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ABSTRACT

Earthquakeas the most destructive natural disaster which causes fatalities and
destruction globally. Malaysia is consideradegion with a low seismicity
profile. Earthquakes that happened in neighbouring countries such as Indonesia
and Philippines induced impacts darthe earthquake tremors may affect
buildings in MalaysiaViscous damper systesinave been introducedh this
researchand potentially enhane the seismic resistance of the buildiriche

main focusof this researcls assessing thmter-storey drift perbrmance and
mode shape of the scaled reinforced building with and without dan¥er.8
downscaled model of 1 bay-sBorey reinforcedconcrete structure was
constructed based oaritical parts of ahigh school building s peri meter
structural skeletorfor the shaking tabfes dy n a restc The rooad
specificationsvere acquireb y appl ying Similitude Theory
Pi Theorem in order to establishe correlationbetween the prototype and
downscaled modeFailure mode and damage mechanismhef $caled model
under different levels of earthquaikeensityfoundthat the intesstorey drift of

the scaled model is huge when tiveundis havinglargemovement witHow
aggressivenes©n the other hand, lven theearthquake's intensity increases,

the structual movementwasfoundto reducegraduallywith intensevibration

such as primary wavé he structurewas found to havea higher translation

mode of oscillatiorirom single curvature to double curvatwvben the ground
acceleratiorwas getting intenselhree brands of viscous dampers were tested
and compared in this studg well Theresultsshowedhatall viscous dampers

are able to reduce the buildinopter-storey drift The breakthrough of this
reseach is the findingof the scaled moda! overall rooftop displacemenare
lowered by45%,63% and34% under different intensities of ground movement
with the installation ofthe APIDO, SKK and ESPADAviscous dampers
respectively.Hence, the novelty of th research ighat the APIDO viscous
damping systemis found to bethe most suitable forabsorbing large
displacement, while SKK viscous damping system is suitable for building

lateral displacement generated under intense ground vibration.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Earthquakes are the most destructive natural disasters in human history,
resuting in more than a hundred thousand people's deattighe destruction

of property worth billions of dollarsThe number of deaths due to natural
disasters is lower today thamthe historical case since the globe is now more
adaptable. Howevepn high death tolls recorded annually\commonly due to
earthquaksand possibly a tsunartriggered by them. The deadliest earthquake
recorded in human histohappenedn Shaanxi, Cha with a magnitude of 8

on January 23, 1556, resulting in approximately @30 deathsThe earthquake
lasted only a few seconds, toppled mountains, shifted the course of rivers,
formed cracks up to 20 m deep in the ground, and caused larajstides and
devastating flooding and firasedfor days(Zhang, et al., 2020Dver 60 % of

the population was killed in this earthquake since most people in that region
used soft soil to build their houseghich had noseismic performance. When

the earthquake happeah their houses collapsgaind the entire hillside toppled,
burying whole communitie@Elhassan, 2018)

The most powerful earthquake in recorded history is the Valdivia
Earthqualk, also known as the 1960 Great Chilean Earthquake on May 22, 1960.
The main earthquake with a magnitude of Bibapproximately 160 km off the
coast of Chil e, causing a rupture zone o
coast(Pagen, et al., 2021}our foreshocks larger than magnitude 7.0 preceded
this earthquake, including a magnitude 7.9tbe previous dayhat cause
major destruction ithe Concepcion regiofrive aftershocks with a magnitude
of 7.0 or higher were recoed till November 1At least 3000 people were hurt,
1655 people perished, and two million were homebthss tothe Valdivia
earthquakeMost of the casualties and economic damages were caused by the
massive tsunami triggered by the Valdivia Earthquake that raced across the
Pacific. Tsunamis caused deaths and severe damage in thegg@hilippines
and Hawaii(United Staées Geological Survey, 2022)



Malaysiais located onthe Sunda plate in the Eurasian plate and
surrounded by the Philippine Plate and Indiafwustralian Plateconsideeda
region witha low seismicity profile However,theregional earthquakes due t
Sumatra's earthqualone fault and subduction zoremuse seismic events in
Malaysia. Moreoverthe movement of thé&Sunda Plate with an eastward
movement of 10 mm/yearelative to the Eurasian pla@so causs local
earthquakesn Malaysia(Lee, et al., 2022)From 1922 to 2020at least 59
earthquake activitiesniWest Malaysidave been recorded in the databases of
international and national seismological cegtiecluding thdocal earthquake
caused by a strikslip fault along the Bukit Tinggi Fault Zorn@&azaruddirand
Duerrast, 2021)Despite the fact that Malaysia has experienced significant
earthquakes in the padecade the risk from earthquakes is currently not a
concern.As our population increases attte development abuildings and
infrastructure keepsmproving the potential for devastation grows galil

Hence, the seismic performance must be improved in thetstal
design in order to minimize the earthquake response and eventually reduce the
devasting impacts of earthquakes. The energy dissipation tools such as viscous
dampers shall be utilised to protect the structure against sudden shock and
destructive vibation. In conventional buildings, the earthquake energy is
dissipated through the yielding of construction matersalsh as the formation
of plastic hinges at the beams and colurwisch may lead to structural failure
when the plastic deformation caggiaof the structural membersiissufficient
(Bayrak, et al., 2022)Viscous dampers absorb earthquake energy when the
compressible hydraulic fluid flows through the small orifice in an enclosed
cylinder. Consequently, the &by of the structure to sustain seismic activities

increases since thescous damper systems lessen the earthquake. effect

1.2 Importance of the Study

This study examinesthe structural behaviour and damage mechanism of the
reinforced concretstructure under pseudo dynamic lodtie lab experiment
conducted can be used as guidance or reference to enhance the displacement
response as well as seismic resistance of the structure during an earthquake. The
data collected in this study can be usedha structural design in order to



minimize the effect of seismic events and prevent structural faihatenay
lead to loss of life and property.

The study on viscous damping systems is also crucial to enhance the
stability performance level of lauilding, as the seismic effect can be reduced
by installing viscous dampers in the structure. The result of isterey drift
with and without dampers is alsoucialin the earthquake design since it can
be used to evaluate the seismic hazard levelelsas the performance state of

the building under earthquake.

1.3 Problem Statement

Malaysia is free from earthquakes as it is located in a geological stability region
away from the active tectonic plates. However, the seismic events that happened
in the reighbouring countries induced impacts such as tremors in Malaysia,
especially in Sabah. Earthquakes can also trigger other disasters that bring
destructive effects to the communitiexluding tsunamis, landslides and fires

( Ko l,cef al.,, 2023)Nevertheless, local construction firms rarely consider
the structural design under seismic loads and access thefareeicous
damping systems for reinforced concrete structures in Malaysia.

The past earthquakes that happene8&abahprove that devastating
earthquakes may occur in Malaysia one day. HoweMataysiais not yet
prepared to sustain the effect of a lasgale seismic event since there is little
current development considering the seismic hazard assesgesedsig the
seismic effect by constructing a rdiéé¢ structural model is unrealistas it is
time-consuming and not cosffective Complicated testing devices are
required to study the performance of a-kdhle reinforced structure under
dynamic loads.

There are a few design parameters that are concerned in seismic
analysis in order to study the structural behaviour of the structure during seismic
events.Displacemenis one of thevaluableandtrustworthyindicators of the
structural performance of a lding, especially for higliise buildingg(Serras,
et al., 2022) Although thesubstantialateral displacement potentially causes
failure in the structure, a question remains whether the viscous damper affects

the interstorey drift of a building under seismic loads.



When a building is vibrated at the natural frequency, the deformation
of the structural components can be studied by observing the mode shape of the
structure(Murty, et al.,, 2012)Hence, mode shape which is also known as
vibration shapecan be used to study the structural behaviour when dynamic
loads are caused by different earthquake levaisajt beinteresing to compare

the mode shape of a structure with and without dampjisigss.

1.4 Aim and Objectives
This study ains to investigate the intestorey drift performance of the scaled
reinforced building with and without dampers.ré&é objectiveshathave been
determined in order to achieve the aim are listed below:
(1) To construt adownscaledeinforced concrete 1 baysiorey
model.
(i) To access t hestorbyudrift vdth and @ithouti nt er
dampers.
(i)  To compare the mode shape of the building with and without

dampers.

15 Scope and Limitation of the Sudy
This study is to construa structural model of 1 bay-Rorey reinforced
concrete structure that scalddwn eighttimes from a fulscale high school
building model prototype. Before the construction of the structural model, a trial
mix design of the grade C30 concrete is danertsure the mix proportion is
able to produce concrete with desired strength. The model with a total height of
1.5 m is then placed on a shaking table to simulate unidirectional movement in
the laboratory. The shaking table test will be repeated by gettenstructure
with a damping system that can suppress the vibration of the building during
earthquake simulation. The full scale of the buildingnpractical due to the
laboratory's cost, facility and space restrictions

The limitation of the study ighat the downscaledmodel is more
idealised and simplified thathe actual building. The structural model only
consists of the structural membexghich are columns, beams and slabs.
Nevertheless, there should be walls constructed, finishes of walltoans! &s

well as furniture placed in the real building, causing more loads acting on the



structure such as dead load, live load and superimposed load. Moreover, the slab
is constructed at the same level for the whole storey in the model. However, the
realbuildingtypically considers dropping panels in the toilet and bathroom area.
Furthermore, this study only considers seismic load as the laterghltaligh

other loads magxist in a actwal building.

1.6 Contribution of the Study

The results obtained from the shaking table testhmmsed to assess the
structure's conditioafter experiencing a seismic evenhis data imecessary
for retrofitting existing damaged buildia¢p preventcatastrophic consequences
At the same timehis studyalsoprovidesinformation tooptimise the design of
new building with better seismic resistance that can withstémel higher
intensityof earthquakeor for alonger timeThe utilisation o damping system
in new building aids in reducing t environmeral impact of earthquakes by
decreamg the construction material required for seismic retrofitting.

The study on the energy dissipation device offers the consultant firm
another option in designg the structureconsideringlateral load, including
seismic load and wind loa@he development afewdamping technologies and
systemdhas the potential to drive innovation in earthquake enginedeiading
to new advancesn Malaysia With continual research and development,
engineers and researchers can develop new matedegggns, anadlamping
strategies to improve the performance of structures during earthquakes

Earthquake mitigation measures are much needed and concerned in the
structural design in East Malaysia, espegiall Sabahsince it is predicted to
have more frequent nefield earthquakes happen in the futubeveloping
proper earthquake mitigation measures helps imgreveesilience of buildings
and infrastructure during an earthquake. Seismic mitigationegies are
essential to minimize property damage, protect human life and guarantee the
continued operation of vital infrastructure such as hospitals and emergency

services during and after earthquakes.



1.7 Outline of the Report

This report omprisedive chagers which aréheintroduction, literature review,
methodology and work plan, results and d&sion as well as conclusions and
recommendationfkeferences and appendices follow the main chapter

Chapter 1 outlines thgeneral introduction of the reseby including
the history of earthquake disasteseismicity inMalaysia as well asthe
application of energy dissipation teoBesides, the problem statemeaitn and
objectivesof this studyare mentioneth this chapterThis chapter alsmcludes
the scope and limitation of the studihe contribution of the study anthe
outline of the report.

Chapter Dresentshe literature reviewf the study. The characteristics
and impacts of earthquakedl be described in this chapter. Tharthquakes in
Malaysia, including West and East Malaysiél also be reviewed he theoies
applied in this study which are Similit
Theorem will be discussed in this chapMoreover, this chapter also mentions
the operatin and configuration of viscous dampérke shaking table test with
theexpected outcomes this study which armter-storey drift and mode shape
will be discussed in this chapter.

Chapter JFocuses on the methodology and work plan of the stady.
study workflow will be presented in detailhe structural model specifications
and details will be stated as wdlh. addition the procedurefor constructing
the scaled model and conducting the shaking table test will be explained in this
chapter.

Chapter4 discusses the results obtagfrom the shaking table test
Four structures will be tested in this study, including a structure without dampers
and structures with three brands of viscous dampées.lateral movement of
each building throughout the shiag table test will be recorded tssss its
inter-storey drift and mode shape under varying intensities of shaKimg).
experimental data will be analysed and compared among the structures to study
the gructure's seismic performamaevith and without dapers.

Chapter 5 consists of the conclusion aedommendation pariA
summary of thestudy'saim and objectives will be outlinedLastly, several

recommendation®r future work will begiven.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
Malaysia is a country in Southeast Asia that is free from natural disasters
including earthquakessince it is located in a geologically stable region.
However, the occurrence of earthquakes in Malaysia keeps increaghg in
decade due to the movements ddit@ tectonic in Southeast Asithat are
approaching MalaysidMalaysia is now subjective to both faeld earthquakes
and neaffield earthquakedHence, it is now the trend to enhance the seismic
resistance of the stcture in order to reduce the devasting effects when an
earthquake strikes our countsuch as structural failure and collapse.

The earthquakenergyis transferred to the building during the seismic
event, causing the structure to vibrate. The strusfibrates continuously until
all the transferred energy is dissipated. If the structure is not equipped with an
energy dissipation system, the energy is dissipated through the friction in the
joints of structural members atpaolongedrate. The structurahembers will
move in large displacement if the vibration is too vigorous due to the high
intensity of the earthquake. Consequently, plastic joints will be formed in the
structure increasingductility and energy depletion. As a result, the local
degradabn of the structure results in a significanergy loss

Viscous dampers are hydraulic devices that scatter seismic activity and
minimize the impacts of the earthquake on the building. A viscous damper is
used to disperse the dynamic loads by the mesimaof passing the hydraulic
fluid through the orifice. It can be utilised in the structure to reduce the motion
of the highrise building due to wind loads and protect the structure during a
seismic event. fie retroftting of the structure with théraceviscousdamper

system improve the seismic resistance of the structure.

2.2 Characteristics of Earthquakes
An earthquakeas a seismic event that involves intense and violent shaking of
the Earthoés surface resulting Ibngom t he mo

a fault line in the outermost layer of the Earthudtally occurs suddenly and



without warning. The Earth is made of four major layetsich are a solid inner
core, a liquid outer core, a nearly solid mantle and a solid crust. The crust and
the topand stiff layer of the mantle form a region callga: lithosphere,
covering the Eart h fstonisplates. ahe tectonic glates many g
constantly moveslowly, causing friction between the edges of the faults. The
energy that lettwo blocks of the earth slip past one another is stored in the
ground. When the force of moving tectonic plates is able to overcome the
friction, earthquakes happen to release the energy, creating seismic waves that
cause VvibratiofWadgo0Farthods surface
The occurrence of an earthquake cannot be avoidedsahdrd to
predictsince it occurgrimariy due to the sudden rupture of geological faults.
When an earthquake ruptures, iedaotoccurall at once Insteadlit begins at
a particulatocation and spreads quickly other placesSome earthquakehave
foreshockswith a smaller intensity that happens before the mainshock. The
main earthquake is commonly followed by a series of aftersi{@¢kl, 2009)
Most aftershocks have a smaller magnitude than the main shock, butaome
be larger. It can be happened anytime after the main shock, within seconds,
minutes, hours, days, weeks or even yéaasle, 2015)

2.3 Impacts of Earthquakes

The earthquakes in recorded historydeausednuchdestruction and millions

of deaths globally. The common impacts of an earthquake include structural
damage to structures, damage to bridges and highways, landslides, fidshazar
liquefaction and tsunami. The extent of destruction and effects of an earthquake
depends on the intensity and location of #sethquake's epicentre, the
population in the affected area, the risk management of the arahgaptmic
resistance of # structure(Earle, 2015) Figure 2.1 show the impacts of the

earthquake in a past seismic event.
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Figure2.1: Part of the Cypress Freeway in Oakla@hlifornia Collapsed
during the 1989 Loma Prieta Earthqudkarle, 2015)

Earthquakes also lead to structural failure in reinforcedcrete
buildings due to inappropriate design. The most frequent failure mode in a
reinforced concrete building is the soft and weak storey mechanism, notably on
the structure's first floarWhen the wall is not constructed continuously along
the heightof the building, the structure may experience a sudden change in
lateral strength between adjacent storeys during the earthquake. This
unexpected intestorey drift will cause brittle failures at the end of the columns
and eventually lead to partial orabtollapse in the weak storey of the building
(Yon, et al., 2017)The structural damages due to the weak storey mechanism

can be seen iRigure2.2.

Figure2.2: Inter-storey Drift dueto Weak Storey Mechanism during the Van
EarthquakdYon, et al., 2017)
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Other than the weak storey mechanism, streng beam and weak
column concept is undesirable in the seismic design of the reinforced concrete
structure. When the earthquake loads @n the structure, the deep and rigid
beams resist more moments thareak columns(Yon, et al.,, 2017)
Consequently, these beams behave elastically, causing the plastic hinges to be
formed at the flexible column$he column will transfer all the forces from the
structural member® the foundation. The failure of a column in the structure
eventually leads to global structural damagyed the whole structure may be
collapsed due to this conceftfani andVimala, 2019) Figure 2.3 shows the
structural failure due to the strong beamak column effect during an

earthquake.

Figure2.3: Failure Mechanism of Strong BeaWeak Column during the Van
EarthquakdYon, et al., 2017)

Moreover, inadequate transverse reinforcement in columns and beams
will reduce the ductility of the reinforced concrete structures. The structural
members are not capaldéresistingthe increment of shear forces and dynamic
loadsduring an earthquake, especially at the columns and-obeammn joints.
Furthermore, shear failure is possible to be experienced by a short column in the
structure during earthquakes. This is because the short column will carry more
shear forces since ig stiffer and more brittle than the other colunfvien, et
al., 2017)
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2.4 Earthquakes in Malaysia

Malaysia is considered a region with a low seismicity profile since it is not in
the Ring of Fire. The Ring of Fire is also knoasthe Circum-PacificBelt, an

active zone of earthquakes and volcanic eruptions around the edges of the
Pacific Ocean(National Geographic Society, 2022) is a 40,000 km path
formed due to the interactions of the massRacific Plate with several
surrounding tectonic platewhich are relatively less denses shown irFigure

2.4. Malaysia is located on the Eurasian plaibe Australian plate in the west,

and the Philippine plateear East MalaysiéMarto, et al., 2013)
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Figure2.4. Pacific Ring of FirdNational GeographiSociety, 2022)

Although Malaysia is not included as a country in the Ring of Fire,
Malaysia experiences tremors and is affected by the neighbouring countries with
active seismic events. Most of the earthquakes from the neighbouring nations
bring mnor effects to Malaysia. According to the recorded history, the 2004
Indian-Ocean Earthquake with a magnitude of 9.1 Mw is one of the most
significant regional earthquakes that calidevasting effects on Malaysia and
other countries. This earthquake lex &n unexpected tsunami, causing 68
deaths in Malaysia and thousands of deaths in Indonesia, Sri Lanka and Thailand
(Marto, et al., 2013)



12

2.4.1 Earthquakes in West Malaysia

West Malaysia is affected bpcal and regional earthgles,also known as
long-distance earthquakes. There are two major sources of earthquakes that
cause seismic activities in West Malaysidiich are the Sumatra subduction
zone and the great Sumatra fault. Most significant earthquakes in West Malaysia
originated from the Sumatra subduction zomkich is one of the most active
plate tectonic boundaries globally. Malaysia is located northeast of Sumatra
Island with the closest distance of 450 km from the subduction zone.
Nevertheless, the fdield earthquakeaused by the subduction zone can travel

up to 1,000 km and create tremors in the reg{diabilahandBalendra, 2012)

The second feature of féield earthquakes is the Sumatra stritip
fault, which is275 km from Malaysia. Sumatra fault is one loé tremendous
dextral faults on the surface of Earth with a 1,900 km length running through
the entire Sumatra Island. This fault consists of 19 segmentaaves ab to
27 mm every year. Less energy is stored on Earth due to the movement of faults,
thusthe intensity of earthquakes caused by the Sumatra fault zone is lower than
the earthquake that originated from the Sumatra subductionidamto, et al.,

2013)

Even though Malaysia is not in the Ring of Fire, local eardkgs that
originated within Malaysia ha been recorded since 19{ongkul, 2021)The
reactivations of inactive faults are believed ® due to the intraplate stress
developed after the 2004 Mega seismic ev&antong Fault Zonewhich
covers Bukit Tinggi Fault and Kuala Lumpur Faidtrecognized as the major
active seismic feature in West MalayéMarto, et al., 2013)Figure2.5 shows
the historical neafield earthquakes located in Peninsular Malaysia. The
earthquakes are mainly in Bukit Tinggi, Kuala Pilah, Temenggor, Kuala Pilah,
Kenyir and Manjung. Most of the local earthquakes haveagnitude of less
than 4 Mw only cause some tremors and shaking of Hrigé buildings in

Malaysia but do not lead to any devasting chariieagkul, 2021)
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Figure2.5: Earthquake Distribution in West Malaysia from 1970 to 2018
(Tongkul, 2021)

2.4.2 Earthquakes in East Malaysia
East Malaysia consists of two states which are Sabah and Sarawak as well as
the Federal Territory of Labuan. East Malaysia has more seismic activities
compared to West Malaysia as it is located near the active fault lines. The
seismic events that occurréal East Malaysia are due to the active faults,
including normal faults, thrust faults and strislep faults.

Most of the earthquakes in Sarawak are due to local earthqiédioes.
20 light to moderate earthquakes less than 5 Mw in magnituderacsrdedn
Sarawak from 1970 to 201%igure 2.6 shows that the earthquakeground
Selangau and Niah in Sarawak. The local earthquakes mainly happened after
2006 due to theNW-SE trending dextral strikslip faults near the Bukit
Mersing area and the-N trending sinistral strikslip faults in the Niah area
(Tongkul, 2021)
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Sabah is the most tectonically active region in Malgyasat is close
to the main plate boundary faults. It is surroathdy the IndiarAustralian
Plane, Eurasian Plate and Philippine Plate while these tectonic plates are
approaching each other from different directions andrying ratesas shown
in Figure 2.7 (Tongkul, 2017) The movement and interaction of three major
tectonic plates cause the subduction zone and initiate an earthquake in Sabah.
The active subduction zones identified by the Cotabitanila, Negros,
Philippine, Sulu, and North Sulawesi Trench are thature of regional
earthquakes Sabah(Tongkul, 2021) It can be noticed that small earthquakes
with a magnitude greater than 2.0 Mkequently happem Darvel Bay and

Ranau areass shown irFigure2.8.
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2.5 Si mi |l

itude Theory

and Buckinghamos

Experimental testing is essential for the development of technology and

validation of the prediction of new approaches in the field of structural

engineering(Casaburo, et al.2019) Since fullscale structure testing is

complicated and required more time and cost to construct the structure,-a small

scale model is commonly used to conduct the experimental testing in the

laboratory. Moreover, a repeated test is always nkehlee to unexpected

conditions or errors that happen during the test. Other thandasi@tgt facilities

and equipment for the fulicale model are always limiteGonsequently, scale
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models are utilised by many researchers to study the behaviour ofitbedle
model(Yip, et al., 2017)

However,even if it is perfectly scaled down or up, the scaled misdel
still another structure that may have its ultimate capacities. The static and
dynamic responses of the scaled model not coincide with its fulkcale
structure. Hence, thelll-scale system's structural behaviour sometimes cannot
be representeitt the scaled mod€Casaburo, et al., 2019)

Similitude theory is applied to desigrsealeddown or up model for a
full-scale prototype in order to predict its structural response by using the scaled
results. Similitude theong aconcepthat focuses odetermining thenecessary
conditions for establishing similarity betwetyo or moresystems. Irstructural
engineering, a prototype is referred to as thedcdlle system while the scaled
system is known as a model, regardless of whétlsescaled up or down. When
the model achieves the similitude condition, the model is expectethav® as
the prototypgCasaburo, et al., 2019)

Three types of similitudean be established between the model and
prototypeswhich are geometric, kinematic and dynamic similitubiee scaled
model and the prototypes arensadered full similitude when all the similitude
exists simultaneouslyNevertheless, this condition is hard to satisfy due to the
ambient environment and testing conditions. Hence, it is essential to determine
the testing conditions in order to scale basic variables accordingjHamit
andAzel oj l.u, 2020)

Similitude methods are applied to derive the theoretical relationships
between the physical variab{¥ip, et al., 2017) Various types of similitude
methods were estabhed such as the dimensional analysis, energy method,
asymptotical scaled modal analysis, similitude theory applied to governing
equations, sensitivity analysis and empirical similarity method. Dimensional
analysis is the common method applied in stmattengineering since it is
simple, fast and suitable to be used without determining the governing equations
(Casaburo, et al., 2019)

Buckinghamés Pi theorem is used in dir
this theorem, the number of parameters involved in the systems is reduced since
the dimensionless group is determined. The common fundamental dimension

used to describe the physical vates are length (L), time (T) and either mass
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(M) or force (F).Table 2.1 summarisesthe dimensions of a basic physical

guantity in the MLT basewvhich only utilised mass, length and time

Table2.1: Dimensions of Basic Physical Quantities in MLT Syst@famit

andAzel oj l.u, 2020)

Symbol Physical Unit Symbol Physical Unit
Quantity Quantity

[L] Lengh L [M] Mass M

[T] Time T [V] Velocity LT?

[a] Acceleration LT [F] Force MLT

[r] Density ML3  [P] Pressure MLT2

[a] Angle 1 [E] Energy ML2T?

Based on this theorenthe equation must be equivalerdsgite the

units involved in the physical variabl€¥ip, et al., 2017) For instance, the

functional relation of physical variables is shown in Equation ®Hile the

eqguation is rewritten in terms of pi produyas shownn Equation 2.2Each pi

group is then determined as shown in Equation 2.3, Equation 2.4 and Equation

2.5.
Q0 M B T
Q“ H BH Tt
« QOB D n
“ QOB D D n
. QOMDBH B
where

0 denotes the physical variable

0 denotes the number of physical variables

2.1)

(2.2)

(2.3)

(2.4)

(2.5)
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“ denotes the dimensionless product

U denotes the number of fundamental dimensions

After the pi groups are determined fo
theorem is incorporated with the similitude theory. As a result, the
dimensionless pi products aegually scaled as they will be similar for the
capacity ofthescaled modeld ) and fultscale prototypes)j, asshown inthe

equation below.

“ “ (2.6)
for'Q plkB ho 0

Furthermore, the capacity of the fsitale prototype and the scaled
model is affected by the fundantal scale factors. Scale factor must be taken
into account in each equation in order to determine prototype and scaled factor
capacity for similitude conditiong¥ip, et al., 2017) The scale factors of the

common parameteege shown imTable2.2.

Table2.2: Summary of Similitude Relations for Elastic Mod#lip, et al.,

2017)
Parameter Scale Factor
Dimension [, = height ortp = thickness) S
Area A &
Volume Vj s®
Linear displacement U S
Moment of inertia st
Frequency f SY2 or (S/Sa)?
Time (S/Saj’?
Densityr Se/SaS
Point load SeS$
Line load k& SeS
Uniform distributed load P Se

Shear force Y Se$
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Table2.2 (Continued)
Moment M or Torque T SeS
Stresssp Se
Velocity V (S)2
Acceleration a SaorS/S=1
Curvature C 1/S
Mass M SeS%/Sa
Stiffness K SeS
Spectral acceleratiomS SeS/(SeS/Sa)

The scale factor)Yis vital for the scaling of linear dimensians
including height, width, length and thickness. The acceleration scale factor,
is equal to the product of time and velocity dimension and it can be determined
by using Equation 2.7. It is equal fowhen the system is under constant
gravitational. Thestressscale factor)Y is related to the elasticity of structural
material asshown in Equation 2.8. It is essential to define the strength effects

of downscaled materidYip, et al., 2017)

A — 2.7)

vYoo— (2.8)

where

‘O = modulus elasticity of prototyp®a

‘O = modulus elasticity of scaled modela

2.6 Earthquake Behaviour on High-Rise and LowRise Buildings

The seismic behaviour of higise buildings isgenerally different from low

rise buildings to a certain extent. The earthquake load distribution is affected by
the properties of the building, such as its mass, shape and size, ground
acceleration, and dynamic characteristics. High buildings usuaflare more

flexible and typically experience lesser ground acceleration tharrisew
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buildings(RajmaniandGuha, 2015)Nevertheless, highise buildings are more
susceptible to shaking longer, which causes them to magnify thepérayl
ground motior{Aly andAbburu, 2015) This means that highse buildings are

at risk of damage when the duration of an earthquake is long. Thus, one of the
mitigation methods to reduce the seismic impact on-hgghbuildings is to use

a tuned mass damper. The tunedssndamper is the most efficient when the
first mode contribution to earthquake response is dominant, which happens in
high-rise buildings (Elias and Matsagar, 2015)However, the tuned mass
damper is more effective in helping the building dissipate energy in low
earthquake shaking levels compared to medium to strong earthquakes
(Gutierrez Sot@ndAdeli, 2013)

Low-rise buildings are shorter and more rigid compdeetighrise
buildings. The performance of lense buildings during an earthquake might
not be as effective as higlse buildings. This is because lawe building have
higher interstorey drift and lateral displacement compared to -higgn
buildings (Yel, et al., 2022)In low-rise buildingsground motion durabin does
notimpactits seismic response, although a slightly higher isterey drift can
be seen in a short duration of ground mofiartineau, et al., 2020Besides,
high-rise buildings are usually designed to resist lateraldsadh as seismic
loads and wind load. In contrastthese designs are usually not emphasized in
low-rise buildings which makes themmore prone to desiction during
earthquake Therefore aviscous damper is usually used in lowe buildings

to resist seismic impact.

2.7 Viscous Dampers

2.7.1 Operation of ViscousDampers

Viscous damperslso known as seismic dampexne hydraulic devices used in

a structureto dissipate energy during seismic events. Damping devices were
initially designed for the shock isolation of military equipment and transitioned

to the industry field since viscous dampers are able to protect buildings, bridges
and other structures agairsudden vibration andiolent shock (Constantinou

and Symans, 1992). Viscous dampers absorb most of the seismic energy before
the formation of plastic hinges in the structural members to absorb the energy
(LeeandTaylor, 2001)
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Figure 2.9 shows the longitudinal crosection of a typical viscous
damper. There are six components in a viscous danmg&rding a stainless
steel piston rod, aytinder made from seamless steel tubing, a piston head
connected to the piston rod that divides the cylinder into two pressure chambers,
a compressible hydraulic fluid, an internal accumulator for smooth fluid
circulation and a seal to ensure zero leak&geone fluidtypically servesas
the hydraulic fluid since it is netoxic, nonflammable, thermally stablend

will not degrade after a long peri¢dee andTaylor, 2001)

Piston Rod Cylinder Accumulator

Housing

Compressible
Silicone Fluid

Chambar 1

Rod Make-Up
Accumulator

Platon Head
With Drifices

Figure2.9: Typical Viscous Dampe(LeeandTaylor, 2001)

Control Valve

When the piston strokes through the flilted cylinder, silicone fluid
is forced to flow from chamber 2 towards chamber 1 through the orifice at a
very high speed. The ortie connected to the piston head is designed for the
fluid control mechanismsas shown inFigure 2.10. It usesseveraluniquely
shapedchannelsto adjust flow patternsin response tahe fluid velocity

(ConstantinolandSymans, 1992)

{

| T— FRIMARY INTAKE
= SECOMNOARY INTAKE

I ~—— ALCCELERATUR
CIARGUIT
‘l\ \\
\_ GMAT COMPRESSTHLE
%Iw FLUID HEDTIUM

Figure2.10: Schematiof Orifice (ConstantinolandSymans, 1992)

The movement of hydraulic fluid from the chamber to the orifice and

then to another chamber with different opening areas cause the dissipation of
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energy due to the loss die pressure head. Ishort, the dynamic energy is
mitigated by the movement of the piston through the silicone fluid in viscous
cylinders (Pourzangbar, et al., 2020¥iscous dampers create a force that is
directly proportional to the axial velocity of the dampers in order to resist the

dynamic motion of the structu(eeeandTaylor, 2001)

2.7.2 Configuration of Viscous Dampers

The efficiency of braceiscous damper stams is governed by dynamic
parameters such as the brace stiffness and the arrangement of viscous dampers
in the structure. The damper with a greater brace stiffness is more capable
absorbing and dissipatirenergy. When the brace is stiffer, the bracable to

hold the damper at the fixed position firmly. Hence, there is less interaction
between the brace and the viscous damper, enhancing the functionality of the
damper. The dynamic response of the structure is reduced by thevisames

damper sysgm (Pourzangbar, et al., 2020)

The configuration of viscous dampers in a structure also brings a
significant impact on the seismic performance of the building. Different
configurations of dampésrace systems are suggestet¢ applied in different
structures to enhance the mitigation of displacement caused by seismic energy.
For instance, kshape and diagonal braescous damper systems are not
suitable to be used in higise and shear wall structures siticey arenot ast
effective. Figure 2.11 shows the typical configurations of viscous dampers

including the diagonal, chevron and upper toggle bvéasous damper system.

il i AT i M T EFF

BN

(b)
Figure2.11: Different Configurations of Viscous Dampegn)(Diagonaj (b)

Chevron (c) Upper ToggldPourzangbar, et al., 2020)
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The dampeis installed along the brace axis in the diagonal brace
mechanism while the damper is placed at the upper part of the braces in the
chevron arrangements. The chevron dandpes not inclinesince it is parallel
to the floor(Pourzagbar, et al., 2020Hence, the magnification factor of the
displacement in the chevron brace system is equal tp amkethe chevron
damper's displacement represents the storey's didvertheless, the axial
displacement of the diagonal dampeless than the storey drift of the structure
as the magnification coefficient is always smaller than one due to the inclination
of the dampefConstantinou, et al., 2001Jhe damping ratio in the chevron
bracing damper arrangemit is greater than the diagonal configuration since the
damping ratio is directly proportional to thdisplacement coeffient
(Pourzangbar, et al., 2020)

For the toggle configuration, one of the ends of the damper igctath
to the beantolumn connectionwhile the other end is attached to the brace
connection. Since the value of the magnification factor in the toggle bracing
damper is more than one, the displacement of the damper is much larger than
the structural drift Hence, the toggle bracedmper system is suitable to be
utilised when the storey drift is relatively smahcluding the application of
wind response reduction argkismic hazard mitigation in stiff structural
systems. Toggle configuration is prefeeatn the diagonal and chevron damper
arrangements since it not only mitigates dynamic loads efficiently in the
structure but also saves the cost of the energy dissipation system due to its
significant magnification coefficient of displacemef€onstantinou, et al.,
2001)

2.8 Shaking Table Test

The shaking table test is one of the techniques that is widely used to investigate
the dynamic behaviour of the structureearthquake engineerirfBoron, et al.,

2023) It is conducted to assess the response of the buildidgr linear and
nonlinear dynamic loads during seismic events. The shaking table is able to
perform realistic earthquake simulations in order to study the seismic
performance of the test model. This test is performed to study the failure¢ mode
damage medmismand the weak partd the structure under different levels of

earthquake intensity in order to analyse and evaluate the effectiveness of the
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shock absorption and isolation of the structure. Furthermore, the mechanical
performance of the bracing systein the structure can be investigated by
performing the shaking table test using a scaled n{¥dahg, et al., 2021)

Sometimesfield testing iscarried outto verify theresults of the
shaking table tests after the struetis completedFor instance, thelynamic
characteristics and seisnperformance of highise buildings Shanghai Tower
(632 m high) and the Famen Temple (147 m higi§haanxi Province, China
wereinvestigated and evaluatém the data obtained frofreld experiments
as well as the shaking table testsducted onhe scaled mode(Boron, et al.,
2023) Moreover,the multidirectionalshaking table testvas conductedn a
scaled model o& 33-storey reinforceaoncrete buildingand the results were
then verified in the field testing after the construction was completstlidtly
the dynamic similitude between the prototype and scaled nibdelet al.,
2008)

Currently,the shakingtabletestis the only experimental method that
can beconductedo simulate real earthquake loadings in the laboratidama,
et al., 2023) There are various types of shaking tables that operate using
different methodsincluding electrical shaking taldehydraulic shaking tabse
and manually driven shaking tabl@he earliest known shaking table developed
in Japarwas driven by manual power Japan at the eraf the 19" century At
the beginning ofhe 20" century, the shaking table driven by an electric motor
that was capableof producingunidirectioral refined oscillatory motiorwas
developed by Stanford Universi{@evern, 2011)

The shaking tabledriven by ahydraulic systm also had been
developedn recent years. The shaking table is recently developed from-single
directional movement to two and even tho¥mensional vibrations that
actuated in the global x, y anehxis. There is a study that develkga shaking
tablethat isunique fromthe current shaking tabjevhich is able tsimulate the
earthquake ira truemanner. Thalesignedshaking tablecapable tanimic an
earthquake with high energthengradually decreases until reachirg tzero
value (Nama, et al., 2023)Hence, the dynamic motions generated by the
shaking table in more direction capablereproducingthe actual earthquake
motions more realistic and faithfully than the atimensional shaking table.
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Stealy stateand random shaking can be performed using a shaking
table by generating differenwave motions. A harmonic wave is used in
performingsteadystateshaking while a random wave of white noise is utilised
in the random shaking. Different frequencasthe harmonic wave with low
amplitude keep the test model in the elastic range in order to study its dynamic
properties. Intense movements are involved in the random shaking to reproduce
the actual situation during an earthquake. The amplitude of nsasadjusted
to test the limit of the test model to sustain the seismic l@&dshimaand

Hirade, 2017)Figure2.12illustrates the shaking table driven by theuator.

Harmonic wave
III III Random wave
MMl
-

I Shaking Table Actuator |

Figure2.12: Shaking Tabl&est(KashimaandHirade, 2017)

There are a few indicators that are concerned in seismic analysis in
order to study the structural behaviour of the structiuming seismic events.
The response indicators are separated into local and global indicators. Local
indicators refer to the parameters used to locate the possible damage in the
structure and sss thedegree to which stress and strain threshold values ar
attained at various performance levés the other hand, global indicators are
mainly used in determining the fundamental characteristic of the structures

such as displacements, forces and moments.

2.9 Inter -Storey Drift
Inter-storey drift is one of thevaluable and essentialindicators of the
deformations of a building, especially for highe buildings. Intestorey drift

is defined as the difference in lateral displacement between two consecutive
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storeys caused by wind and seismic forces. It musdhsn into account when

analysing a structure since lateral displacement will cause failure in the structure.
The resultant drift of any storey in the structure is the addition of the

axial deformation of the slab, shear deformation of the respectiveysthe

global buckling of the building as well as the rotation of the foundgBtrat

andAzam, 2020) However, the flexural curvatures and rotations are not taken

into consideration in evaluating the framing systéfigure 2.13 shows the

deformation of a-storeybuilding.

e

Earthquake Ground motions
Figure2.13: Inter-Storey Drift and Roof Displacement of Building8hatand
Azam, 2020)

2.9.1 Limitation of Inter -Storey Drift
Eurocode 8: Design of structures for earthquake resistafaet 1. General
rules, seismic actions and rules for buildings (EN 192804) is a Ewpean
standard that provides guidelines for the seismic design of buildings and
structures. It provides @mprehensive set of guidelines for the seismic design
of structures, including the seismic hazard assessment, seismic analysis and
design of structws to resist seismic forceim varying intensities and
magnitudes, as well as other forms of ground motion such as aftershocks and
soil liquefaction.

Clause 4.4.3.2 in EN 199B2004 states that the limitation of inter
storey drift for buildings withoutan-structural elements can be determined by

using Equation 2.9:
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QL TWip MQ (2.9)

where
‘Q = design intesstorey drift, mm
U = reduction factor

"= storey height, mm

The value of the reduction fexr depends on the importance class of
the building According to EN 1998.:2004, buildings can be classified ifbair
importance classes, from Class | to Class IV, as showhable 2.3. The
classification of buildings is based on the consequences of collapse for human
life, the significance of a building for immediate pestrthquake public safety
and civil protection and theconomic and social effects of collapSéhe
recommended vaés for the reduction factor afe5 for importance classes |
and Il and 0.4 for importance classes lll and IV of the buildinghis study,
the building is classified as a Class Il building since the experimental prototype

is obtained from a high schootilding.

Table2.3: Importance Classes for Buildin¢gSN 19981, 2004)

Importance class Buildings

I Buildings of minor importance for public safety, e
agricultural buildings, etc.

I Ordinary buildings, not belonging in the otk

categories

1] Buildings whose seismic resistance is of importance
view of the consequences associated with a collapse

schools, assembly halls, cultural instituti@te.

\Y Buildings whose integrity during earthquakes is of v
importance for civil protection, e.g. hospitals, f

stations, power plants, etc.
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In late 2017, the first national code of practice for the seismic design
of buildings which is the Maiesia National Annex to Eurocode 8 (MS EN 1998
1) was published by the Department of Standards Malaysia. MS EN11998
states that only Class IV buildings need to be checked for damage limitation
limit state based on a return period of 475 years. She€lass Il building is
involved in this research, checking for displacement at the damage limitation

limit state is not required.

2.10 Mode Shape

When a building i®scillatedor vibrated at the natural frequency, the defedm
shape of the buildingan be studied by observing the mode shape of the
structure(Murty, et al., 2012) Hence, mode shape which is also known as
vibration shape can be used to study the structural behaviour when dynamic
loads are caused by different earthquake le&smerally, each regular building
hasthree basienode shapeof oscillation which are pure translational along

the X-axis and Yaxis as well as pure rotation abatlte Z-axis as shown in
Figure 2.14. For the buildings with irregular geometry ononruniform load
distribution and different stiffness along the heightl anplan a mixture of

basicmode sapes can be observ@durty, et al., 2012)

Mode shape is used investigating the linear dynamic response and
describing the displacement patterns, especially in the lateral diredtitwe
structure. It is utilised to study theermutations that a structure will inevitably
dispens. The mode shape obw-order matheratical expressionsypically
contributes more to structural respomeeaninghe mode shape is less reliable
when the orders increase. Nevertheless, the modal analysimigatedand

the results are acceptedh@nsufficient mode shapes avbtained.
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The number of mode shapes for a structure is governed by its number
of degrees of freedorfOndrej, 2019) For instance, the structure witbur
degrees of freedom will generdtaur corresponding mode shapes. Each mode
shape isindependent and normalizedvhich need to be amplified and
superimposed in order to obtain the final displacement patisrshown in
Figure2.15. The combination of all mode shapes represents the overall response
of the building(Murty, et al., 2012)

7 U2 7 U3
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Figure2.15: Resultant Displacement Pattern and Modal Compor({@ndrej,
2019)

When a buildingoscillatesalong one direction, theode shape of the
building along that directionan be variedwhen the buildingscillates in its
fundamental mode, Itas the least resistance to tiseillation,showing a single
curvature mode shape with one zero crossing ofotiigenal position. The
building with a higher translation mode of oscillation offers a better resistance
to motion(Murty, et al., 2012)Therefore, the building is more stable and able
to absorb more seismic loads during an earthqu@ike buildingwith the
second translational moa¢é oscillation poses a double curvature mode shape,
while a double Scurvatureshapewith three zero crossisghows a building
with the third translational mode of oscillatiofigure 2.16 showsthe mode

shape of oscillation of a building oscillating along thelikection.
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First Second Third
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Figure2.16: Translational Modes of Oscillation alotige X-axisof a 5Storey
Benchmark BuildindMurty, et al., 2012)
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2.10.1 Factors Affecting Mode Shapes

The mode shape of the buildings is influenced by the geometry of the building,
the materialand geometrigroperties of structural members, the connections
between the structural members and the base conneftibe building The
relative flexural stiffness of beamsn relation to the adjacent columns
determines théuilding's overalllateral translational mode shap&hen the
beam isstiffer relative to theadjacentcolumn, the fundamental mode shape of
the buildings tends to change frdlexural to shear mode shafidurty, et al.,
2012)

Figure2.17 (a) shows the pure shear response of the builthaigthe
column deformedmainly in single curvature mode shapee to the small
flexural stiffness of beaas relative to the columns On the other handhe
column deformed primarily in double curvature, showing an overall gipar
deformation behaviour of the building when the flexural stiffness of the beams
is significantcompared to the adjacent columa,shown irFigure2.17 (b). For
the lowrise and mierise building, it is common for the relative stiffness of the
structural memberso fall between theaforementioned twaextreme cases
showing an almost shetype behaviour of the structunéhere both beams and

columns bend in a double curvature shaseshown irfrigure2.17 (c).
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T
(a) (b) (©)
Figure2.17: Effect of Flexural Stiffness ofStructural Members(a) Pure
Flexural Responsgb) Pure Shear Responsg) Almost Shear
ResponséMurty, et al., 2012)

Other than that, the axial stiffnessveitical members such as columns
and structural wallgiill also influence the mode shape of the buildi@glumrs
with small axial stiffnesexperience considerable axial compressive and tensile
deformationsThe increment ofaxial deformations in colunswill cause the
fundamental mode shape of the builditgshangdrom flexuraltype toshear
type The flexural behaviour of the building is not desirable in seismic design
since it causea significant horizontal sway, especially in higbe buildings
thus large axial areas of columns and structural wallssibuilding areessential
to enhance t he (Mory,etal 20i2)Fegsre2sl@showskiei t vy
fundamental translational moaé oscillationof a 25storey building changes

from flexural response to shear response.
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Figure2.18: Effect of Axial Stiffness of Vertical Mabers(Murty, et al., 2012)

Theheight of a building is also one of the factors influencing its mode

shape.The fundamental mode shape of a veldbkigned lowrise building is
sheartype behaviour While the height increases, tbhailding is more flexible
in the horizontal directionaddingits natural periodNevertheless, the type of
the mode shape does not Bany significant changes. For highe building,
the mode shape of the lower flodmshavesn flexurattype deformatiopwhile
the higher floorgendto havea sheartype responssince the axial deformation
in the columns is more significant émwer floors (Murty, et al., 2012)Figure

2.19 shows thdundamentamode shape dhebuilding with different heights.
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(@) (b) (c)
Figure2.19: Effect of Building Height (a®-Storey (b) 25-Storey (c) 40-Storey
Buildings (Murty, et al., 2012)

211  Summary

Earthquakes cause devasting impacts on the structure and environment, thus
seismic resistance sfructures and buildings must be taken into consideration
during construction. Since the rate of earthquakes in West and East Malaysia
keeps increasing, there is assneed for the local government and structural
engineers to study the structural belaviunder seismic loads. In order to
conduct the experimental testing in the laboratorylownscaledmodel is
preferable since a lower cost is involved and the laboratory preparation is easier.
Buckinghamés Pi Theorem andopsepamthé i t ude t h
scaled model in order to ensure the recovery of the prototype. The energy
dissipation toqgl such as a viscous dampaihall be utilised to absorb the
earthquake loads, strengthening the stability of the structure. The shaking table
test isconducted tanvestigate thetsucture's seismic performagauch as inter

storey drifft mode shape and spectral acceleration. The strudiahaviourwith
braceddamper systems shall be investigated under the grshiaking motion

generated by the eaghake simulation table.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Introduction

Before the preparation of the structural model, the drawing of the 1-&iayes/
reinforced concrete buildingasobtained. Next, the structuveasscaled to 1:8

for the structural model. Other than the dimension of the structural members,
the steelreinforcement bar diameterasscaled dowrto ensure it guldfit into

the structure with desired strength. After thlag downscaled model's detailing
was preparedising Autodesk AutoCAD software and served as the reference
for the construction work.

Prior to the construction ¢fiedownscaledtructural model, a trial mix
was performed to ensure the mix proportion of the concveds capableof
providingsufficient compressive strength. Three 200 mm height cylinders with
100 mm diametewere cast in order to conduct the compressive strength test
after 14 days of curing-heconcretemix proportionwasacceptable to be used
in the structural modesince gradeC30 concrete compressive strength was
achieved.

The structural model with a total height of 1.5wasconstructed in the
Civil Engineering Lab. The construction of the stural model staeddwith the
fabrication of formwork and the bending of steel reinforcement bars. The
formwork was made of plywoodwhile a 3 mm steel bawvas selected as the
reinforcement bar of the structure. The formvgwkereprepared according to
thedimension of each structural member for the model casting. The steel bar
weretied following the reinforcement detailing prepared to ensulequate
material strength

After castingthe structural model, the structural modelsleft for 28
days beforeghe shaking table test. The modeisthen placd on the shaking
table in the Advanced Geotechnical Laboratory to simulate dynamic loads. The
linear variable differential transformers (LVDTS) and accelerometense
installed on the structuind connectetb the data logget® record the data of
the shaking table testhe shaking tableest was repeated on the structural

model equipped with viscous damgéfrhree brands of viscous dampers which
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are APIDO, SKK and ESPADA dampemsere used in this studwfter the
shaking table test, the resultereanalysed and discussed in this stueigure

3.1 illustrates the workflow of the entire study.

Determine Prepare
; ; Prepare ;
dimension of - materials and
downscaled relggigi:"er:nent [ tools for
structural model 9 laboratory work
v l
Conduct Fabricate
Perform -
- compressive formwork and
Cr?]?)((: rdeégitr:]al K strength test for, [~ steel
9 trial mix sample reinforcement
v l
Construct Perform shaking P;gg%gp\?vﬁr?g
downscaled _table test three brands of
structural model without damper dampers
v l
Analyse and Make
discuss the [—>| conclusion and
results recommendatio

Figure3.1: Study Workflow.

3.2 Structural Model Details

Since it is not practical to constructv@iole building for seismic analysis study,
adownscalednodel istypically constructed to study the structural behaviours
of a struture in the laboratory. After the fudicale drawing of the structuneas
obtained, the prototypgasscaled down to prepare the 1 bast8rey reinforced
concrete structural model for shaking table test. Due to the limitation of testing
equipment, a scaltactor of 1:8was applied to the structure. A few crucial
parameters need to be taken into consideration when preparing a miniature
structural model in order to ensure the results obtained are applicablelifereal
situations. For instance, the geomatfythe buildings, the material properties

of structural members and the construction approachesseatiain the study.
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3.2.1 Geometry

The dimension of the structural members of the structural meaetcaled

down accordinglyFigure3.2 shows the structural geometrf/the model The

total height of the 3torey structure is 1.5 m while each storey is 0.5 m. The
footings bolted on the shaking tablevea dimensionfol75 mm in width and
length, while the footing deptls 50 mm. The dimension of the scaled beam is
31 mm in width and 75 mm in depth. The column in the model is a square
column with a dimension of 40 mm. The slab is scaled to 16 mm in thickness,
830 mm inwidth and length for the whole structure. According to the dimension
of scaled structural elements, the total volume of concrete in the structural model
is around 0.072 fequivalent to 170 kg of mass. Since the shaking table in the
Advanced Geotechnical Laboratory is capabfesustaining3000 kg, the
shaking table test is able to be performed using this model. Moreover, the model
is able tobe placal on the shaking tablas there is a 2.5 m height clearance of
the shaking table. Consequently, the dimension ofdthenscaledl bay 3

storey reinforced concrete model is acceptable.

3D View
Slab 830%830 %16
] | Beam 31x75
/ Column 40x40
Beam 31x75
/ Column 40 x40
1500
1000 Beam 31x75 175 40 _l
/Column 40%40 | a0l
500 X
Footing 178
1756175 x50
J I Plan View of Footing
790

All Dimension In Millimeter

Figure3.2: Structural Model Geometry.



37

3.2.2 Reinforcement

Other than the geometry of the structural model, the reinforcement aetedls
scaled dowrno ensure the rebafis into the concrete. The rebar arrangement of
the structural elementwas designed as in the actual reinforced concrete
structureto ensure sufficient strength is provided. Since the structural member
wasrelatively small in dimension, 3 mm steel barsreused as reinforcement
bars to allow the coarse aggregate to fill between the rebars. Main reinforcement
and shear reinforcemewntereprovided for all the structural membeesnd the
lapping of rebamwas essentialto ensure the structure's stabilifyigure 3.3,
Figure3.4, Figure3.5 andFigure3.6 show the reinforcement bars arrangement

for footing, column, beam and slalespectivey.
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Figure3.3: Footing Reinforcement Details.
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Figure3.4: Column Reinforcement Details.
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Figure3.5: Beam Reinforcement Details.

[ e e

18

! = !

315

Figure3.6: Slab Reinforcement Details.

3.3 Scale Factor Determination
In order toasessthe corelation betweenthe full-scale prototype and the
downscalednodel,the scale factor must badetermined before the experiment
testwiththeaidoSi mi | i t ude and Bu.@&dcordingtothends Pi t h
theorem,threebasicscale factas, which arethe dimensional scaléactor, Y
acceleration scale factorY and stress scale factoly are necessaryor
conductinga scaledmodel test to obtairfeasibleperformance andtructural
behaviour

Since the prototype&asscaled dowmighttimes to the structural model
in this study the dimensional scale factdy, . The acceleration scale factor,
Y p since the testingwas conducted under a constant gravitational
envilonmentBased on Similitude and Bucki nghami
factor for mass iSY"Y] Y, thusthe value ofY can be determinedhenthe
masss known Themasof thefull-scaleprototypeand downscaled modekere

calculated bymultiplying density and volumeas shown irEquation 3.1

a " oo (31

where

& = mass of reinforced concretay
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” = density ofreinforcedconcrete kg/m?

= volume of reinforced concretar?

3.3.1 Theoretical Prediction

For full-scale prototype

Density ofreinforced concret¢ = ¢ v TTQITH

Volume of each column T @ W@ TA oQa € €
= pg

Volume of each footing = p&8da p&8da Tm8A
= X pa

Massof each colummvith = ¢ L TIQTH

footing P8 C WTE P ™
= U TT®QQ

For downscaled 1:8 structural model,

Density of reinforced concrete, = ¢ v TTQiTH

Volume of each column = Mm@ Tt A oQa € €
= T8 TT AT

Volume of each footing, = TP XD T XD T8 W
= 18t 1T pdu

Massof each column with = ¢ v TMQiTH

footing TINg I8Imp b
= o UQQ

Y = 8

Y =1

= 0 OOI iy

Y
LT ®QQp
X UQ°Q Y

5



40

3.3.2 Actual Measurement
For downscaled 1:8tructural model,

Density of reinforced concrete, = ¢ v TIQiTH
Volume of each column = M TEITE T Q@
o Qa € €1 i
= mMITgaeQ
Volume of each footing, = TP XO T XK TEW
= InpaQ
Mass of each column with = ¢ v TIQTH
footing TEI T ¢ L ST TT P VAP
= p®QQ
Y = 8
Y =1
o= 0 ool iy
Y
LT ®QQp
pB®QQY
= X®

3.4 Raw Materials

The raw materials used in the concneti& proportionwereOrdinary Portland
Cement (OPC), coarsmdfine aggregatewater and superplasticizer that acts
as water reducing ageitigure3.7 shows the raw materialsed in hisresearch.

Figure3.7: Raw Materials of Concrete.
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There are ten types of Portland cement available in the marki
OPC used in this studis categorized as Type | Portland ceméASTM
Standard C150, 2012F5ince theravas no exposure to sulphate or extreme
weather during the casting, Type | cemenwas suitable for the model
constructionand was commonly used for most residential development. The
cementvasstored in an airtight container since it is highly sensitive to moisture.
The cement clinker will form when the ceménexposed to moisture in the air
for atime.

Both gravel and sanevere used in the manufacture of concrete.
According to ASTM Standard C32018) the size of fine aggregate must be
less than 5 mmOtherwise, it will be classified as coarse aggreghtes study
used 5 mm coarse aggregatemake up the majority of the coete mix while
the 600 nm fine aggregatesvere utilised to fill the voids between the coarse
aggregate. Gravels and sands hetpaase the concrete volerand eventually
reduce the construction cost. Furthermore, coarse aggregates determine the
concrete'strength and limit the concrete's drying shrirkalyring the curing
process.

Water is necessary for the production of concrete to lubricate the
concrete mix. The mixing water added must be clean to prevent the interference
of the cement hydration proceby the pollutanisvhich may affect the long
term durability of the concrete. Hence, clean tap wateused in this study.
The strength of the concrete is inversely proportional to the sw@tment
ratio. Concrete mix with less water content progucencrete with a higher
strength but lower workability. In order to enhance the workability of the
concrete mix, the wateeducing admixturewas utilised. In this study,
superplasticizewasadded to the concrete mix to reduce the whteement
ratio without affecting the quality of the concrekggure3.8 shows the type of

superplasticizers used in this study.
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Figure3.8: Superplasticizer.

3.5 Mix Proportion

In this study, the concreteasdesigned to achieve a compressive strength of 30
N/mn? at 28 days. The mix proportion of the materials to producgcbncrete

mix is shown inTable 3.1. The density of concrete produced is 2380 Kg/m
while the watetto-cement ratio is 0.42which is relatively low, thus
superplasticizewas added in a small dosage eqtall.2 % of the concrete
weight in order to increase the workability of the concrete mix. This concrete
mix designwasadopted as the trial mix design of the structural modéhis

study.

Table3.1: Mixture of ConcretgYip andMarsono, 2016)

Water/ Cement Water Fine Coarse  Density Admixture

cement (kg/m® (kg/m® aggregate aggregate (kg/m?® 1.2% (kg)
ratio (kg/m3) (kg/m3)
0.42 550.0 233.0 511.0 1086.0 2380.0 6.6

3.6 Trial Mix Design

The trial mix design in this study was conducted based on the-twatement

ratio and quantity of raw materials shownTiable3.1. In order to ensure the

mix propation is able to produce gradé30 concrete, three cylinder samples
were prepared for the compressive strength test. Each cylinder specimen has a
diameter of 100 mm and a height of 200 mm. 15 % of the concrete mix wastage

wasconsidered since the concrétgorepared by hand miXhe calculation of
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the total concrete volume required for the trial mix design is shown belale
the concrete mix proportioto produce concrete with a density of 2380 ky/m
for the trial mix designs shownin Table3.2. The watefto-cement ratio used

in the trial mix design is 0.42.

Diameter of each cylinder specimen = pTmdd

Height of each cylinder specimen = ¢Tmda

Volume of each cylinder specimen = Y By TR A
= T8ITp aYx

Volume ofthreecylinder specimens = mMinpayx O
= TBITTT § P

Volume ofthreecylinder specimens with 15 % )
= TBIMTRP PP UL

wastage
= T@ITU U g
Table3.2: Mix Proportion for Trial Mix Design.
Concrete Cement Water Fine Coarse Superplasticizer
volume (kg) (kg) aggregate aggregate (ml)
(kg) (kg)

Per m3 550.0 233.0 511.0 1086.0 6600

0.00542m  2.98 1.26 2.77 5.89 36

3.6.1 Concrete Mixing and Casting

Firstly, all the raw materials required to cstecylinder specimens with grade
C30 characteristic strength were prepared and weighed according to the
calculated amount. The drum mixer in the Civil Enginegiiaboratorycan

mix concrete up to 160 lequivalent to 0.16 fn Since the total volume of
concrete required for the trial mix design is 0.00642vhich is relatively small
compared to the capability of the drum mixer, the concrete mixing process was
dore by hand instead of using a drum mixer to ensure a homogenous mix of
concrete. Other than the raw materials, the cylinder moulds were sdrghtgd

and a thin layer of oil was applied to their internal surface in order to facilitate
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the demoulding prass Figure3.9 shows all the materials and tools required in

concrete mixing and casting.

Figure3.9: Materials and Tools Preparation.

Next, the concrete mixing was started by dry mixing the sand and
coarse aggregate, followed by the OPC. When the dry materials were mixed
evenlyon the mixing trayas shown irFigure3.10, half of the water was added
to the mixture. After that, the superplasticizer was mixed with the remaining
water and poured into the mixture. Continuous mixing wasechout until the
fresh concrete reachethe desired workability to ensure the wateras
distributed evenly in the fresh concrete. The fresh conar@tecady to be used
when it turned into a dense and gooey textaseshown irFigure3.11. The
concrete castinggasdone within 30 minutes to ensure the quality of the fresh

concrete.

Figure3.10: Dry Mix.
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Sews

Figure3.11: Fresh Concrete.

The fresh concrete was then poured into the cylinder mould prepared.
The compaction work is compulsory to avoid any air voids inside the concrete
which may cause honeycomb and eventually affect the strength of hardened
concrete. The fresh concrete was compaatatbrmly over the crossection
using a tamping rod. After that, tifieesh concrete's top surface was flattened
using a trowel and placead an airdry area for at least 24 hours to allow the
hardening process of concretEigure 3.12 shows the concrete cylinder

specimens cast in the laboratory.

Figure3.12: Fresh Cylinder Concrete Specimens.

3.6.2 Concrete Curing
After 24 hours of concrete casting, the cylinder concretes were demoulded and
labelled.Figure3.13 shows the hardened concrete specimens after the cylinder

moulds are dismantled. The concrete samples were air dried for 2 hours in order
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to remove the moisture on the concrete surface before the curing pwbess.
therewas no more oil and water on the surface of the concrete cylinders, the
hardened concrete specimens were placed in the wateatastkown irFigure

3.14. The concrete cylinders must be fully submerged in the water for 14 days
to prevenimoisture losgrom the concrete samples due to the cement hydration
process. The curing process is important for concrete strength development as

well as to ensure the duiiity of hardened concrete.

Figure3.14: Concrete Curing Process.

3.6.3 Compressive Strength Test

After 14 days of curing, the concrete specimens wareved fronthe curing

tank. The concrete cylinders were left for another 2 houdsytdhe concrete
surfacebefore conducting the compressive strength test. The cylinder specimens
with a diameter of Q0 mm and height of 200 mm were used to perform the
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compressive strength test. The weight of each concrete sample was recorded
since it serves as an input for the compressive strength test machine. Next, the
concrete cylinder was installed on the testirachne while the flat surface of

the sample was placed upward to ensure the \edapplied evenly to the
sampleas shown irFigure3.15. The pacing rate of the ldancrementvasset

to 1 kN/s and the necessary parametereinput to the machine. When the
compression test machine started to operate, the compression load applied to the
concrete cylinder kept increasing until the specimemdailhe ultimate load
sustained by the concrete specimen was recpaselthe compressive strength

was calculated by using the equation below:

0 - (3.2)

where

"O= compressive strength of the concrete specimen, MPa

0 = ultimate load applied to the concrete specimen, N

©

0 = crosssectional area of the concrete specimen?mm
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Figure3.15: Compressivéstrength Test.

The compressive strength test was conducted for the trial mix design
to check whether the mix proportion produces concrete with adequate strength.
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Since the concrete grade of the structural model is gt@@ethe characteristic
strength othe concretevasdesigned as 30 MPa. The strength of 14 days ages
of concrete is about 90 % of the final strength, thus the concrete cylinders need
to achieve a target strength of 27 MPa. If the concrete cylinders fail to develop
sufficient compressive ig@ngth in 14 days, the mix proportionussuitable for

the structural model. In contrast, the trial mix design is acceptaalde 3.3

shows the results of the conegsive strength test.

Table3.3: Ultimate Load and Compressive Strength of Concrete Cylinders
(Trial Mix Design)

Concrete Ultimate Compressive Target Status
specimen load, P (kN) strength (MPa)  Strength at 14
days (MPa)
1 224.8 28.62 27 Pass
2 216.6 27.58 27 Pass
3 213.3 27.16 27 Pass

The results show thathe compressive strength of theylinder
specimen was sufficient, thus the mix proportion was considered satisfactory

The mix proportion was used to construct the structural model in this study.

3.7 Model Construction

Before model castinghe formwork was prepared by usingmber plywood
The markingwas done on the plywoaqdincluding the dimension othe
formwork as welks the location of bolt holes required for the damper coanect
and the fixing point on the shaking table. The formwaedscut accordingly in
the Mechanical and Timber Workshop. The plywawasthen wrapped by a
layer of plastic in order to provide watessistance so that the formwonas
reusable for the following casting process. At the same time, the plastic layer
prevents the concrefeom sticking to the formwork and eases the formwork
dismantling. After that, the plywoodasassembled and screwd€igure 3.16
shows the formwork prepared for footing/hile Figure 3.17 shows the

formwork forthebeam and slab
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Figure3.16. Footing Formworkwith Bolts Installedon Shaking Table.

Figure3.17: Beam and SlaBormwork.

After the formwork preparation, the model constructiasfollowed
by the fabrication of reinforcement. 3 mm steel bagse cut into suitable
lengths and bent into the desired shape according to the reinforcement details
preparedBar bendingvasperformedusing the hammer in the Mechanical and
Timber Workshop as shown inFigure 3.18. Bar bending machiné not
required in this study since the diameter of the steel bar is relatively small.
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Figure3.18. Bar Bending in the Mechanical and Timber Workshop.

After the steel baraere fabricated into the desiréehgth and shape,
cable tiesvereused to assemble the reinforcement. 3 mm steemeesused
as the main reinforcement of the structural elemevitde 1 mm steel wires
serval as the stirrups of the shear reinforcement. Spaced shearwires
providedfor the column and beam reinforcements to resist the shear forces as
well as confine the concret&igure 3.19 shows the footing reinforcement

together with the staet bar of the column

Figure3.19: Footing Reinforcement with Column Starter Bar.
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Figure3.20 shows the beam reinforcement with adequate shear links
andFigure3.21 shows the slab reinforcement tied with beam reinforcement.

e . M- A
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y

Figure3.21: Slab Reinforcement Tied with Beam Reinforcement.

The reinforcement of footing witkthe column starter bawas then
placed into the footing formworknd the casting processscarried outThree
concrete cylindersvere castfor eachbatch of fresh concrete. After 14 days of
curing, the compressive strength tests conductedio ensure the structural
model's concrete grade fulfilldbe design requiremenFigure 3.22 shows the
casting of the footing.
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Figure3.22: Concrete Casting for Footing.

After 24 hours, the footing formworkasdismantledand the footing
waschecked to ensunmeo honeycomithatwould reduce the concrete strength
wasformed The sample of the footing cast is showirigure3.23. After that,

the footingwascured by spraying water on the concrete surfacedeendays.

Figure3.23: Footing Cast.

The model constructiomasthen continued bgastingcolumns, beams
and slab for thérst floor. Figure3.24 shows he concrete columns cast for the
first floor. Sika grout was utilised near the bolt holes prepared for the damper
connector due to the limited space. The main reinforcement and shear
reinforcement were congested at that location, thus aggregates uspitah ty
concrete casting were not able to pass through the reinforcement and sika grout

was selected to ensure concrete quality.
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After the columnswere cast, the top surface dhe columns was
smoothened by usinipe grinder to provide an even surface faam casting
work. The beams and floor slab were cast together to ease the construction work.
The formworls of the beams and slab were screwed while the reinforcement
barswere tied togetheffFigure 3.25 shows the preparation of beams and slab
casting for the first floor.

Figure3.25. Preparation of Concrete Casting for First Floor Beams and Slab.



54

The casting workvasthen repeated for the second and third flpass
shown inFigure 3.26 andFigure 3.27. The formworks and reinforcements of
the remaining parts of the modefere fabricated in the Civil Engineering

Laboratory asvell as the Mechanical and Timber Workshop.

Figure3.27: Concrete Casting for Thirgloor Columns.

After all the structural elements had been cast, the model was painted

white for appearancandto ease the marking. Marking shall be done when
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crackingisobserved during the shaking table t€ggure3.28 shows the model
constructed in this study.

Figure3.28: Complete Model.

3.7.1 Quality Control
It is important to conduct compressive strength tests for casting woekisoire
the quality and durability oftte concrete used in tmeodel constructionif the
concrete mixing and casting work not performed well, it may reduce the
compressive strength of concretde concrete mayot beable to withstand the
expected loads when its final strendtiesnot meet the requirement, leading to
structuralintegrity issues. Although the downscaled model constructed in this
study is not expected to carry any extra loadspuring the cast structure reaches
the desired grade C30 concrete as the prototype is esseintial the similitude
relation had been established between the scaled modetharidll-scale
prototype it is crucialto ensure thenodel meet the design Gteria so thatits
structural behaviour isimilarto the prototype.

Three concrete cylindergerecast for each batch of fresh concrete to
performthe compressive strength test. The cylinder samples were cured and
tesed at the age of 14 days. The concrete cylinddrall achieve a target

strength of 27 MPawhich is90% of the final strengtfor quality control Table
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3.4, Table3.5 andTable3.6 show thecompressive strength test results for each

floor's casing.

Table3.4: Ultimate Load and Compressive Strength of Concrete Cylinders
(First Floor).

Concrete Ultimate Compressive Target Status
specimen load, P (kN) strength (MPa)  Strength at 14
days (MPa)
1 263.1 33.50 27 Pass
2 157.7 20.08 27 Fail
3 240.4 30.61 27 Pass

Table3.5: Ultimate Load and Compressive Strength of Concrete Cylinders

(Second Floor).

Concrete Ultimate Compressive Target Status
specimen load, P (kN) strength (MPa)  Strength at 14
days (MPa)
1 314.8 40.08 27 Pass
2 283.7 36.12 27 Pass
3 317.4 40.41 27 Pass

Table3.6: Ultimate Load and Compressive Strength of Concf&génders
(Third Floor).

Concrete Ultimate Compressive Target Status
specimen load, P (kN) strength (MPa)  Strength at 14
days (MPa)
1 241.9 30.80 27 Pass
2 241.7 30.77 27 Pass
3 263.8 33.59 27 Pass

Based on the resultdi@rewasone cylinderfor the first floor casting
work dd not pass the compressive strength test, but the compressive strength of

another two cylindersvas greater than 2M™MPa. Hence, the compressive
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strength testvas considereda pass.The insufficient compresse strength of
concrete specimen 2 tifefirst floor may be caused by the presence of air voids

in concrete that reduce the final strength of hardened concrete. The concrete
mixture was suspected to contain more water when casting this specimen. This
may happen when the concrete mixtusenot mixed thoroughly. The excessive
water does not involve in the cement hydration process, forming pores during
the concrete hardeningigure3.29 shows the cylinder concrete specingaf

the first floor after the compression tesind pores can bseeninside the

concrete.

Pores

Figure3.29: First FloorConcrete SpecimenAfter Compression Test.

All the concrete cylinders for the second and third #quased the
compressive strength test. Thug,additional measurgasneeckdin the model

construction.

3.8 Shaking Table Test

After the model castingvas completed, the modelas transferred to the
Advanced Geotechnical Laboratagd fixed on the shaking table. The shaking
tablein the laboratorys electrically driven by a direct drive mot@iso known

as a torque motott is auniaxial shaking tabléhatis able to generate seismic
movement in one dimensiamly. When the frequency and displacement of the
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shaking arekeyedinto the computer, thactuator producelinear movement
according to the input, emulating the grotsithking motions during
earthquakedrigure3.30 shows the shaking table used in thé. {€kis shaking
table is able to simulate movement from 0.1 Hz to 20 Hz of frequency and from

0.5 mm to 15 mm of unit displacement.

\\\\

Figure3.30: Shaking Table in the Advanced Geotechnical Laboratory.

The testing sensorsised in this studyLVDTs and accelerometers,
were installed on the shaking table and each level of the structural toodel
measure the horizontal displacement and acceleration of the structural model
during shakingThereweretwo 25 mm L\DTs installed on the first floor of the
model andthe shaking table that represseithe ground floor. Another two 50
mm LVDTs were installed on the second and third 8adrthe modelDuring
the test, four accelerometers were installetherirst, secad, and third flocs
of the structure as well as the shaking tablgure3.31 andFigure 3.32 show
the setup of 50 mm LVD@and accelerometeluring the shaking table test.
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Figure3.31: 50 mmLVDT Installed ontheThird Floor of the Model.

Figure3.32: Accelerometer Installed aheThird Floor of the Model.

The test sensomere thenconnected to the data logges shown in
Figure 3.33. Dynamic Measurement Software DRIBOAD was used in this
study. The experimental datavere recorded automaticallgn the computer.
Different peak ground acceleratiomgere used to evaluate dnanalyse the
seismic performance of the structural model. The frequency and displacement
of the shakingvereadjusted at each level of the earthquake simulalibare

wasa total of 10 leved of earthquake simulation performed in this study.
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Figure3.33: Date Logger Connected with the Test Sensors.

The shaking table testas first conducted otine bare frame structure
whichrefers to the model withoua damperFigure3.34 andFigure3.35 show
the experimental setup ofie bare frame structureith testing sensorsThe
structural behaviour and damage mechanism were observed during the test. The
crackingthatoccurredvasmarkel and recorded after every level of earthquake

simulation.

|—— Accelerometer Sensor
B(/ LVDT Displacement Sensor

| ——— Accelerometer Sensor
LVDT Displacement Sensor

.—— Accelerometer Sensor
P LVDT Displacement Sensor

LVDT Displacement Sensor

—Shaking drecion
Control Sample
1 Bay 3 Storey without dampe

Figure3.34: Shaking Table Test Setup of tBare Frame Structure
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Figure3.35: Bare Frame Structure Installed on Shaking Table.

The testwas then repeatedon the model equipped with damping
system Three brands of viscous dampersreselectedn this study as shown
in Figure3.36. The shaking table test was carried onthe structure withan
inverted V diagonal bracedamper system oAPIDO, SKK and ESPADA
dampers.The length ofthe cylinder contailmg compressible fluidfor each
damperis varied while the total length oéachdamperis constantDifferent
brands of dampers were utilisedclmmpareheir performance during shaking.

Figure3.36. APIDO, SKK and ESPADA Dampers (from left to right).
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Twelve viscous dampers were installed on the structural nusdej
connectorg$abricated using steel plat&here wereighteerdamper conneots
fabricated for the wHe structureas shown ifrigure3.37. The steel platesere
fixed to the respective locations using the bolts while the bolt hotre
prepared during the model dast. Figure 3.38 shows the damper connectors
installed on the structure befdtesinstallation of dampers.

Figure3.38: Damper Connectors Installed on the Structure.

The shaking table testas conduced on the structural model with
APIDO dampers, followed by SKK dampers and ESPADA dampégare
3.39 illustrates the experimental setup thfe structure withan inverted V
diagonal bracedlamper systemand Figure 3.40 shows thebraced structure

with testing sensors in the shaking table.téditthe experimental data was
recorded byhe data logger.
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4 _— Accelerometer Sensor
4 LVDT Displacement Sensor
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Damping Device —.

2 ——— Accelerometer Sensor
Steel Bracing Y/

/ LVDT Displacement Sensor
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Damping Device
Accelerometer Sensor

Steel Bracing 74 y | LVDT Displacement Sensor
Damping [Fevice — 7 N /
/= P 4 | éter Sensor
/) N
4 N LVDT Displacement Sensor

1 Bay 3 Storey
with 12 dampers

Figure3.39: Shaking Table Test Setup of the Model with Dampers.

Figure3.40: Structurewith APIDO Damperdnstalled on Shakingable.

3.9 Summary

The prototype wasscaled downeight times to the structural modelising
Buckinghamdés Pi Theorem and similitude
concrete castingvere OPC, coarse aggregate, fine aggregate, water as well as
waterreducing achixture, which is the superplasticizer. Thmncretemix
proportionwith a waterto-cement ratio of 0.4@asable to produce cement with

a density of 2380 kg/fn The tial mix designwas performed using cylinder

moulds with a dimension of 200 mm in heigimtd 100 mm in diameter. The
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concrete cylindersverecured for 14 daybefore conpressive strength testing
The formworkwasfabricated using plywood and 3 mm steel lveeseselected

as the reinforcement bar to construct dognscaledeinforced concreté& bay
3-storey model. The shaking table tesis performedfour times onthe bare
frame structur@ndstructurewith three brands ofiscous damper LVDTs and
accelerometersereinstalled on the model in order to record the data of the
shaking testThe nverted V diagonal bracedamper systerwasinstalled on

the structure to study the structural behaviour and mode shape of the structure.
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CHAPTER 4

RESULTSAND DISCUSSION

4.1 Introduction

In this studytenlevels of earthquake simulation were selected to conduct the
shaking table tesT.he earthquake simulation was carried out randomly without
predetermination of peak ground accelerati@tiHevehasavatying intensity

in terms of displacement and aggressiveness of shasrghown imable4.1.

The earthquake simulatiagetsintense when the shaking is more aggressive

with a shorter displacemehinit displacement and frequency of each level were

determined and served as the inpuhioperaing shaking table.

Table4.1: Intensity of Each Levedf Earthquake Simulation

Intensity Shaking Table Inputs
Level _ _ Displacement  Frequency
Displacement Aggressiveness
(mm/mm) (Hz)
1 Large Very low 3 1
2 Large Low 3 2
3 Moderate Low 15 3
4 Moderate Low 1.9 3
5 Moderate Aggressive 1 5
6 Short Aggressive 0.7 7
7 Short Aggressive 0.6 8
8 Short Aggressive 0.6 10
9 Short Very high 0.3 15
10 Short Very high 0.5 15

When the shaking level increases, the shaking frequency generally
increases while the unit displacement of shakiagreased.evel 1 and Level
2 have the same unit displacement but a different shaking frequency, similar to
Level 7 and Level 8. Moreover, the frequency of shaking at Level 3 and Level

4 is constant with an increment in unit displacemamisame goes fd_evel 9
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and Level 10. Hence, the relationship between the displacement response of the
downscaled model and the research parameters can be observed.

Each round of pseudo dynamic load testimgfedfor 15 seconds to
collect the displacement responseh® downscaled model. The experimental
data are focused on the rooftop displacement,-stteey drift and mode shape
of the structure fixed on the shaking table. The results were measured by the
LVDTs and collected by the data logger. Two 25mm LVDTs wesed to
collect data from the shaking table and first floor of the structuinge two 50
mm LVDTs were installed on the second and third floors of the struéttice.
to data analysishe value obtained from the shaking table testaoasected by
multiplying with the coefficient of the testing sensoshich are 2 103 for 25
mm LVDT and 5 102 for 50 mm LVDT.

4.2 Bare Frame Structure

The shaking table test was carried out on the bare frame structurkdvainl

to Level 10 ofthe earthquake simuteon. No viscous damping system is
installed on the structure. Based on the data obtained thieraVDTSs, the
displacement of each floaf the structure at each level of shaking can be
analysed.

Figure4.1 shows the complete displacement over time graphior
bareframe structure dtevel 1. Since the frequencyloével 1 is 1 Hzpnly one
cycle occurredevery secondA different sign of thedisplacement value
representshe different directioms of the movemenof the structureThe model
moves forward and backwarsiduring the shakingThe displacemerit time
graph shows thatach floor of thestructure is moved in the same direction at
Level1 since the sign of displacement for each floor is similar throughout the
shaking The displacement dhe ground floorepresents the movementtabge
shaking table. Thevhole structure is moved following the shakihigectionat
Level 1 The maximum rooftop displacement throughout the shaking is found
to be 12.27 mm.
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Displacement - Time Graph for Bare Frame
Structure at Level 1
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Figure4.1: Displacement Time Graphor Bare Frame Structure at Level 1 (a)

Overall; (b) Maximum; (c) Minimum.

Figure 4.2 showsthe complete displacement over time graph for the
bare frame structure at LevBl Starting from this level, the intensity of the
shaking increasesfrom low aggressiveness to high aggigeness.The
displacement of the first, second and third floorthektructurds found tohave
apositive signwhile the ground floor displacement is negativeicatingthe
downscaled structure is moved against the shaking direction at thisTeel.
maximum rooftop displacement throughout Level 5 is 7.10, tomer than

Level 1, showing thathe movement observed on the rooftop has decreased.



Displacement - Time Graph for Bare Frame
Structure at Level 5

7o

ll‘ ""M'Il'

i

Displacement {(mm)
00 kN O N RO D

GF

Il | It Il
i

i

i

|l

|

T A
Hllh’lll’lhl\'lll‘]"MIIII‘l’i'I’lllll’i,l,lll]i’l‘llll H

Displacement - Time Graph (Max)
10

H

Es |

o OARRORNRA

2 s

g -10

3 - 5
Time (s)
—GF ——1F 2F 3F

(b)

e
6 7 8 9 0 11 12 13 14
Time (s)

1F 2F 3F

(a)

Displacement - Time Graph (Min)

s
o

Displacement (mm)

3F

(©)

68

Figure4.2: Displacement Time Graphor Bare Frame Structure at Level 5 (a)

Overall; (b) Maximum; (c) Minimum.

Level 9 and Level 10ave a very high aggressivene$shakingwith

ashakingfrequencyof 15 Hz which is 15 times largy than Level 1Figure4.3

shows the displacement over time graph for the bare frame structure a®Level

At the beginning of the shaking, the structareveswith a large displacement

of 1.72 mm on the highest floofhe rooftop displacement redescgradually

until the structuregaches a stable motiomhe stable structural behaviour is

analysed and the results indicate that thdisplacement orthe top floor is

smaller than on the lower floors of the buildinthe structureexperienes

vigorous vibratios with small lateraimovenent at this level. The maximum
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displacementof 1.40 mmis observed on the first floowhile the rooftop
displacemenof the structurés found to bel.10 mmat Level 9

Displacement - Time Graph for Bare Frame
Structure at Level 9
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Figure4.3: Displacement Time Graphor Bare Frame Structure at Level 9 (a)
Overall; (b) Maximum; (c) Minimum.

Based on thenaximum displacement for each float each level of
shaking obtained, the interstorey drift between floorss calculated and
tabulated inTable4.2. Based on the results of Level 1 and Level 2, the overall
maximum displacement of the structure at Level 2 is found targer than at
Level 1. The unit displacement of the simulation is consistent at both,levels
which is 3 mm/mmbut the frequency of shaking at Level 2 is 1 Hz higher than
Level 1, thus the structure exhibiteore significantnotion at Level 2.
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Moreover,the overall displacement or movemaeitthe structureat
Level 4is greater than at Leve| 8espite theshaking frequency remaining the
same,which is 3 Hz This observationvas likely due to thenore significant
unit displacement of shaking at Levefat 0.4 mm/mm This observation can
be seen in the results obtained frbevel 9 and Level 10When either the
shaking frequency or unit displacement is increased while the other parameter
is held constant, there is a corresponding increase in the maxirspliaceiment

observed in the system

Table4.2: Inter-Storey Drift for Bare Frame Structure at All Levels.

Lovel Maximum displacement (mm) Inter -storey drift (mm)
GF 1F 2F 3F GF-1F 1F-2F 2F-3F
1 11.28 1193 12.63 12.27 0.65 0.70 -0.36
2 11.76 13.21 15.28 15.16 1.45 2.08 -0.13
3 791 12,60 16.31 17.53 4.69 3.71 1.22
4 8.52 13.68 17.46 18.26 5.16 3.77 0.80
5 3.85 2.59 5.96 7.10 -1.26 3.37 1.13
6 2.43 2.05 2.98 3.71 -0.38 0.94 0.73
7 252 247 327 358 -0.06 0.80 0.31
8 2.61 2.62 2.99 3.45 0.01 0.36 0.47
9 1.16 1.40 0.55 1.10 0.25 -0.86 0.56
10 1.54 2.00 1.96 2.36 0.46 -0.04 0.40

Level 5 is the intermediate ley@Vhere the intensity of the shaking is
increased tosimulate more aggressive seismic activiljhe maximum
displacement on all floors decreases significantly at this level compared to the
previous levels. Theudilding behaviour changdrom large lateral movement
to intense vibratiofrom this level.

The dructure is observed to have the highest isterey driftof 5.16
mm at Level 4 shown in the yellow highlighted he rooftop displacement of
the bare frame structure is greater than the ground displacement by about 10 mm
at these levels. The results icate that the higher floors of the structure

experience the largest displacement amplitudes compared to the lower floors
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when the shaking displacement is moderate with low aggressiv@imessan

result in significant damage or collapse of the upperdldoring an earthquake.
Based on the outcome of the shaking table tiestnode shape for the

bare frame structure at each level is investigated by plotting the, gsaphown

in Figure4.4. The mode shape of the bare frame structure from Level 1 to Level

4 shows a single curvature shapee building experiences translational motion

and sways in one direction only with minimal torsional or rotational motion.

When the shaking level increase until Level 8, the mode shape of the structure

changes to double curvatusehich means the mode slepas two different

curvatures in different directions. At Level 9 and Level 10, the mode shape of

the building alters to a double S curvature shape. This type of mode shape can

be observed when the maximum displacemetti@$econd floor is lower than

the first and third floor during shaking.

Mode Shape for Bare Frame Structure at
Different Levels
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Figure4.4: Mode Shape for Bare Frame Structure at Different Levels.

Throughout the shaking table test conducted on the bare frame
structure,the structuras damage where crackingis foundon the concrete
surface The ground motiosimulatedcauses the structuredscillateandrotate
which induces forces and moments in the structural elem#&htsn thenternal
forces exceed the yield stngth of the membeplastic bendingccurs, causing
plasticdeformatian of the structural membeA plastic hingeis formed at the

location where the maximum bending moment occoraking the structure
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more flexible since it allows free rotatiohe formation ofa plastic hinge
allows the structural member to deform plastically without causing a
catastrophic failureHence, it is also a type of energy dissipatienice andit
enhances the seisnperformanceof the building.

Generally, the formation of a plastic hinge in a reinforced concrete
member will not cause concrete cracks since it occurs in the steel reinforcement
rather than in the concrete itsétfowever, the plastic deformation may cause
theconcrete coveto sl or crackin certainconditions.This can happen when
the bond strength between the reinforcement and the surrounding concrete is
weaker than the tension in the reinforcemergufficient steel reinforcement or
inadequate concretcover may also cause concrete spalling and cracking.

In a 1 bay frame structure, the plastic himgee typicallyfformedat the
beamto-column connectiomiwhere the maximum bending momentesind
The beamsare normally designed withppropriateplastc hingesto dissipate
the seismic energyithout collapsing In contrastthe columns are designed to
remain elastic andtabilisethe structure duringnearthquake.

In this studythebeans of the first floorstartto crack and form plastic
hingesat Level 3 of shakingAs the structure undergefurther shakingmore
cracking is observedas shown inFigure 4.5. The hinges formedllow the
columnbeam joints of the first flooto rotatein conjunction with the lower

columns.

Figure4.5: Concrete Cradkg on the First FloorBeans of Bare Frame

Structure



73

The plastic hinges othe top of the columns of the second floor are
observed starting from Leve| ds shown irFigure4.6, while Figure4.7 shows
the formation of plastic hinges on the top of the first floor column after Level 5
of the earthquake simulation. The plastic deformation of the structural members
allows the structure to absorb more energfpte collapsg during earthquake

evens.

Figure4.6: Concrete Cracks on th8econd Floor Columrof Bare Frame
Structure.

Figure4.7: Concrete Cracks dhe First FloolColumnof Bare Frame Structure.

4.3 Structure with APIDO Dampers

The shaking table test was then carried out on the structurghgihPIDO
damping systemTlhe horizontal movement on each floor of the structure was
measured usinthe LVDTsto analyse the performance of viscous damper

improving the dynamic responsetag structure during earthquake simulation
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Figure4.8 shows the complete displacement over time graph fostteture
with APIDO dampersat Level 1.The displacemerime graph indicates that
thewhole structure mosn the direction of shakinghowirg similar structural
behaviour to the bare frame structure at this leVake maximum rooftop
displacement obtained from tls&ructure with an inverted V diagonal braced
damper system of APID@ampers is 13.82 mm at Level 1.

Displacement - Time Graph for Structure with
APIDO Dampers at Level 1
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Figure4.8: Displacemeni Time Graphfor Structure with APIDO Dampers at

Level 1 (a) Overall; (b) Maximum and Minimum.

Starting from Level 5 of shaking, the displacemtmie graph shows
a high displacement in ¢hfirst second, followed by a relatively constant

structural behaviouFigure4.9 shows that the maximum rooftop displacement
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of the structurewithin the first secod at Level 5is 12.58 mm while the
maximum rooftop displacement found afteatis 10.01 mm.The research
results indicate that theseudo dynamic load activated the damping sysiean
started to absorb and dissipate the energy of seismic wéeese, he amount

of energy transferred to the building decreaseducing the motion of the
building in the earthquake simulatioriThe constant displacement of the
structure indicates that the damping system has provided a consistent amount of
resistance to thground motion, thus the structure is settled into a more stable
motion. The damping system staf@ the building and enhancés seismic
performanceNevertheless, the activation phase of the damping system is not
considered inthe data analysis to investigate the improvemenses$mic
resistance of the building whemergy dissipation tools are usiéid. Therefore,

the maximum rooftopdisplacement ofthe structure with APIDO dampers
obtained at Level 5 is 10.01 mm.

Displacement - Time Graph for Structure with
APIDO Dampers at Level 5
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Figure4.9: Displacement Time Graphfor Structure with APIDO Dampers at

Level 5 (a) Overall; (b) MaximurandMinimum.

The maximum displacement for each floandthe interstorey drift
between floorof the structure with APIDO damperat each level of shaking
aretabulated infable4.3. The outcome of the shaking table t&sbwsa similar
observation with the bare frame structwich is the maximum displacement
of the structure increase when either the shaking frequency or unit displacement
is increasedThis can be proven by ther¢ger displacemerdbtainedat Level 2
and Level 8compared tothe respectivdevels which havethe same unit
displacement of shaking batlowershakingfrequency At the same time, the
inter-storey drift ofthe structure at Level 4 and Level 10 is foulodbe larger
than Level 3 and Level @espectivelyindicating the structure experiencesre
considerablanotion at amore extensivainit displacement of shaking while
shaking frequency remains constant.

The structure is observed to have the highest-stbrey drift at Level
5, which is 2.27 mm between the second and first floors of the structure, as
highlighted in yellow. About 2 mm of intestorey drift is obtained from two
adjacent floors of the structure with APIDO dampers at Level 5. The results

indicate that thevhole structure is leanad one direction during the shaking.
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Table4.3: Inter-Storey Drift for Structure with APIDO Dampers at All Levels.

Lovel Maximum displacement (mm) Inter -storey drift (mm)

GF 1F 2F 3F GF-1F 1F-2F 2F-3F
1 1196 12.28 13.60 13.82 0.33 1.32 0.22
2 1192 1246 14.15 14.86 0.54 1.69 0.70
3 6.32 8.54 7.86 9.57 2.22 -0.68 1.71
4 8.05 10.24 1129 11.88 2.20 1.05 0.59
5 3.40 5.64 791 10.01 2.25 2.27 2.10
6 2.09 1.56 2.50 3.36 -0.53 0.94 0.86
7 1.84 1.46 2.18 3.09 -0.38 0.72 0.91
8 2.44 2.51 2.72 3.82 0.07 0.21 1.10
9 0.49 1.00 0.69 0.97 0.51 -0.31 0.28
10 1.22 1.35 0.70 1.14 0.13 - 0.65 0.44

Figure4.10 showsthe mode shape for the structeguipped withan
inverted V diagonal bracedamper system of APIDO dampertseach levebf
shaking The mode shape of the structatéevel 1and Levé2 showsadouble
curvature shapét Level 3, the structure has a double S curvature skdpeh
changes tasingle curvature shape at Levadtdshaking A straight mode shape
with alarge gradient is observed at Level 5 due tcstheabé interstory drift
of the structure inthe same direction. From Level 6 to Level 8, thailding
experiences translational motion and sways in one direction only with minimal
torsional or rotational motigrshowing a single curvature mode shape. At Level
9 and Levell0, which have high intensity of shakinghe mode shape of the

structurealtersto adoubleS curvature
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Mode Shape for Structure with APIDO Dampers
at Different Levels
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Figure4.10: Mode Shape for Structure with APIDO Dampers at Different

Levels.

4.4 Structure with SKK Dampers

Next, the structure was testedth an inverted V diagonal bracethmper
system ofSKK dampersFigure4.11 shows thdateraldisplacemenbver time

for the structure at Level 1 measured using LVDThe graphshowsthat the
movement of thetructurefollows the direction of shakingt this level similar

to previous testingThe maximum rooftop displacement obtained from the
structurewith SKK dampers at Level 1 of shakirggl2.73mm.
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SKK Dampers at Level 1
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Figure4.11: Displacement Time Graphfor Structure with SKK Dampers at
Level 1 (a) Overall; (b) MaximurandMinimum.

The activation phase is also obsenaedthe structure witlthe SKK
damping systemat Level 50f shaking as shown irFigure4.12. The damping
system is activated withihsecondf shakingand contributeto stabiligsng the
structureandredudng the lateral movement due tioe dynamic response of the
building. The madnum displacemenbbserved from the structurein the
activation phases 12.00 mmwhile the rooftop displacement obtained from the

structure in stable motion is 8.15 mm.

Displacement - Time Graph for Structure with
SKK Dampers at Level 5

o (2 =
.(“U\“’I'!'Wi'ﬂ'lHl’l'lhlﬂUM'IW'I'I!'tWi’IW“'-il'u'ﬂ“\'I'ﬂW\'IWWIIIWWi"lUh'i"NlrUlh'lUWi'l‘m’i[\'l'mﬁ

|
|
--8.15
I BT
0 1 2 3 a4 5 6 7 8 9 10 11 12 13 14
Time (s)

Displacement (mm)
[an]

GF 1F 2F 3F

(@)



80
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Figure4.12: Displacement Time Graphfor Structure with SKK Dampers at

Level 5 (a) Overall; (b) Maximum; (c) Minimum.

Based on the research results obtained from the shaking table test of
the structure withan inverted V diagonal bceddamper system of SKK
dampersthe rooftop displacemeiatf the structure isound to besmaller than
the lower floors at Level 18s shown irFigure4.13. The lateal movemenbn
the third floor is the largest in tlilamping system's activation phasjch is
about 1.87 mmThe rooftop displacement obtained durthg stable motion of
the structure is 1.27 mm which is smaller than the maximground motion of
1.63 mm.The structure experiens@tense vibrations due to the high shaking

frequencyat Level 10

Displacement - Time Graph for Structure with
SKK Dampers at Level 10
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Figure4.13: Displacemeni Time Graphfor Structure with SKK Dampers at

Level 10 (a) Overall; (b) Maximum; (c) Minimum.

The maximum displacement for each floandthe differential lateral
movementbetween floorf the structure with SKK damperat each level of
shaking are tabulated inTable 4.4. Similar to the previous testinghe
experimental datahowanincrement in maximum dplacement on each floor
when either the shaking frequency or unit displacememhagnified The
yellow highlight in the table below shows tlagest interstorey driftof 3.54
mm between the first and ground floor of the structure at Level 3 of shaking.
The rooftop displacement of the structuvgh the SKK damping systenis
greater than the groumdotionby about6.5mm atLevel 3 and Level 4There

is substantialateral movement of the whole structure at these levels.

Table4.4: Inter-Storey Drift for Structure with SKK Dampers at All Levels.

Maximum displacement (mm) Inter -storey drift (mm)

GF 1F 2F 3F GF-1F 1F-2F 2F-3F
1 11.36 1182 12.80 12.73 0.46 0.97 - 0.07
2 11.33 12.76 13.79 13.97 1.43 1.02 0.18
3 6.18 9.72 1229 1261 3.54 2.57 0.32
4 8.10 1140 14.15 14.85 3.30 2.75 0.70
5
6
7

Level

3.19 416 7.25 8.15 0.97 3.10 0.90
2.00 1.48 2.56 3.05 -051 1.08 0.49
1.97 1.48 2.20 218 -0.49 0.72 -0.02
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Table4.4 (Continued)
8 2.22 2.12 2.60 3.15 -0.10 0.49 0.54
9 0.20 0.32 0.33 0.40 0.11 0.01 0.07
10 1.63 1.60 0.82 1.27 -0.03 -0.79 0.45

Figure 4.14 shows the mode shager the structure witithe SKK
damper at each level of the earthquake simulation. The structure has a double
curvature mode sipe at Level 1. Starting from Level 2 to Level e imode
shape of the structure shows a single curvature shagiating that the
building sways in one directioThe mode shape of the structure with SKK
dampers at Level 5 sdouble curvature shapehere the rooftop displacement
has amassie difference with ground movementhe mode shape has two
different curvatures in different directigr&howing a double S curvature shape
until Level 8. The mode shape observed at Level 9vera steepstraightline
with a rooftop displacement smaller than 1 pindicating the structure has
minimal interstorey drift during the shakingit the last level of shakinghe
building experiences motiowith torsion or rotationshowing adouble S

curvature mode shape.

Mode Shape for Structure with SKK Dampers
at Different Levels
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Figure4.14: Mode Shape for Structure with SKK Dampers at Different Levels.
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4.5 Structure with ESPADA Dampers

Thedownscaled model on the shaking table was itngtalled withanESPADA
damping systenand subjected to 10 levels of ground motiofRgure 4.15
shows thestructure's lateral movemenwer time at Level 1IThedisplacement
time graph shows that the structureves inthe direction of shaking at this
level, like in the previous testingThe maximum rooftop displacement of the

structureunder simulated earthquake ground motsfound to be 12.12 mm.

Displacement - Time Graph for Structure with
ESPADA Dampers at Level 1
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Figure4.15: Displacement Time Graphfor Structure with ESPADA Dampers

at Level 1 (a) Overall; (b) Maximunfg) Minimum.

Like the other damping system, ESPADA dampers reqaine
activation forceto reducethe dynamicresponsef the structurestarting from
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Level 5 of shakingFigure4.16 shows thatite maximum displacement within
1s is 12.27 mpwhile themaximum movement on the third floafterwards is
found to ber.28 mmduring stable motion of the structuiThe dampinggstem
stabilises the structure and redusthe amplitude of vibrations induced by the

pseudo dynamic loads.

Displacement - Time Graph for Structure with
ESPADA Dampers at Level 5
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Figure4.16: Displacement Time Graphor Structure with ESPADA Dampers

at Level5 (a) Overall; (b) Maximum; (c) Minimum.

During the simulated earthquake level with high intensitye lateral
movement on the top floor is found to be smallenthiathe lower floorsFigure
4.17 shows the horizontal displacement on each floor throughout Level 9 of
earthquake motior.hemost significahdisplacement is found on teucture's
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first floor, which is 0.92 mmTheoverallmovement of the structure is smaller
than 1 mm which is not significantto the structureindicating the structure

vibrates with high frequency wheexperiencingfrequent backandforth

motiors.
Displacement - Time Graph for Structure with
ESPADA Dampers at Level 9
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Figure4.17: Displacement Time Graphor Structure with ESPADA Dampers
at Level9 (a) Overall; (b) Maximum; (c) Minimum.

The experimental results of the shaking table test conducted on the
structure with ESPADA dampers are tabulatedTiable 4.5. The structural
behaviour is found to be simildo the bare frame structure as well the
structure equipped i other brands of dampefBhe maximum displacement
of the structure is found larger when either shaking frequency or unit
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displacement of the shaking is larger while the other parameteairgained
constantThelargestinter-storey drift of this structure is observed between the
first and ground floor at Level,3vhich is 4.54 mmas shown in yellow
highlighted followed bya difference in lateral movemewf 4.45 mmfound
between the same location at LeveTlHle roofop displacement of the structure
with ESPADA dampersis found to be more than 8 mngreater than the

displacement othegroundfloor atthese leved of shaking.

Table4.5: Inter-Storey Drift for Structure wiih ESPADA Dampers at All

Levels.
Lovel Maximum displacement (mm) Inter -storey drift (mm)

GF 1F 2F 3F GF-1F 1F-2F 2F-3F
1 10.86 11.32 12.38 12.12 0.46 1.06 -0.25
2 11.84 13.22 14.85 14.45 1.38 1.63 -0.41
3 750 12.04 15.72 16.25 4.54 3.69 0.53
4 8.44 1289 16.29 16.86 4.45 3.41 0.56
5 3.23 3.09 6.28 7.28 -0.13 3.19 1.00
6 2.10 1.41 2.62 3.16 -0.70 1.21 0.54
7 2.02 1.87 2.36 283 -0.15 0.50 0.47
8 2.34 2.43 2.60 3.43 0.08 0.17 0.83
9 0.90 0.92 0.50 0.92 0.01 -0.42 0.43
10 1.19 1.25 0.64 1.10 0.05 -0.61 0.46

The experimental data was then used to investigate the mode shape of
the structure observed at each level. Single curvature mode shapes are observed
from the movement of the structure at Level 1 to Leye@s4shown irFigure
4.18, indicating the structure vibrates in a single direction during the shaking.
The mode shapehangeso adouble curvature shape at Levgland6 and then
alters to a single curvature shapd.avels 7 andB. The mode shapghowsa
double S curvature with small amplitudeat the remaining level§he duble
curvature mode shape shows that the building vibrates in two directions with
twisting movementswhile the double S curvature mode shape indicates the

building has a significant twisting movement.
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Mode Shape for Structure with ESPADA Dampers
at Different Levels
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Figure4.18: Mode Shape for Structure with ESPADA Dampers at Different

Levels.

4.6 Displacement Response foBtructure with and without Damper

From the experimental results obtained from the LVDTs installed to the
downscaled model, the displacement response for the structure with and without
a damping system can be analysed and comp@hedstructural behaviour and
mode shape of each system had been discussed ptgvidwes mode shapes of
each system aénlevels of shaking are discussed respectivelinvestigate the
efficiency of the viscous dampevghen the building is subjected s@ismic
evensin varying intensitiesThe displacement of the shaking decregaed the
aggressiveness of the shaking increases when the shaking level s)erbade

mears ahigher level of shaking Isaa moreintense ground motion.

The first twoshaking levels in this study aa large displacement
motionwith very low and low aggressiveness of shakifgure4.19 (a) and
Figure 4.19 (b) show the mode shape comparison between the structures at
Level 1 and Level &f shakingrespectivelyBy comparinghemode shapeof
the bare frame structure and the structures wémplers, there is napparent
improvement in théateral displacement reductieeenfrom the structure with
dampersatlLevel 1 Neverthelesghe bare frame structure has a single curvature
mode shape at Leve| while all other structuregosea double covature mode
shape whichis preferablein seismic designDouble curvature mode shape

enable the structure tbsorb more earthquake energy detbrm more before
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the ultimate failureduring an earthquaksince itcan bemore ductie thana
single curvature mode shape.

Only the structure with APIDO dampers shows a double curvature
mode shape at Level 2 of earthquake simulafMirihe structures with dampers
showa slightreductionin the rooftop displacement at LevelThe results show
thatthe damping systeran marginally reduce the structure's dynamic respons
when the shaking displacement is large with low aggressiveWdssn the
structure is subjected to a large lateral ground mati@wvhole structureends
to swayin the directiom of shakingThe inverted \shape of the brac@sovides
somestiffness and strengtio the structure, improving the structural resistance
to the lateraloads Hence, theénverted V diagonal bracedamper system can
redu@ thestructure's response to gral mozementand restrairihe buildings

sway during an earthquake.

Mode Shape at Level 1 Mode Shape at Level 2
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Figure4.19: Mode Shape for Structures at (a) Level 1; (b) Level 2.

During the shaking table testith moderate displacement and low
aggressivenesthe lateral movement for the structwvéh damperss smaller
thanthe bare frame structuet Leves 3 and 4 as shown irFigure4.20. The
inverted V diagonal bracedamper system installed on the structure reduces the
dynamic response of the building effectivelp matter which brands of viscous
dampers are utilisedlhe interstorey drift of the structure also rezksas
compared withthe bare frame structurendicating thatthe viscous dampers
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successfully absorb some energy induced by the earthqUdlee energy
dissipation device reducéise pseudo dynamic load axg on the building and
increassits seismic pegormance

Based on the experimental data obtained from Level 3 and Leel 4,
structure with the APIDO damping system has the best performance among all
the testing modelsince itshows not onlythe least rooftop displacement but
also the least intestorey drift at both level#\ double S curvature mode shape
is observed from the structure with APIDO dampers at Levél 8ouble S
curvature mode shape mgoredesired during an earthquake sint@rovides
more excellenstability to the buildinghan a single curvature mode shapee
double S curvature mode shape belsammilady to the double curvature mode
shape distributing the lateral load more evenly throughout the structure.
Therefore, he earthquake loa@nd stresssare lessoncentrated on one flgor

which maycause the structure to collapse.

Mode Shape at Level 3 Mode Shape at Level 4
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Figure4.20: Mode Shape for Structures at (a) Level 3; (b) Level 4.

Figure4.21 shows the mode shape for the testing models at Level 5
with moderate displacement and high aggressivenesarttiquake motian
Based on the mode shapletained from the shaking table tese bare frame
structurgends tgperform better than the structure wetdamping system at this
level. The structure with ESPADA dampers and the bare frame structure show

a similar structure behaviour at this level since the mode shape of both structures
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is alike. The structure with APIDO dampers has the psbperformance,
showing a straight mode shape with a large rooftop displacefitenstructure
sways heavily in one directionduring the earthquake simulatiowhich may
causestructuraldamageand eentually lead tocollapse At this level, he
damping system is founbt effectiveas it fails to dissipate the seismic energy

andreduce thdateralmovement of the structure duegmund motion.

Mode Shape at Level 5
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Figure4.21: Mode Shape for Structures at Level 5.

The ground movement of the shaking changes from moderate
displacement to short displacement at the sbakinglevel. The mode shape
of the structures shows a significant improvetnanthe dynamic response of
the structuravith adamping system from the bare frame structbigure4.22
shows that there ia notable reduction in th&orizontal movement of the
structure with a damping systerat Level 6 ofshaking.Thus, theinverted V
diagonal bracedamper systens able taabsorb seismic energy arebuce the
amplitude of vibrations of the buildingffectively at this level, regardless of
brand The movement of the piston of the viscous dampers within the
compressible fluiduccessfullycreate a resistance force to oppose the motion
of the building Eventually, itimproves the structural behaviour durintpe

seismic event
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Mode Shape at Level 6
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Figure4.22: Mode Shape for Structures at Level 6.

In this study, Level 7 and Level 8 simulated the ground motion with
short displacement and high aggressiverftdsevel 7, the bare frame structure
shows a double curvature mode shapgthwihe largest displacemeamong the
testing modelsas shown inFigure 4.23 (a), indicating the structures with
dampers have bettseismic performanceompared to the bare frame structure
Thedamping system absorbs the seismic energy, reducing the structure's overall
respone during shaking The structure with different brands of viscous
dampers have similar ground movement but different rooftop displacement,
showing that the effectiveness icousdampers irthe reduction of rooftop
displacement is varied:he structure with SKK dampenserforms bettethan
the structure with the APID@nd ESPADA damper sinde hasa double S
curvature mode shape at LevellThus, SKK dampersan spread the earthquake
load uniformly to all floors of the structure, preventing load concertation on one
floor that may leado structural failurewhile other dampers are not able to
change the mode shape to double curvature at this level.

Figure 4.23 (b) shows thathe structure with SKK dampers and
ESPADA damperdbehave similarly at Level 8oth structures have similar
mode shape with identical ground movement andooftop displacement.
APIDO dampers haveelatively low effectiveness in improving the seismic
performancef thebuilding at this levekince there is only a slight reduction
the lower floors of thetructure Howeverthe amplitude of vibrations observed
on the top floor igmore significanthanin other modelsThe structurs with
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APIDO dampers and the bare frame struchoth posesingle curvature mode
shaps thatareundesiredn seismic desigue to the load concentratiofihe
ground movement of the structure with APIDO dampers is smaller than the bare
frame structureHowever jts rooftop displacement is larger than the bare frame

structure, meaning that thdamping system does not dissipate the seismic

energy
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Figure4.23: Mode Shape for Structures aj (&vel 7; (b) Level8.

The last two levels in the shaking table test haveery high
aggressiveness with low shaking displacemEigiure 4.24 shows that all the
mode shapes of structures obtained at Level 9 and Level 10 have a double S
curvature shape except for the structure with SKK damaietsevel 9 The
structure with SKK dampensosesa straight mode shape with a difference in
the groundand rooftop displacement thistless than 0.2 mm, indicating the
inter-storey drift of the structure is very littleThe relative translational
displacemenbetween two consecutive floasthe structurés minimd, which
means the lateral forces duedarthquakes amistributed efficiently between
its different floorspreventing excessive deformation and structural damage.

The structures with dampers showtableimprovements imeducing
the rooftop displacement at Level 10, indicatihgtthe strudure's vibratioris
less intense compared to the bare frame struciimes, thestructure is more

stablewith the presence ad damping systensince thebraced damperare
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subjected to tension and compression forces rapidiyhalpdn absorbing the
seismc energy, reducing the dynamic response of the structure daring
earthquakeSince the overall amplitude of lateral movement of the structure is
found to be lesshan 2 mm, the structures are vibrated intensely instead of

havingsignificantlateral movenent due to the high shaking frequency.

Mode Shape at Level 9 Mode Shape at Level 10
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Figure4.24: Mode Shape for Structures at (a) Level 9; (b) Level 10.

Table 4.6 shows the reduction percentage in rooftop displacement of
each damper at all levels in the shaking table s results show general
improvemendg in the reduction of rooftop displacement the structure
throughouimost of the earthquake simulation. Level 5 representisdhs:case
scenario ofthe experiment where all the dampers faireéducethe dynamic
response of the building.evel 5 is the intermediate level where the structure
charges its behaviour frormassiwe lateral movement to intense vibratishen
subjected to simulated pseudo dynamic I&drting from Level 6, the roiip
displacements of the structure are smaller than 4whioh is an nsignificant
lateralmovement corregmding to the height of the structusghich is 1500
mm. Based on the results, the structure is observed to move horizontally when
the shaking frequency is relatively lo@n the other handhe structure stast

to vibrate in sma#lr amplitudenvhen the shakingetsintense
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Table4.6: Rooftop Displacement arfdeduction Percentagd Each Damper

at All Levels.
Intensity Rooftop displacement (mm) Reduction percentage (%)
Level
Displacement Aggressiveness Bare frame APIDO SKK ESPADA APIDO SKK ESPADA
1 Large Very low 12.27 1382 1273 1212 2.601 -ﬂ3‘72 1.21
2 Large Low 1516 1486 1397 1445  1.98 7.83 1.6
<2 c | 5
3 Moderate Low 17.53 957 1261 1625 4543 2808 .32
|
4 Moderate Low 1826 11.88 1485 1686  3#91  1R66 1.68
[ L

5 Moderate Aggressive 7.10 10.01 815 7.28 1.05 54.81 - 12.60
6 Short Aggressive 371 336 305 316 B46 191 14sS
7 Short Aggressive 3.58 300 208 283 1858 3pdl 208
8 Short Aggressive 3.45 382 315 343 0.49 53!.91 79
9 Short Very high 110 097 040 092 1247 6344 | 1627
10 Short Very high 1.66 L14 127 110 3016 2841 330

The outcome of the research shows that the SKK damper has the
highest redction percentage in rooftop displacement to 63.44% at Level 9.
APIDO damper has the secongreaest improvement to the rooftop
displacement of the structure of 45.43% reduction at Level 3. ESPADA damper
has the best performance at Leve] With a rediction percentage in rooftop
displacement of 33.70%.

One notable observation from the data is that the APIDO damper has
the highest effectiveness in dissipating seismic energy when the shaking is low
aggressiveness with moderate displacenmothpared to ther brands of
viscous dampersSKK damper is found to enhance the seismic behaviour the
best when the simulated earthquake motion is in high frequency and short
distance. ESPADA dampeerforms moderatelyn most conditions regardless

of the shaking intesities.

4.7 Prototype Displacement Response Prediction

This research selected the high school buildasgthe prototype for the
downscaled 1 bay-8torey reinforced concrete building. The similitudkation

between théull-scaleprototype andcaledmodelwasestablished byapplying
Similitude Theory andwhéuacqkimginhg madeié s P
design andgpecifications. Hence, the results obtained from the shaking table test

conducted on the downscaled model danusel to predict the dynamic

Th
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response of thé&ull-scaleprototypein this study The value ofthe prototype's
lateral movement and intstorey driftcan be determined by usiegperimental
datasinceboth systems are similar

According to the Similitude Thegyonly thedimensionakcale factar
“Y Wisrequiredn determining linear dimension the systemHence, the data
obtained from the downscaled modelmsiltiplied by the dimensional scale
factar to get thecorresponding values for the fidtale systemrheactualfull -
scale deflectionand the structural behaviour of the prototype during the
earthquake with varying intensitiean be investigated and studiadhis way
Table4.7 andTable4.8 show thepredicted value of the intestorey drift forthe
full-scale prototype at each level of shaking using the results obtained from the
downscaled model with and without damperke yelow highlighted value

represents the highest intgtorey drift for each structure.

Table4.7: Prototypelnter-Storey Drift Predictionfor Bare Frame Structure
and Structure with APIDO Dampeas All Levels.

Bare frame structure Structure with APIDO dampers

revel GF-1F 1F-2F 2F-3F GF-1F 1F-2F 2F-3F
1 5.16 5.61 -2.87 2.61 10.54 1.73
2 11.57 16.61 -1.03 4.31 13.55 5.62
3 37.54 29.66 9.77 17.75 -5.46 13.70
4 41.29 30.19 6.40 17.57 8.42 4.71
5 -10.11 26.99 9.07 17.98 18.14 16.78
6 -3.05 7.48 5.86 -4.24 7.51 6.88
7 -0.45 6.37 2.50 - 3.04 5.79 7.31
8 0.08 2.89 3.75 0.53 1.65 8.80
9 1.98 -6.87 4.46 411 -2.49 2.22

10 2.34 -7.71 6.35 1.03 -5.20 3.54
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Table4.8: Prototype InteiStorey Drift Prediction for Structure with SKK and
ESPADA Dampers at All Levels.

Structure with SKK Structure with ESPADA
Leve dampers dampers

GF-1F 1F-2F 2F-3F GF-1F 1F-2F 2F - 3F
1 3.68 7.79 -0.55 3.68 8.46 -2.04
2 11.44 8.17 1.47 11.05 13.03 - 3.26
3 28.35 20.53 2.56 36.29 29.51 4.20
4 26.41 22.01 5.58 35.60 27.24 4.52
5 7.75 24.77 7.16 -1.07 25.51 7.99
6 -4.12 8.66 3.88 -5.59 9.70 4.35
7 -3.92 5.75 -0.16 -1.24 3.97 3.77
8 -0.81 3.90 4.33 0.67 1.39 6.61
9 0.91 0.10 0.59 0.11 -3.35 3.43
10 -0.22 -6.30 3.61 0.41 -4.86 3.72

4.8 Summary

In summary, the inverted V diagonal bragimper system is abte reduce

the displacement response of the structure to earthquake ground ribgon.
data analysis reveals that thera reduction in the rooftop displacement of the
structure with dampersgp to approximately 64% from the bare frame structure.
During an earthquake, the viscous dampdsorbthe seismic energy through

a combination of fluid flow and mechanical friction whembjected to axial
compression and tension forcd@$e inverted V kape of the braces increase

the stiffness and strength of the structure, enhancing its ability to resist lateral
forces andestrainstructuresway.Hence, the damping system is beneficial in

seismic design tenhancestructural performance during an éayaake event.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATION S

5.1 Conclusions

In a nutshell, theshaking table testwereconducted tostudy theseismic
behaviourof the structure with and without dampensterms of interstorey
drift and mode shape of the structure. fBw conclusionscan be drawn
corresponding to the objectives of this research.

The first objective is to construct a downscaled reinforced concrete 1
bay 3storey modelThe high school building prototype was selected to iaequ
model design and specifications in this study. A 1:8 downscaled model was
constructed by using grade C30 concratel3 mm steel bars were uskxt the
reinforcementCompressive strength tests were conducted for eanhrete
mix batch to ensure theonstructed structurenet the design requirements.
Superplasticizers were utilised in this study to reduceviiierto-cement ratio
while maintainingthe qualityand workabilityof the concreteThe constructed
reinforced concrete building was succedgfsustainedhroughout the study
without collapsing.

The next objective i storeydriftavithares s
without dampers25 mm and 50 mraVDTs were installed othe shaking table
andeach floor of the structure to measure andnektloe lateral movement of
the structureThree brands o¥iscousdampers were used in this study which
are APIDO, SKK and ESPADA damperBhis research proves that viscous
damping systems can improve the seismic resistance of the stsinte¢here
aregeneral improvemesin the displacement response of the structfieen
the viscous damping systems were installed, the downscaled modefs inter
storey drift was smalleiThe results obtained from the shaking table test show
that APIDO, SKK and ESPADA dapers can reduce a maximum of 45%, 63%
and34% of rooftop displacemepttespectively.

The last research objective is to compare the mode shape of the
building with and withoutdampersThe mode shape of the bare frame structure
and structure with dampergere prepared to study the structural behaviour

t

he
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under earthquakeimulation with different intensities.When the shaking
frequency and unit displacement of the shaking change, the sérbetuaviour

is different showing different mode shapeédouble S curvature and double
curvature mode shajeepreferablan seismic design sindbey provide greater
stability and resistance to lateral load. The seismic forces are distributed more
evenly and unifordy throughout the structure compared to aglrcurvature
mode shapeaeducing théoad concentrationn one floor which isundesirable

in structural desigrDouble curvature mode shapes allow the structuabsorb

more energy andleform more before failure, preventimgsuddenbuilding
collapsewhich may cause catastrophic consequgnce

5.2 Recommendatiors for Future Work
Although installing a damping system helps in improving the seismic
performance of the building, the system is found ineffective when the building
behaviour changefrom significant lateral movement to intense vibration.
Hence, there is room for improving the viscous damping system to enhance its
performance under this conditiorhe effectiveness of the viscous dampers may
be influenced by the dampers system's configuratroaduilding.

Besides, the seismic behaviomasinvestigated by using a 1 bay 3
storey structure in this studfifferent types of structure can be further studied
in the laboratoryto assesstheir seismic performancander differentshaking
intensities For exampleJow and highrise buildingsmay result in different
structural behaviouaind seismic resistance during an earthquakeimportant
to study the seismic performance afhigh-rise building since it is more
susceptible to failurand require a seismic design which is not commonly
considered in Malaysi®ther than that, 1 bay frame structiegenot common
for modern buildingsthus it is crucial tatudythe seismic performance of other

types of structure.
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APPENDICES

AppendixA: Graphs

Displacement - Time Graph for Bare Frame
Structure at Level 2
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Displacement - Time Graph for Bare Frame
Structure at Level 3

0

15

100 K- | H-tHHHHHHEAHHH | Igi
MENNRnREnnenpynennnrpnnr DDy e
! e RE i e e e O e e e

%3]

'
%3]

P |||.|_-I.I|||II,||-||||||',',.|||,|,
-10
-15 |
-20 —17.50|

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Displacement {mm)}
]

Time (s)
GF 1F 2F 3F
(a)
Displacement - Time Graph (Max) Displacement - Time Graph (Min)
20 20
g 15 g 15
E 10 E 10
Z 5 £ 5
§ o g o
= s §
& -10 & -10
2 -15 g -1
5 -20 & -20
9 10 11 11 12 13
Time (s) Time (s)
GF 1F 2F 3F GF 1F 2F 3F
(b) (©)

Graph A2: Displacemeni Time Graphfor Bare Frame Structure at Level 3

(a) Overall; (b) Maximum; (c) Minimum.



106

Displacement - Time Graph for Bare Frame
Structure at Level 4
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Displacement - Time Graph for Bare Frame
Structure at Level 6
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Displacement - Time Graph for Bare Frame
Structure at Level 7
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