential buildings. Preliminary design tables are prepared based on extensive
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number of simulations using number of stories, rocking column width and height,

column to column bay distance, and fdfetent earthquakes.

Finite element analyses are performed to see the effectivenessRD@eystem

and to develop thperformance graphof the proposed isolator for four to seven
story residential buildings. In the 2D analyses, the propd®@&€ sysem is
compared with conventional base isolators (LRB and FPS) and a typical building
without isolators. The results are compared in terms of-gttey drift ratio, floor
acceleration, and normalized story shear validsrespect to the total weight

A Smallestinter-story drift ratios are obtaineloly using0.2m width rocking
columnsfor 4-story buildings, whichresultedin almost a linear elastic behavior of

the above storiely keeping drift ratios below 0.5% of the story heigftie inter

story driftratios for the 0.3m rocking width of the column is ad&@eptably good

and in a comparable range of those obtained from conventional base isolators. As we
increase the number of stories from four to seven, the rocking displacement increases
for the same @&thquakesshifting the structure towards more instability. In general,
smaller rocking width of the column better isolasédsuilding but at an increased risk

of overturningespecially for taller structures.

A The value of floor accelerations and norixed story shear values are similar

to those of the conventional isolation systems. Slightly better results are observed
with 0.2m width of the rocking columns.

A The increase of mass at the first floor leard tested for 4 story and 7 story
buildings with ROC andeems to have a littleffecton the behavior of the rocking
structures in terms of intestory drift ratiofor the upper floorsfloor acceleratios

and normalized storiptal shearforces

A The interstory drift ratio, floor accelerations, and normalizetal story
shearforcesimprove due to increase in the height of the rockiolymnsfrom 3m

to 4m. However, ilecreasethe stability of the system.
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In the 3D category of the finite element analyses, the focus is to develop the
overturning responsgraphs acceleration responggaphs and normalized shear
force response graphs the first floor level of the RC system installed in medium

rise residatial buildings.

A Stability of ROCsystem increases due to increase in the width of the rocking
column and decreases due to increase in height of the rocking column from 3m to
4m and due to increase in the size of the builditeg-column bay distanceom 5m

to 7.5m. In general, the increase in number of stories from 4 to 7 does not seem to
have a notable effect on the overturning performance dR@@system.

A Acceleration ofROC system at the first floor level increases due to increase

in width of the rocking column, increase in number of stories (height of the building),
and increase in the grid size. However, it decreases as the height of the rocking
column decreases.

A Normalized shear value of tHOC system at the first floor level increases
dueto increase in width of the rocking column and decreases due to increase in the
bay size of the building (from 5m to 7.5) and increase in the roddhgnnheight

(from 3m to 4m).

These observations are summarized below in a tabulated format:

Stability Acceleration Shear
Width of column ¥ y y
Height of column yA z z
Inter-column bay distance - y y
Number of floors - y y

As a general rule, the stability of thOC against overturning increases due to
increase in the width of the rocking aoin but at a cost of increase in floor
acceleration and story shear value. The increase in floor acceleration and normalized
shear value (due to increase in the width of the rocking column) may cause the partial

damage to the building or total collapsesiome cases. Likewise, the increase in
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rocking column height improves the performance but at a rigskaking column
overturning.

As a summaryhisthesis proposemn alternative seismic base isolation system using
rocking columns with numerous advantagbat other welk nown sy st ems
have; such as absence of resonant frequency, no movement at small forces, extra
floor space, smaller modifications for utility pipes, ednalytical modek of ROC

system areverified using small scale experiments and further preliminary design
guides are prepared. This will also allowbetter understanding of the rocking
behavior among researchers. The desigmegéit bereluctant to apply the concept

of rocking in structure$or earthquake damage mitigation by base isolatlae to

the lack of an exclusivefull-size experimentally proverrobust approactand
absence of proper guidance in the design cotlestefore, mre investigatiorand

code preparation is necessary for pracigis to fullygrasp the concept of rocking
andbe able taapply it for civil engineering structure§he 3D motion of rocking

rigid blocks having rectangular and circular cresstions (e.g., Greek and Roman
orders having circular cros®ctions) is lesstudiedbut survived millenniums in
earthquake prone regioasd more experimentalesearch is required in this area.

The deformability of rocking edges (due to concentrated load on one end only during
rocking), and crushing aéinforced concretedgesnust be strengthened using steel

tip mechanismsDamping inherited to rockingolumnsdue to impact needs be

further investigated
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APPENDICES

A. Preliminary Design Tablefor ROC seismic isolation system

©
c
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B. Lift -up of buildings

Lift-up ofan existingouilding for
the construction ofa Rocking
Column (ROC) seismic isolatio
system may consists ofthe

following steps.

Existing footing

Excavate around the columns

Excavation

Excavation

Pour a layer of sand on thi
existing footingand maintain its
thickness according t

requirement

Layer of sand

Construct new footings about tl
sand layer having prope
anchorages with the existin
columns dowel steel bars fg
construction of slaband propel
groves for istallation of hydraulid
jacks

Dowels

New footing

Provide supports to the existir
columnsand cut the columns jus

below the new footings

Additional
supports
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Install hydraulic jack within the
grove assembly of new footings
lift -up the structure

Installation of
hydraulic jacks

Lift-up thebuilding with the help
of hydraulic jackqup to its stroke
length limit)

Install another hydraulic jackn
betweernthetwo footings(already

existing and newly constructed)

Another hydraulic
jack

Remove the previous hydraul
jacks from the building. Now th¢
building is supported by ney
hydraulic jacks only

Removal of previous
hydraulic jacks

Lift-up the structure with the he

of new hydraulic jacks

Add bar supports at two eno
These bar supports are strg
enough to carry the load of whqg

building

Addition of bar
supports

Retract the piston of hydrauli
jack intoits neutral position sucl
that whole structure is resting ¢

thebar supports
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Add a middle bar support ju
below the piston position ¢
hydraulic jack

Addition of middle
bar supports

Lift-up the buildingagain. This
time piston is applying the load ¢
bar support instead of existin

footing

Lifting-up the building

Add couple of bar suppos in

perpendicular direction, retract tl
piston of hydraulic jack and ag
middle bar support just below th

piston position

Addition of bar
support in the
perpendicular
direction

Repeat the same procedure

achieve required story height

Continue the
same procedure

Provide extra supportfor safety
of new storyand scaffolding fol

construction of slab

Extra supports

Constructa slab after providing
proper connections to the dowg

and anchorage

Construction of
slab
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Remove the assembly of hydrau

jacks

Construct the rocking column
Provide steel ends to avoidetl
crushing of concrete an
restraining mechanism to preve

collapse

Remove the additional suppar
Hence the ROC seismic isolati
system may be applied to tl

existing buildings.
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