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ABSTRACT

SEISMIC ASSESSMENT OF THE MULTI STOREY STRUCTURAL
BUILDING MODEL IN ACCORDANCE WITH EURO CODE 8 AN D
NEW MALAYSIAN ANNEX GUIDELINE S

Syed Muhammad Bilal Haider

Multiple Earthquakes that occur during short seismic intervals affect the
inelastic behavior of the structures. Sequential ground motions against the single
earthquake event cause the building structure to face loss in stiffness and its
strength. Although, numerous research studies had been conducted in this
research area but staiignificart limitations exist such asse of traditional
design procedure which usually considers single seismic excitadion,;
selecting a seismic excitation data based on earthquake events occurred at
another place and time. Therefore, it is importemtstudy the effects of
successive ground motions on the framed structures. The objective of this study
is to overcome the aforementioned limitations through testing a two storey
reinforced concreteRC) building structural model scaled down to 1/10aat
through a similitude technique Buckinghdmtheorem The scaled model is
examined using a shaking table. Thereafter, the experimental model results are
validated with simulated results using ETABS software. The test framed
specimen is subjected to sequalnfive artificial and four reatime earthquake
motions. Dynamic response history analysis has beaducted to investigate

the observedresponse and crack pattern; maximum displacemesidual

displacementresidual interstorey driftatio, servicealhity limit state, ultimate



limit state, acceleration respongeterstorey drift ratioand storey drift ratio

The results of the study concluti¢hat the framed model highlighted the
structural strength against its ductility, which is justified througg todel
ability to resist the multiple ground motions in low seismicity regfoe.
Malaysis)Ju nder ext r e me .Bisplacmentparameters shaw8d2 g
that realtime successive ground motions had not severely affected the RC
model, as the maximurRPGA in sequential motion was 0.34g. However,
artificially produced seismic motions show that the intense PGAs (i.e. 0.25g to
0.82g) cause the framed structure to displace each storey twice in correlation
with vary first artificial seismic vibration. Themfe, traditional seismic design
Euro code 8ECS) is requiredo reconsider the traditional design procedure and

damage limitation criteria for multiple ground motions
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DEFINITIONS

Artificial ground motion: Ground motionswhich has a uniform menonic
wave produced on shaking table with the help of two input parameters,

frequency and displacementtermed as artificial ground motion

Interstorey drift ratio (IDR): It is the maximum relative displacement

between two consecutive stories dividsdthe storey height.

Real time ground motion: These ground motions are recorded at the location

where earthquake occu&ations are placed tmeasure motions of the ground

during earthquake.

Test 1, 2, 3, 4, and SArtificial ground motionswhich areapplied sequentially

in experimental and simulated model, represents Tigii1 to 5.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Earth pate moves over the hard rocky surface of earth core called mental. Due
to the movement dhese plates, very strong forces generaite. movement of

such plates is termed as Plate tectorte earth crust is made up of seven major
tectonic plates. These tectonic plates
hold strong potential energy. M#n such potential energy become enormous, it
transforms into kinetic energy due to motion of plates and form a ground motion
vibration known as earthquake. The boundaoiethese platesverlapsat the

most sensitive locations from where ground moti@mntst Seismic magnitude

and duration vary from location to location of overlapped tectonic plates.
Seismic waves forms when volcano erupted and disturb the earth surface by
transporting the energy through waves or vibrations to cause damage to

structuregGill et al,, 2015)

In last 15years, arthquakes and tremohsve beemxperienced much
more frequently in Malaysia. These earthquake tremors in Malaysia are mainly
originated from local earthquakes, and distant earthquakes from Sumatera with
the two major sources of Sunda Amubduction faultzone source o$hore of

Sumatra and Sumatran strkBp fault source(Qianyi, 2016) . Regional



earthquake zone extends from outside geographical boundaries to within the
state boundaries. In Peninsular Malaysia, there were a series of weak
earthquakes in Bukit Tinggi from year 2007 to year 2009 which were attributed
by the Bukit Tinggi fault This fault line islocated across therivrsiti Tunku

Abdul Rahman Kampar campusAs for the local earthquakes in Sarawak and
Sabah, the faults weralantified at Tubau and Kelawit, and Mensaban,
Perancangan, Lahad Datu, Keningau, Danum, Binuang, Tabin and Beluran

respectivelyQianyi, 2016)

1.2 Problem Background

In the pastone of the most significant regiondisaster2004 Indian Oceaa
Earthquake with a magnitude of Mw 9.1 brought devastating impact through
tsunami and killed 68 Malaysian citizefisye et al., 2009) Such massive
earthquake had disturbed the manemnt of tectonic plates ani@éformed the core

of Sunda land. After the catastrophic event, the disturbed peninsular plate was
shifted to the wessouthwest and become close to tepicentre(Sumatra
subduction zone) which indicated that inactive fault liaes going to be
reactivatedin near futureand may cause stron@xcitation in West Malaysia
(Marto & Kasim, 2013) Since thereaftethe number of seismic motionssha
increased in Malaysipecause of the Philippines and Sumatra Andaman plates
movementgMajid et al, 2014) In year 2015|ocal earthquak&anauwith 6.0

My vibrated Sabah, Malaysia and lasted for 30 second. It was the strioogést
earthquake since 1976 earthquake at Lahad Datu, Sdloaigkul, 2015)

According to MalaysianMetrologicalDepartment (MMD)annual repor2016,



atotal of 274 local edhquakes (less than 5.0 on Righter scale) werdetected

in Ranau, Lahad Datiudat, Sandaén, Semporna and Tawau in Sabah and in
Temenggor in Perak. MMD received repadirism the public thatremors can

be felt for 13 local earthquakesth magnitude 2.3 to 4.0 on tlichter scale,
mostly in the Ranau, Sab&@iMD, 2016). In MMD annual report 201A total

of 200 local earthquakes (less than 5.0 on the Richter scale) was detected in 16
areas in Sabah. Ranau recorded the highest number of 88, followed by
Sempona, 45 and Lahad Datu, 33. The highest magnitude incident occurred on
26" March 2017 in Lahad Datu, Sabah at 9.30am with a 4.2 magnitude
earthquak€MMD, 2017) In 2018, 5.2 M earthquake hit Sabah, three years
after Ranau earthquake 201%usa, 2018) Lastly, the recent earthquake

recorded in Sabah was 4.5,NEarthquakerack, 2019)

1.3 Previous work and limitation of existing studes

The past repost havestated that most of the buildings in Peninsula Malaysia
have gonehrough concrete deterioration due to seismic ground movements
from thefar field (Adiyanto & Majid, 2014a) Usually, first seismic ground
motions are followed by another seismic events within few hours anagy
continue fordays. In such conditions, the buildsbaveexperienced minor to
moderate damagéAdiyanto & Majid, 2014a)Many previous researchémve
proved that repead seismic excitations affectbe strengtlof the building and

it requiresto rehabilitatethe building after each seismic motipAmadio et al,

2003) Furthermore, repeated seismic motions induced 1.3 to 1.4 times



increment in the maximum storey ductility demand as compared with single

seismic excitatiorfFaisal et a.2013)

In all pastresearch studies, researchasgdred-time ground motion
events which i recordedn far field countriesTo assess the actual behaviour
of local structure regionalground motions from neamndfar field requires to
take into accountMalaysia, which lies in low seismicity regig8ooriaet al,
2012) has notbeing vibrated withs e quent i al ground mot.i
ranging between 0.25¢g to 0.82g. Therefameorcer to assess a building model
with such intensive ground motiorastificially produced intensive harmonic
waves can be produced and used to assesR@hstructures irMalaysia
Moreover,it has been observea Malaysiathatall the past studies hdocused
on analyzing the structure using simulation only and no experimental work had
been performed to investigate tRE€ framed structures Malaysia As far as

aut hor’s knowledge, this is the first

table conglering a real structure with conditions prevailing in Malaysia.

1.4 Problem Motivation

In 2018, Institutions of Engineers, Malaysia invited public comments for
preparing an Annex to EC8. This work was conducted to determine the ductility
class of structure3.hus, this study is conducted keeping in view the new annex

requirements for Malaysia as required by Eurocode EC8.



1.5 Problem Statement

In the current scenario, the provisions recommended by FEMA 368 and
EurocodeECS8 overlook the repetition of seismic kabon in the analysis
(Adiyanto & Majid, 2014aMoustafa & Takewaki, 2011)Thereforecurrent
design proceduref Eurocoderequired to reconsider its sttural design
building code that is based on a single earthquake vibréitlatzigeorgiou,

2010; Hatzigeorgiou & Beskos, 2009)

1.6 Problem Description

Most of the Malaysian building structurese designednly for gravity and
wind load combinationLess than 1%redesignedconsidering thearthquake
loadsin the design load combinatid®ooria et al., 2012)The reasoris that
most of the countrgincluding Malaysia in South East Asia had implemented
British Standard BS811(British Standard, 1997a code that did not include
any condition forearthquakegMegawati et al.2004) Even thoughEurocode
which has design procedures for earthguedsistant structures but, still, it has
limitation of designing the building model for single seismic excitation.
Additionally, the damage limitation criteria in Eurocode are also based on single
ground motion.In such case, the models design on Euroadokes respond
differently on multiple ground motions particularly ttiemages being observed

after each ground motions and thisplacementsf each storey.



1.7 Aims and Research Objectives

The aim of the present research is to investigate the dyrimin@iour of low-
rise reinforced concrete building modpérticularly for Malaysia. Three

objectives are set to achieve the research aim:

A To evaluatethe building responseof the two storeysmall scaleRC

building model

A To determine thalisplacementsespons with five artificial and four

reattime sequential ground motions

A To calculatethe damage limitation set by EC®r the full scale

reinforced concrete building model

1.8 ResearchScope

The study is focused @aninstitutionalbo ui | di ng o f erBitlTonkuk * N’ |,
Abdul Rahman (UTAR), Kampar, Perakhe studyusesthe Nonlinear

Dynamic Time History Analyse&uilding design guideline Euro co@&2 and

EC8 are selectedThe building structure with Ductility Class Low (DCL) as
recommended by ECB usedfor low seismic zonesin total, nine ground

motions have been used, out of whiclvefground motion data sabeen

generated omhaking table before assessiribe test framed building moble



Remainng four reattime ground motion®f Mammoth Lake are takefnom

database dPacific Earthquake Engineering Research CqREER).

1.9 Limitation of Study

In Universiti Tunku Abdul RahmarMalaysia, shaking table hast performed

the realtime seismic excitations but harmonic motions are able to simulate
d e si I e d&sahdgueiform patterns of signakround motion acceleration
rangesrom 025g to 0.82g (limitation in Shaking tableghaking table motion

is unidirectional moving along theakisasshown inFigure3.3.

1.10  Significance of thestudy

A study isrequired to examine the effects of repeated earthquakes on three
dimensional reinfazed concrete building structural modsing a shaikg table.

In this study, an R@wo storey building modelsi tested under a seriesfoe
ground motions produced on a shaking table. The ggstriformed to have an
added experimental data and thereafter, formed a complete documentation on
results of test framed specimen during sudeesground motions. The study
has particularly focuesd on Malaysian RC structures with Ductility Class Low
(DCL). This studyreconsider the traditional design code E(Riropean
Standargd2011)in accordance with Malaysia National Annex to MS EN 1998
1:2015(Departmenbf Standards Malaysj&017)for multiple excitationsThe
studyshall help the design engineers to draw a serviceablmble, safe and
seismic resistarttuildings which can play a comprehensive role during ground

motionvibrations in Malaysia. The results of the study create a bench mark for
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low-rise RC building structuremnd maybe consider as a reference to design a

building model for multiple seismic excitations.

1.11  Research Methodology

The research work can be diedl into the followingsix phases:

Phase I: Scaled down the structural model with the help of dimensional analysis
tool (Buckingham Pi Theorem)

Phase |: Validatethe Concrete Mix design

Phase Il : Constructa two storey 1/10 scaled Reinforced concretalding
model

Phase V: Analyzing the model with differenbput frequencies, displacement
and gravitational acceleration.

Phase V: Signal Processing of the data recorded by LVDT and Accelerometer
Phase V: Validate the Scaled upxperimental building natel resultswith

prototype simulated model drawn in ETABS software.

1.12  Assumptions

As the small scale model covers a smpailit of the prototype full scale model
as shown inFigure 3.2 and Figure 3.3, it is assumd that continuous span,
multiple columns and beams of prototype full scale moaeich are not

considered in small scale modeéhes not affect the results tbis study



1.13  Summary

In this chaptergffect of local regonal and far field earthquakdsed been
discussedThe causes which disturbed the Malaysaurit lineswere identified.
Furthermore, the reconsidgion of building design code Eurocode ECS8 for
multiple ground motionsvas focused in this chapteProblem Statement
identified the importance of this current study. Aims and objectives elaborate

the focus of study and acknowledge the significance of the current research.

1.14  Organization of Thesis

This thesis is divided into fivemain chapters: Introduction (QObier 1),
Literature Review (Chapter 2), Methodology (Chapt&y, Result and
Discussion (Chapted), and Conclusion and Recommendation (Chapjer
Introductory note and concluding remark are provided in each chapter to

highlight the importance as well as summarize the chapter systematically.

Chapter 1 introduces the background study pertaining to the present
research. Problem statement, research aims, and objectives are formulated. Last

but not least, the scope and limitation of the study is outlined.

Chapter 2 provides a literature review on the topics relevant to the
present research. This chapter begins withhistric earthquakes occurred in
near or far field of MalaysiaDesign guideline of Eurocode enlightens with
different ductility classedMoreover, seismic ground motions applied on three

dimensional framed structures are alstmudied. Multiple ground motions
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effecting the behavior of test specimemediscussed. Small scale RC building
model tested on shaking taldee reviewed Similitude treorywas discussed

and lastly, method of signal processing is studied.

Chapter 3 highlights the dimensional analysis tool named as
Buckingham Pi Theorem, a similitude lawhich deals with scaling factor to
scale up or down the results. Moreover, concneitedesign has been used to
check 30MP&30/37)compressive strength of cylindrical specimen which later
would usein pouring and casting of blding model. Additionally, an R two
storey building model has been tested on shaking tablefigthncremendl
ground motion excitations ranging from B2 to 0.82g.Later on, signal
processings used foithe data recorded by Accelerometer and Linear Variable

Displacement Transformer (LVDT).

Chapter 4 comprises of théscussion omesults accompanied by acil
discussion. Théuilding responsafter each seismic ground motion has been
recorded and presentd®esults of displacement response have been scaled up
with the help of Buckingham Pi theorem. The results aedidated with
commercial software ETABSn the end damage limitation set by EC8 has

been calculated for artificial and reatime ground motions

Chapter 5presents the conclusions drawn from the present study and

provides a list of recommendations for further improvement

10



CHAPTER 2

LITERATURE R EVIEW

This chapter provides a review on thestorical earthquake events occurned
Malaysia General outline of Eurocode 2 and ductility classes stated in EC8 are
also discussedn additionto that important aspects alynamic behaviour of
building nodelunder nonlinear time historyalysisarealsodiscussedScaling

of building with the support of similitude law is discusskdstly, techniques

used in signal processing of data recorded by contact sensors are reported

concisely.

2.1 History of earthquakes

Earthquake had been recorded from last few centurles.most catastrophic
and destructive earthquake was occurred in Shaanxi, China"bda2Bary
1556 with a magnitude of around 8 in Richter sc8lech deadliest earthquake
caused 830,000 fatdés (EN, 2019) The strongest earthquake recorded in the
history of mankind was The Great Chilean Earthquak&0 with a moment
magnitude of 9.5 M. Such massive seismic motion not only shtwkcities of
Chile but also #ectedthe Pacific Ocean by triggering the destructive Tsunami.
Approximately 1,655 killed, 3,000 mjed, 2,000,000 homeless, and $550
million damage in southern Chile; tsunami caused 61 deaths, $75 million

damage in Hawaii; 138 deaths and $50 million damage in Japan; 32 dead and

11



missing in the Philippines; and $500,000 damage to the west coast oftidw Un
States(USGS, 196Q)Similarly, the Indian ocean earthquake that is also the
deadliest earthquake, occurred in year 2@)Eh largest earthquakeuck off

the west coast of northern Sumatiradonesia with anagnitudeof 9.1 My, and

IX on the Mecalli intensity scalelt was the third largest recordedrthquake

and had the longest duratiarhich lasted as long as ten minsitS8uch natural
disastercaused more than 227,000 deaths in total, and over 165,000 in
Indonesia, making iasthe deadliesearthquakeoccurred in the Zicentury

(Mercycorps, 2018)

2.1.1 South East Asiaearthquake events

In Sumatran subduction zone, four strong earthquakes had been recorded since

last 300 years. In 19century, two earthquake occurred with 8.75 and 8.4
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Moment magnitude in year 1833 and 1861 respect{iiddyvcomb & McCann,
1987) The remaining two ground motions recorded recently; Aceh earthquake
2004 and Nias earthquake 2005 with a monmeagnitude of M 9.3 and 8.7
respectively.The epicenter of all four earthquakes ah®wn inFigure 2.1.
According to the historians, Aceh earthquake 2@4the fourth largest
earthquake in the world since 1900 aadhe largest since the 1964 Prince
William Sound, Alaska earthquake. In total, more than 283,100 people were
killed, 14,100are still listed as missingl,126,900 were displaced by the
earthquake and subsequent tsunami in 10 countries in South Astaand
Africa. The earthquake was felt (1X) at B Aceh, (VIII) at Meulaboh and

(IV) at Medan, Sumatra and ({W) in parts of Bangladesh, India, Malaysia,

Maldives, Myanmar, Singapore, Sri Lanka and Thailandhe Mercalli
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Figure 2.2: Shake Map Intensities of Aceh Earthquake 2004USGS,
2004)
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intensity scaleThe tsunami caused more casualties than any other in recorded
history and was recorded nearly wewate on tide gages in the Indian, Pacific

and Atlantic Oceanas showrnn Figure2.2 (USGS, 2004)

2.1.2 Origin of seismic activities in Malaysia

There are two seismictive plates surrounding Peninsular Malaysia. In west
Sunda Subduction Trendk located betweerndo-Australian and Eurasian
Plates Moreover, PhilippinesSubduction Trenchs situatedin eastbetween
Eurasian ad Philippine Plates. These are activet@ldoundaries andften
causedMalaysia to face ground motion vibrations across thdidéa sources
(Abas et al., 2017Bumatran subduction zone and Sumatran strike slipdeeil
the origins of earthquakes akown inFigure 2.3. Particularly forMalaysia,

Leyu et al., (1985had recorded the earthquakeeimsities.

100" 140"
1 T

1oty 1

REURASIAN
\ife, PLATE

PHILIPPINE

INDIAN -
AUSTRALIAN Spiginof 60
PLATE  earthquake 2 AUSTRALIA ~°7
100" 20" ros.

Figure 2.3: Origin of Sumatran Fault Line and Subduction Zone
(Newcomb & McCann, 1987)
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2.1.3 Multiple earthquake activities in Malaysia

The tectonic movements in recent years had showed the stability of earth crust
In Southeast Asian regigrarticularly for MalaysiaAs shownin Figure2.4, the
2004 Indian oceararthquake was followed by multiple aftershocks from year
2005 onwards (Majid et al., 2014) According to Incorporated Research
Institutions for SeismologyIRIS) database, Peninsular observed maximum
magnitude up to 4.6Mw from year 1978 to 200®.between 2007 to 2009,
MMD had recorded 30 local earthquakes within Peaolar MalaysigLatiff &
Khalil, 2016) These earthquake, with magnitude of less than 4.3 Wre
originated fromfault lines such aBukit Tinggi (Pahang), Kuala Pilah (Negri
Sembilan), Jerantut (Pahang) avidnjung (Perak)As indicated by Malaysian
Metrological DepartmenfMMD), country experienced 4.2 Mw of earthquake
during year 2007 till 2010Ranau earthquakeaving 6.0 Mw strike Sabah in

year 2015 which cause 18 fatalities in East Malaf/Baangkul, 2015)

Aforementioned earthquakesliscussion showed that feer the
occurrence of Indian Ocean earthquake 2004 inactive fault lineshave
activated. Such faulines can create destruction in West Malaysia from local
near field earthquakemostly at Bukit Tinggi fault(Marto & Kasim, 2013;

Nizamani et al.2018)

2.1.3.1 Bukit Tinggi fault line

Bukit Tinggi is a fault line passexm@ss the Kampar, Perak. 2909, Bukit

Tinggi area had sevenuvolevel of earthquakes which subsequently believed to

15



be recurrence of Bukit Tinggi Fault systemdue to Southern Sumatra
Earthquake(Abas et al., 2017)The eventbetween200709, Bukit Tinggi
earthquakesnstigatel the local authoritie to take action against the possible
dangers and risk. Thus, these local events indicated that Malaysia is not a risk
free zone. Moreover, existed fault maps were observed to be outdated with the
current seismigevels.Abas et al.(2017) believed that these activated fault lines

will increase the level of local ground motions in MalayMareover,Sumatra
Andaman Earthquake 2004, Nias Earthquake 2005 and Bengkulu Earthquake

2007 are the major cause of fault line reactivatiowestMalaysia

2.1.3.2 Seismic activities in East Malaysia

In last two decade&ast Malaysiaddwitnessed an increase in low to moderate
seismic activitieglue toactive fault line§Herayani & Adnan, 2017)n 2015,
the earthquak occurred in Ranaltast Malaysiavith moment magnitude ()

of 5.9 caused serious damage to many infrastructtvle®aymail, (2015) said
that it was the second powerful quake to hit Sabéterthe 1976 earthquake

measuring 6.2 on the Richter scale that occurred near Lahad Datu.
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2.2 Peak ground acceleration

Peak Ground Accelerations or PGA is the maximum igdoacceleation
emittedin anearthquake eventhere are two types of earthquake events that is
local and far fieldThe PGApredictedfor the far field earthquakes Malaysia
was found to & 83100 gal in Kuala Lumpur for 500 years return pefid@dnan
et al, 2006) Moreover 40-120 gal(Petersen et al., 2004and 1191gals

(Manafizad et a).2016)waspredictedas shown inrable2.1.

A studygenerated Response Spectrum accelerafi®®8) based on the
input parametersuchas PGAfrom far field earthquakehe strong motion data
and soil data of each borehdMaijid et al, 2007) They also statethat most of
Northern Peninsular Malaysia dh&olil classification'Sy’ which is stiff sol.
Most of the soilswere categorized inS’, with the highest RSA at Penang
Islandwith'S’ o f (Majid#taal., B007) poh(including Kamparpand Alor
Star had soil class‘S’ (soft soil) with acceleration of.81g and 0.47g
respectivelyas shown iTable2.1. Herg the PGA valuesategories as far field
and regional earthquakeghich concludes that Malaysia is vulnerable to far

field ground motionsThe unit 1 gs equals t®81gal.

Table 2.1: Comparison between far field and locaP GA s 6

Type PGA Description
Far field 80-100 gal (Adnan et &, 2006)
1-191gals (Manafizad et al., 2016)
40-120 gal (Petersen et al., 2004)
0.769 Penang IslandT. Majid et al., 2007)
0.31g Ipoh (T. Majid et al., 2007)
0.47¢g Alor Star(T. Majid et al., 2007)
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Local 0.08¢g Notional design PGA on rock sites fol
Peninsular Malaysia and Sarawak
(Department of standards Malaysia,
2017)
0.14¢g Notional design PGA on rock sites fol
SabahDepartment of standards
Malaysia, 2017)

2.3 General outline of Eurocodes

Eurocode provide the basis for structural design. The provisions recommended
by code are the standard rules set by EumpBaion. Supplementary
documents named National Annex specified several clauses to be adapted by

each country based on their social and economic condition.

The Malaysia National Annex of Eurocoideprepared by the Instiian
of Engneers Malaysia (IEM)atechnicalcommittee oncode ofpractice for
design of concrete structuréEM basically provides the nationally determined
parametergNDP) such aReferene return periodTpLr). Here, Tpir refers to
the seismicaction for the damage limitationequrement (or, equivalently,

referenceprobability of exceedance in 10 yea r) that is 2%

2.3.1 Outline of EurocodeEC2 and EC8

Eurocode 2, “Design of concrete Struc
reinforced and prstressed concrete structuresdl 192-1-1 (General rules and

rules for buildings complies with the principles and requirements for the safety

and serviceability of structure&€urocode 2 has two main stages that are

involved in design of RC structure such as Serviceability Limit State)(&hb
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Ultimate Limit State (ULS)These two states correspond to steength and

stability of a structure under design loads.

Many of the Eurocode rules are based on the same theory as the British
Standardshowever, there argdauseghatare structure in a slightly different
way in Eurocode.Table2.2 showsa comparison between BS code and EC code
in terms of their material properties, partial safety facg@ld strength, load

equations and return period

Table 2.2: Difference between BS code and® codes (Ajis, 2012; British
Standard, 2008)

BS 8110 codeand UK National EC2 and EC8codes

Annex

BS 8110 ues28 days concrete cul] In EC2, the formula is based on t
strengthfcy design of glindrical concrete

strength 28 daydex

In BS 8110f., should not be taken § There is no limit on the concrete

greater than 40 N/mfn strength in EC2

Yield strengthfor reinforcementis | Yield strength for reinforcement i

460N/mn% 500N/mnt

Partial safety factor for reinforcini EC2 uses a value of 1.15

steelin BS8110is 1.05

BS8110 havedifferent values of | EC2 adoptpartial safety factor fol
partial safety factorfor bending,| concreteof aboutl.5

shear and bond
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BS8110 does notincludes any
provision to check the stress level

reinforced concrete

EC2 includes the prasion to check

the stress levah reinforced concrete

Equation olUltimate design loa@w)
Is, W= 1.4G + 1.6Q«
Where,Gx and Q« are dead load an

imposed load.

In EC2, the equation is:
W =1.35Gk + 1.5Qk
Here, 1.35 and..5 are partial safet

factors

UK decisions for the Nationall

Determined Parameters described

In ECS8, reference return peridacr

of seismic actiorfor the nacollapse

BS EN 19981:2004 forTncris 2500 requirements 475 years

years

Threshold of low seismicityis | ae< O78m/< or a;S< M8mM/$

a< 2 . G(nFor3ncr = 2500years)

MS EN 1998: “Design of Structures
provides guideline of design and execution of buildings and civil eegimg

works in seismic region3 he purpose of EC8 codketo ensureftat in the event

of earthquakes, huam lives are protected; damage is limited; atrdictures

important for civil protection remain operationdlhe provisions set by EC8

aims to construct a building model by fulfilling the performance requirement,
seismic actions and analytical procedured aules which would benefit the

building model after constructing(EN19981, Clause 1.1,2Appendix D. For

low-rise buildings, desigrnprocedurescomply with Eurocode 8along with

supplementary document know Msalaysia National Annex.
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Earthquake mbonsarethe major cause of the structural damamgleich
can be accepted in such a way that building model get adequate ductility by
achievwng the inelastic energy dissipation without losing structural stability.
Conceptually, tw idealized conditions thais eual displacement
approximation anéqual energy approximation had been proposed considering
the relationship b@t vaenaedn dbuechaasV iisgshwa wnf ai
Figure 2.5 (a) and (b) Here, equation(2.1) and (2.2) represents qual

displacement approximation angual energyapproximationLu et al, 2001)

H=q (2.1)

u=—(c?+1) (2.2)

The building modehadlong natural periodndwould belong to equal

displacement categaryHowever the building model with averag natural

period would fall in gual energy approximatigiu et al., 2001)

Force
Fe
L1 Elastic response
Elasteplastic
yd
Fu CI = Fe/Fu
U =d/d,
-

dy de d
Displacement

Figure 2.5 (a): Behavior factor and ductility terms (Hatzigeorgiou &
Beskos, 2009; Lu et al., 2001)
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Force Force

A A
Elastic
Fe Elastic response  F, | response
Elaste
_ plastic
E, Elasteplastic e, N e response
response /
.. 7/

dy d=de dy de d

Displacement Displacement

Figure 2.5 (b) Equal displacement approximation (Left) and Equal
energy approximation (Right) (Hatzigeorgiou & Beskos, 2009; Lu et al.,
2001)

Where,

Fe = Maximum force response of linear elastic system
Fu=Yield force of the system

dy = Yield displaement

de = Maximum elastic displacement

d = Maximum displacement

2.3.1.1 Classification of ductility classes

EC8 provides different classes of ductility (DC) for reinforced concrete
buildings. Each class provides different ranges of behavior factor from 1 to 6.
EC8 suggestedhtee ductity classesthat is Ductility Class Low (DCL),

Ductility Class Medium (DCM) and Ductility Class High (DCH).
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In DCL, no hysteretic ductility is intended and the resistance to
earthquake loading is achieved through strength ofsthecture rather than
ductility (Elghazouli, 2009)Building model seismic design does not depend on
the dissipation of energy. focuses on elastic response of the building model.
Standard concrete design to EC2 should be carried ldatwever, only
additional requirement for ductile reinforcement should be selécigdClass
B or C asmentionedin Table C.1, Annex C oEC2. The behavior factor is
considered to be less than equal to (Elghazouli, 2009) The dimensioning
and detailing of the framed structure is designed according to EC2 without
earthquake resistance. EC8 has suggested to design building model on DCL for
low seismic areasuch asMalaysia, which iglefined by Clause 3.2.1(4) of EC8
Part 1 Appendix D EC8(Clause 3.2.1 (4))ecommended that for such low
seismic regions, maximum limit for peak ground acceleration (PGA) would be

0.1g(Panagiotakos & Fardis, 2004)

In DCM and DCH, the building modeldgesigned for energy dissipation
and itsductiity. The behavibor fBEMor anhgés from
Howevert he | i mi t f o(Faisé@l &Hl., 2053 hése twq dustilitys
classes aim to control inelastic behaviour of building model through structural
specifications and relative size of members. Moreoverastic deformations
demand in th framed structure would be accommodated through detailing of
plastic hinges regionin both the classes, Ultimate Limit State (ULS) and
damage limitation are required to verify the member strength against the forces

and resistances provided through groundtions (Panagiotakos & Fardis,
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2004) Most importantly, building model design on DCM and DCH should

follow strong column and weak beam rule to avb&loccurrence oft storey

Malaysia have low seismicittyat is whyfew studies focusing on DCL
are discussedA two storeyoffice building was redesign to DCL(EC8) and
analysed throughonlinear time history analysi8ehavior factor 1.0 and 1.5
had incremental cost of about 270% and 72% as compared to current practice
code BS8110. Moreover, frames designed based on higher behaviour factor tend
to experienced higher interstorey drift ratio due to lower strength provided even

had the same size of section for all eleméaAtiyanto & Majid, 2014b)

Three storeyig RC building modelsvere designed oBCL and DCM
respectively Pushover Analysisvas conductedo assesshe ductility & RC
structure The framed model design on EC8 (DCM) had greater ductility about
an average of 20% as compared to model design on EC2 ((Z@hid et al,

2013)

A study nvestigated the performance eix storeyreinforced concrete
building modes by focusing on its ductility classes based on Eurocode EC8
(Rodrigues & Elawady, 2019)lo dissipate the seismic energyhich could
damage the frame structure, the building famed had been desiyrctiity of
DCL, DCM and DCH by considering seismic zones from low to high. The
building model had been examined flnyshover analysis. Thiestudy showed
that DCL building model was considered to be more economical as compared

to other ductility classes in low seismic zafodrigues & Elawady, 2019)
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A reinforced caocrete building havindour, eight and twelve storey
regularframed structurewere designed on three different ductility classes DCL,
DCM and DCH with a PGA of 0.2g and 0.4g respectivéigmber collapse
preventions performance level had been examinedugfir nonlinear time
history analysisDamage limitation checkvas also consideretbr member
collapse preventianThey concluded that the limitation set by EC8 for the
application of DCL to lowseismic zone were not supporting the results based
on safety ad performancgroundsHowever the results were fully justified on
the basis ofost effective and design of building modBlanagiotakos & Fardis,
2004) Aforementioned studwas comprehensiveut DCL designed building
model under extremewultiple seismic ground motions required to take into

account for further assessment.

2.4 Dynamic behavior of Structures under seismic motions

Dynamic analysis occurs in two steps. Firstly, find the natural frequencies and
mode shapes without the presence of the external loads. Later, utilized these
dynamic propgies to get the response of earthquake. Earthquakes usually
forms nonlinearity in the building response but mostly the seismic design
procedures follow the linear analysis. The nonlinear analysis is introduced in
the design procedures by modifying theelin analysis metho(Elghazouli,

2009)
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2.4.1 Linear dynamic behavior of SDOF system

In linear dynamic analysis, a structure can be expressed with three properties
that is stiffnessk), mass 1)) and dampingd). Here, SDOF stands foingle
degree of freedomStiffness is defined as the constant of proportionality
beween displacement and force. When the structure is displaced from its rest
position, a restoring force wilscillatethe structure around its mean position.

In addition, structure will dissipate the energydacontain variety of

mechanismyhich are groped together known as dampifigjghazouli, 2009)

2.4.1.1 Equation of motion of Linear SDOF system

In SDOF systemthe deformation defined with single displacement. Contrary,
real structves have many degree of freedom IBDOF system consider to be

the most popular in the structural modelliiigghazouli, 2009)

Figure 2.6 describes the [3OF systemwhich is subjected to external
forces with respect to time period. The foredgc ause t o move t he
with a dixspl abemmavement of mass gener

shown in right side offigure2.6.

. ‘%X’X',S(' . bx,k X

AV —
1 " > Fo - K > o
Q_Q

Figure 2.6: Dynamic forceson a massspring-damper system
(Elghazouli, 2009)
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Accor di ng taw, Réseltant foroe’ =smagds acceleration.
Therefore, it can be representleyl equation of motion as showm equation

(2.3) as

mw+ cw+ kx = F(t) (2.3)

Where,wrepresents velocitypshows acceleration andlis damping
coefficient Here, dot represents the differentiation with respect to time
(Elghazouli, 2009) During earthquakes, the forces are not applied directly to
the buibing structure. However, the ground under the structure moves with

horizontal time varying motion as shownRigure2.7.

Fixed
datum
I "
. X , X , X
=—> g g g
X, X, X
. K > kix —x )
I =
i VW .
! {F c(x =X ) I
i M ONO) g
1

Figure 2.7: Mass-spring-damper system sufected to base motion
(Elghazouli, 2009)

According to Newtoraw, equation of motions is representecquation(2.4)

if there is no external force appli€Bighazouli, 2009)

-K(¥Xg) T c(w) =mw
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M@+ c(6r@ ) + K(xXg) = 0 (2.4)

Substitute the relative displacemdetween the mass and the ground with

X1 Xg. The equatiorf2.4) can be expressed slsown inequation(2.5),

mw+ cw+ ky = -may (2.5)

Equation (2.5) shows thatthe seismic ground motion results in a similar

equation of motion to an applied for(€lghazouli, 2009)

SDOF system allowed to explore the horizontal inelastic displacement
demands to assess and rehabilitate the new or existing building structures. A
study calculatel the inelastic displacement ratio for SDOF structures under
multiple repeated ground motiofidatzigeorgiou & Beskos, 2009\ onlinear
time history analysis wasonducted based on equati@h5). Study revealed
that time period of structural model for SDOF system is inversely proportional
to inelastic displacement rati@hey foundthat inebstic displacement ratio
increased by more than 100% in multiple ground motions with respect to single
earthquake motiofHatzigeagiou & Beskos, 2009)The elastic and inelastic
flexible system recognized the maximum relative displacerstitical to

maximum ground displacement in repeated and single seismic event.

A study had been conducted to calculpak ductility denands of
inelastic SDOF systems undegal and artificially produced mainshocknd

aftershocksequentialground motiongKatsuichiro & Colin 2012) For real
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mainshockaftershock sequencesey observeaftershock had lessthan 10%
incremental effect as compared to mainshack peak ductility demand
However, in artificially producedchainshockaftershock sequencesignificant
incremental effect adiftershock had been observed on peak ductility demand of
about 4660%. Thesignificant increase appears to be caused by the use of some

inadequate assumptions on aftershock productivity.

A study determined the ductility demand spectra for single degree of
freedom (SDOF) systems usdmultiple near and far fieldeismic ground
motions(Hatzigeorgiou, 2010)Due tolack inrecordedsequential real ground
motions, only artificial seismiground motions had been used ie tturrent
study. These artificial ground motions were produgdad rationaland random
combination of reasingleseismicevents Theprinciples d performancebased
seismic desigrstated that moderate seismic ground motions would not make
damages in the structutdowever theyhighlighted the fact that multiple small
seismic ground motions could lead the framed structure to higyneitity
demand and damage levels with the desigmthquakeTheir study concluded
t hat considering traditional ‘“design
seismic ground motions. It underestimated the ductility demands and structural

damage

A studyfocused onte effect obidirectional ground motion with single,
double andriple artificial repeated earthquakes the maximum story ductility
demands of thredimensionalinelastic concrete framgFaisal et al., 2013)n

total, six RC building model with different height and behavior factor had been
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examined. Results clearly showed that-lase three storey buildg model with

behaviour factor less than equal & get negligible amount of storey ductility

demand under repeated ground motions. Moreaiertwelve and eighteen

storey building model gomaximum story ductility demandis the bottom

storey irrespetive of behaviour factor under multiple ground motiqne

Ground MotionGM Case2 and GMCase3) as shown inFigure 2.8. They

concluded that maximum story ductilifemand increase about 40% in the

repeated eartjuakes(i-e GM Case 2 and GM Case & compared to single

ground motion fe GM Case 1).
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Figure 2.8: Story ductility demands of 12 and 18-story inelastic
concreteframes (Faisal et al., 2013)
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2.4.2 Dynamic behavior of MDOF system

The real structureshich are represented by SDGRows the real deformation
behavior and may need to define with more than one degree of freedom. The
complex deformation cannot be presented by considering single coordinate
displacement of the real structuiidherefore response of the real structure can

be described well witMultiple degree of freedofMDOF) system(Fardis et

al., 2015)

The dynamic condition in the SDOF system considers toinbe
equilibrium. Restoring force, damping force, and inertial force in respective
degree of freedom equals to the externally applied forces which can be

expressedh equation(2.6) as(Fardis et a] 2015)

f,+ fp +fs= p(f) (2.6)

Where, fi represents inertial force vectds, shows damping force vectdg is
restoring force vector arg(t) represents external applied force with respect to

time.

Assume that there is no ground motiowhich suggestedthat

di spl ade mewed o'caintdy a'c@ e laerreats aome . Her e,

restoring force can be expresse@quation(2.7) as(Fardis et al., 2015)

fs=ku 2.7)
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Damping force vector dependsnequatiod a mpi n

(2.8):

fo=c0 (2.8)

Finally, the inertial force can be expressed in matrix foregmation(2.9):

fi=mo (2.9)

Substitute the values froequation(2.7), (2.8), and(2.9) in equation2.6),

mo+cod+ku=p (2.10

Equation(2.10) represents the complete dynamic equilibrium of the
system. Here, the dependence of time and applied forces has not been

considered in the current syst¢Rardis et al., 2015)

Now, considetthat base is not fixed and it is in motion as for seismic
action. To calculate the restoring and damping forces, relative displacement and
relative velocities need to be considér Similarly, relatve acceleration
requires to be consided for inertial forces. Hence, the system having fixed
points at base with same motions can be exprdsgeduation(2.11), (2.12)

and(2.13) as(Fardis et al., 2015)
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u=uti gu (2.11)
0=01 0 (212

6=061 6 (213

wh e r erepresents the influence vector resulting in the displacement of the
masses due to the unit ground displacement. Coirgidequation(2.10) for

equation of motionn MDOF systenas

mo+co+ku=pim Og (2.14)

Equation (2.14) represents the basic equation for MDOF system similar to

equation(2.5) of SDOF systenfFardis et al., 2015)

2.4.3 Non-linear analysis system

The aforemationed equations are based mrear elastic systenowever, the
structures facing the ground motions usually moves to inelastic range and cause
the structure taleform. Here, restoring force and deformatias nonlinear

relation

2.4.3.1 Nonlinear Structural system for MDOF system

The equation(2.7) shows restoring force in linear elastic systewhich is
considered to be invdl for nonlinear inelastic systefhereforethe equation

should be modified for a general relationship among force and deformation.
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Thus, theequation(2.14) for inelastic structure is modifieild equation(2.15)

as(Fardis et al., 2015)

moé+co+fs=Tm Og (2.15)

For MDOF system, the above equation can only be solved through
integration method of differential equation termed as-lnwear time history

analysig(Fardis et al., 2015)

2.4.3.1.1Assessment of building model on shaking table

The test conducted ohaking table shows the real behaviour of MDOF system.
A 1/20 scaled model of shear wall highe building had been examined on
shaking tabless showrnin Figure2.9 (Zhu et al, 2005) Nonlinear time history
analysis wa conducted under a series of multiple ground motions. Cracks,
failure pattern and interstorey drift had be®ghlighted in their studyThe
study found out that intense shear wall failure was observed in higher level of
floors. However there was no statural failure recorded. Interstorey drift of
shear wall in upper floors exceeded the limit set by the witeh showed that
neessary steps should be takemoiraccount in structural designing. The
architectural openings with a particular size and shapated in longitudinal
direction weakened the shear wall to resist against horizontal forces. Moreover,
higher floorshad lower compressive strengthusedhe premature shear wall

failure.
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Figure 2.9: 1/20 scaled model of shear wall highise building (Zhu et
al., 2005)
Five reinforced concrete framed structures were assessed on shaking
table(Rizwan et al., 2018 Eachmodel had two storeyna scaled to 1:3zigure
2.10 shows the reinforcement specification of each structural eleréet
model was design on UBE&7 and ACI318 guidelinesNorthridge 1994
acceleration time history had been used to exadhthe framed structur&he
study revealed thgbint between beam and column was the major concern

which lower down the strength of frame structure.
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Figure 2.10: Plan and reinforcement details oRC model (Rizwan et al.,
2018)

A shaking table test was performed to verify the conversion mefthods
acceleration and displacemetdta(Heusoo et al. 2019) A small scaled 10
storey building model was attached with contact sensor accelerometers and
high-speed imageecorcer to collectthe data under strong ground motions. In
this study, data recorded by accelerometers were validated with high speed
images Thereafer, three different methods were used to correct and convert

acceleration into velocity and displacement. Study revealed that cosine Fourier

37



transformandbaseline correction is the most suitable method to process the data.
The converted displacement obtd from such method was close to data
recorded by shaking table. Used of zero padding and baseline correction

technique makes cosine Fourier transform methodology very effective.

A study aims to investigate the seismic behaviour of the asymmetric
SMART 2013 RC building structure, considering torsional effect and material
nonlinearity(Lim et al., 2018) The nodel was scaled to 1:4 and examined on
Shaking table. Results showed tHa tifference in the X directional absolute
maximum displacement between the asymmetric and synmstructures was
up to 15%.While the difference in the Y directional absolute xmaum
displacement was up to 31%. Thus, a larger seismic response should be
considered in the seismic design of an asymmetric structure compared to a

symmetric structure with similar design conditions.

An experimental study had been conducted on fourt®R& storey
residential building modelas shownn Figure2.11 (Bahadir & Balik, 2018)
The expeninental models were scaled to 1/6 and placed at different angle on
Shaking table to examined the struefubehaviour. Multiple ground motions
were applied until the structural failure occur. The results showed that each
model had a soft storey that & storey which was completely destroyed at the
end of each test. Column beam and column base were thecritioal joints

where plastic hinges produced in each test.
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Figure 2.11: Constructing RC model (Bahadir & Balik, 2018)

A four storey full scaled RC building model was studied to agbess
adequacy of using the residual drift to estimate the damage sustained by the
building subjected to ground motions on Shakialgle (Dai et al.,2017) The
seismic performance assessment of this tested building was performed with the
peak roof drift calculated from the residual deformatidimeir findings
indicated that the approach could be usedfer probabilistically the peak drift

of the building based on its residual drift.

A threestorey 1/5 scaled building model was examined on shaking table
to explore collapse process of the RC framed struetsishownn Figure2.12.
Eight incremental seismic ground motions were applied ranging from 0.08g to
1.1g. Dynamic properties of building model, acceleration and displacement

response were determinethe results showed thats the ground motion
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acceleratiorincreases and reached T seismic ground motiothat is 1.1g
maximum storey drift ratio and residual drift ratio crossed the limit statiby
Chinese building design code as showrfigure 2.12. Study conalded that
building modéhad much greater ductility thahe specified value byode(Li

et al 2016)

Geometry of RC model Deformed model after Test 7

Figure 2.12: Assessment of RC model tilstructural collapse (Li et al.,
2016)

2.5 Methods of Analysis

EN 19981 (Section 4) has proposed the methods to analyze and design the

building models. The code mentioned four types of methodologies which are:

1 Linearstatic analysislao known asdteral force method or equivalent

static analysisgC8 Clause 4.3.3.1(1)Appendix D

40



i1 Linear dynamic analysis also termed as moxkdponse spectrum
analysis or ihear time history analysifEC8 Clause 4.3.3.1(2)
Appendix D

1 Nonlinear stait analysis or pushovemalysis (POA) (EC8 Clause
4.3.3.1(3) Appendix D

1 Nonlinear dynamic analysis also termed as time history angigsis

Clause 4.3.3.1(4Appendix D

This research study focuses on nonlinear dynamic assessment of an RC
structure Therefore, out of these four types of methodologies, Time history

analysis is selected and discussed below.

2.5.1 Nonlinear dynamic time history analysis

The time history analysis was first introduced in 197A@kich was later
consideed as an evolution in dggn procedures for framed structures.
Previously, engineers usénear static approaches to analyse the global seismic
demand. Linear dynamic approach (response spectrum analysis) also referred to
estimate peak response of the structural mollelreover, nonlinear static
analysisthat is Pushover analy$determined the global displacement demand
which is also termed as target displacement. However, the exact response is
guantified by nonlinear dynamic analysis. The response of such type of analysis
are reliableand represents the true behaviour of framed structure under seismic
ground motions (EC8 Clause 3.2.3.1.1(2), 3.2.3.1.2(4)(a), 4.3.3.4.3(1), and

4.3.3.4.3(3) Appendix D. Nonlinear dynamic analysis shows the time series

41



of ground motions with ra average of 5% damping elastic response spectra.
Minimum three artificial or realime ground motions should be considered. If
minimum seven consistent pair of ground motions are used for nonlinear
dynamic time history analysis, then the average of tlesponse would be
considered otherwise the mastfavourable response would be taken among all

the ground motions used FEMA 356 (Clause 3.3.2.2.4).

In order to better understarile nonlineardynamic behavior oRC
structures againshultiple excitationyesearch studiesere conducted to derive

expressions for thdamagdeaturesanddisplacementesponse.

2.5.1.1 Building response on multiple ground motions

In the past decades, studies reported that the repeaiehquake ground
motions hada significant inpact on framed structure&.studyinvestigated the
behavior of threelimensional RC structures under multiple earthquakes. The
study substantiated that multiple earthquakes lead to accumgusatuctural
damaggHatzivassiliou & Hatzigeorgiou, 2019} was observed that damage
indexing for multiple sequential ground motionse(MAT) were higher than
the individual single seismic ground motiore(MAL, MA2, MA3, MA4, MAS)
as showrin Figure2.13. It wasconcluded that 40% degradatiofistrength or
50% degradation of stiffnessauséd severe structural damage in tiC
buildings (Khoshraftaret al, 2013) It was furtherdeterminedthat strength
degradation hachore influence olincreasing the damage indexdomparison

with stiffness detpadation(Khoshraftar et al., 2013)
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Figure 2.13: Local damage index according to the ParkAng model
(Hatzivassiliou & Hatzigeorgiou, 2015)

Malaysian RC structurdsas low to moderate seismic impact therefore,
a study was conductei assess the vulnerability of thresanforced concrete
public buildingslocated in Ipoh, Malaysidlsmail & Adnan, 2016) The
buildings wereanalysedising finite elemenmodellingsoftwarel DARC under
a variety of earthquake intensities considering low to medium earthquake
intensities. Resultslentified that meim rise building hadight damageat an
earthquake intensity of 0.15 gowever, high rise building hadamage in the
rangeof light damage level to collapsg¢earthquake intensity of 0.054nother
research study on a 3 storey RC frame structureewasiined to evaluate the
accuracy of POA by comparing with the dynamic time history analysis (THA)
during complete collapse of RC building model in shaking tablglte€t al,
2017) Figure 2.14 shows eight sequential ground motion acceleration time
histories.The study compared the top displacement, the istery drift ratio
and the curvature of column end$hey found that the POA tend to
underestimate the structural responsesmthe structure was severely damaged

and close to the collapse staféheir studysuggested that POA provided
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incorrect judgement on the occurrence of collapsewever, THA gae a
correctstructural responsen occurrence of seismic ground motiofts et al.,

2017)

= Test] Test 2 Test 3 Test 4
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Figure 2.14: Ground motion accelerationsfrom Test 1 to Test Li et
al., 2017)

2.5.1.2 Displacement response and damage limitation

Displacement response & critical parameter and plays a vital role in
earthquake assessmeiherefore, EC8 suggested tHaterstoreydrift ratio
(IDR) act as a verification criterion for damage limitation (EC8 clause 4.4.3.1(1)
and 4.4.3.2(1Appendix D. The limit set on thenterstoreydrift ratio for no
collapserequirement is 1% if there are monstructuralelements attached to
the struatire. Oygucet al (2018) proved that interstorey drifts worked as an
effective damage controheasure. The study also acknowledtjeat in some
cases, the aftershocks did not increase the residual displacemeSamamta
& Pandey(2018)examined the effects of ground nwotiduration onheseismic
performance of a buildingThe results for short and long duration of
earthquakedn 1%, 57,10" and 1% floors were similar Hence,the maximum
story drift ratiowas not affected bthe duration ofground motioras showrin

Figure2.15. In this study, te residual drift or the permanent deformation of the
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building aftereach seismic eventire measured anged to infer the degree of

sustained damagde the building.
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Figure 2.15: Comparison of storey drift ratio for long and short
duration ground motion (Samanta & Pandey, 2018)

Another studyhad described the response afeinforced concrete
SDOF system subjected to different ordersnearand farfield records in
multiple earthquakes. The pe@mance evalation wa carried out for various
first shock damage levels and second shock perfmcendevels. The study
highlightedthe fact that increment of relative intensity levethasecond shock
had maximum influence on the residual drift as compared to tisé $hock

(Manafpour & Moghaddam, 2019)

A study of tvo RC buildings both with regular and irregular heiglete
examined with48 real seismic segnces from ChristchurciNew Zealand
earthquakes 203Q011. Their fudy found that kanging the earthquake
direction affectdthe total drift demands and number of plastic hingésch
caused maximum total residual drifts in the framed structdosseinpour &

Abdelnaby, 2017)
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A study addressetthreestorey RC building modethich were assessed
with 20 ground motions witthe magnituden range of 6.2 to 7.6 Mandused
as single and repeated earthquakesar study concluded thathe seismic
grourd motions under single or repeated events did not affect the building
model However it was found out that higher interstorey drift demand was
required in multiple ground motions as comparedginhgle even{Adiyanto et

al, 2011)

Three schol building models each having twitnreeandfour storey as
located in Sabah, Malaysigere examined with sevegmound motions for both
single and multiple earthquakes rangibgtween 0.066g to 0.27g. Study
concluded that the action of multiple earthquake had contributed around 55% to
107% higher interstorey drift ratio compared to thgleirearthquak€Sovester

& Adiyanto, 2017)

The studies merinedabovediscussed the RC structures under multiple
seismic ground motions however, all these studies were limitedotav P GA s’
No experiment had been performedadow-riseRC modelwith intenseP GA s ’

particularly in Malaysia

2.6 Similitude Theory

Similitude theory is considered to be valuable toghich helps to investigate
the performance of small scale model on shaking &kperimental testKim

et al, 2009) Similitude theory provides an economical and vigidform to
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get full scalemodelresults by performing small scale model test on shaking
table (Kim et al., 2009)For full scale model, there are multipleasonswhich
negate the idea of examining full scale structure instead of small scale. Lack of
experimental facilities such asize of shaking table, and contact sensors
capacitywere the major concerned. Moreover, a large number of labour is
required to constructeinforced concrete structure thatakes the testing

procedure not economical at all.

A term known asimilitude law is defined as a mathematical technique
to deducehe theoretical relation of variable describing a physical phenomenon
(Stavridiset al, 2010) Similitude law is used to derive equations which can be
used for scaling of framed structurbssimilitude law, ultimate strength should
be identified first before conducting a test on small scaled RC structural model.
Similitude law used for material comtled in scaled down RC model showed
insufficient results due to occurrence of inelastic state under earthquake motions
(Kim et al, 1988) Researchediscovered that similitde law was conservative
and inadequate in a way that it could not provide validated results beyond plastic
deformation(Harris & Sabnis, 1999Kim et al., 2004; Kumar et al1997)
Therefore Kim et al. (2009) developed multiple equatiorigr 1/5 small scale
model to getthe full scale model results up to inelastic stadreover,
Coutinho(2016 indicatedthat small scaled models can be examined with the
help of similitude law, which would validate the prototype model results.
Additionally, scaled model should satisfy similitude requirements which are

based on dimensional analysis.
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2.6.1 Dimensiond Analysis

Geometrical scaled modelseapromoted instead of full scale models to save
time as well as money. To have a similitude relationship between the models,
special attentiors neeacdwhile scaling. Therefore, a useful technique has been
introduced known as dimension analysiBimensional analysis is a tool which

is used to simplify the problems by reducing similar relevant variables and
produces dimensional homogeneity. It helps in interpolating the experimental
data. It also gives us the guidedito check the equation. Physical models have
been analyzed through this analysis technique. In case of structural modeling,
Length, Mass or Force and Time are the three independent principal scaling
factors used for scaled model designing. Dimensioryaisaiools help to pick

the scaled factor and principal dimensigRsastogi et a).2015)

In order to have a cost efficient model, dimensional analysis forms a
similitude between the prototype and scaled model. To get the behavior of the
model similar to prototypemodel material properties, fabrication accuracy,
loading techniques, measurement methods and interpretation of results should
be considered(Rastogi et al., 2015)Dimensional analysis forms non
dimensional parametenghich supports in experimenting model physically and
numerically. It also adds value Experimental result§Cengel & Cimbala,

2006) Buk i ngham 1 Trhetdoo rugednto create aelationship of

geometry, loads and material properties amid the m@&dedtogi et al., 2015)
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Buckingham m Theor em iensioaal apadysie r a l a
It developsdimensionally homogeneous equation involving physical quantities
which can be expressed as an equivalent equation involving a set of
dimensionless parameters (Andreas et aD10). The combination of
Buckingham’s m Theorem and si“&fdli tude
scale) and the scaled modél&) can bepresentedin equation(2.16) as

(Andreas et al., 2010),

“g="8 (2.16)

Hence, the research prototype design and scaled model design ultimate

capacity can be cheelithroughsimilitude and Buckingham's Bieorem

2.7 Signal Processing

Important ground motiorparameters can be derived from the acceleration
records through a series of data processing approaches. Ground motion
parameters and their characteristics are important to seismologists, geologists,
and earthquake engineerscceleration records can be aseired by using
accelerograph, seismograph or accelerometer during an eartleyeakeian,

2017) Figure2.16 shows the acceleration, velocity, and displacement records
of a selected accelerograph station during the C¥®€hi, Taiwan earthquake.

The acceleration records shown were measured in three orthogonal directions.
The accelerograph data showed that the earthquake was a transient motion in

which the earthquake occurred within a very short duration. The corresgondi
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velocity and displacement traces computed by using dintkigration method.
It is obvious that the velocity and displacement traces are less spiky than the

acceleration trace
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Figure 2.16: Acceleration, Velocity, and Displacement Traces during
the 1999 ChiChi, Taiwan Earthquake (at station TCU074)(Boore,
2001)
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The final displacement iRigure2.16 is numerically largdi.e. about 2
m) and unphysica{Boore, 2001) Unphysical residual disptament will be
encountered if the acceleration recordas corrected or adjusted appropriately.
The permanent or residual displacement could also be caused by plastic
deformation of neasurface material or elastic deformation of ground as the
result ofco-seismic slip on the fau{Boore & Banmer, 2005)Under common
practices, the interpretation of numerically integrated displacement data from
an earthquake event relies upon individual judgement, and hence exposed to

numerous uncertainties

2.7.1 Baseline Correction

The unphysical residual digmlement as showin Figure2.16 is attributed to

the baseline drift and the initial condition in numerical integration. At the end

of each shaking motion, the velocity should become zero while certain amount
of resdualdisplacement could be expect@bore & Bommer, 2005)Over the

years, numerous adjustment schemes for processing seismic records have been
proposed by many researcharsrildwide (Boore, 2001; Chiu, 1997a; Iwaat

al., 1985; Xian, 2017)Althoughthere are various correction schemes proposed

to recover the actual shaking recordjsitalmost impossible to recover an

earthquake record perfectly.

Boore (2001 suggestech simple baseline carction methodwhich
initially required a removal of prevent mean acceleration records from the

entire acceleration record. This process can be regarded as theazdesth
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baseline correction. Subsequent procedure was to identify the slmhanges

in velocity baselines shown irFigure2.17. Time instant for that change could

be identified and followed by subtracting baseline step changes in the
acceleration record. After the acceleration record was base|ustet] it could

be numerically integrated to obtain the velocity and displacemenisemes

TCU129, EW

50 -

Velocity (cm/sec)
o

-50

20 40 60 80
Time (sec)

Figure 2.17: Least-Square Fitting of Velocity Record(Boore, 2001)

In Japan,Ohsaki(1995) suggested a weknown baseline correction
procedure which was fundamentally based on the assumptions that velocity at
the end of shaking would return to zero whilst certairoamh of residual

displacement could be expected.

In addition, Chiu (1997a)s ugge st ed a-stépsalgaithnh e ” t h
baseline correction scheme for procesditigital strong motion data. This
method involved leasdquare fitting in acceleration record, higass filering

in acceleration record, and subtracting the initial velocity vafigure 2.18
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shows the acceleration and displacement records using the approach proposed

by (Chiu, 1997a)
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0.3157 -(B) disp. of (A)

0.2873 ~(C) Corrected disp. ( Vo correction)

go ——WWMNW\AMWW

‘8%33 (D) Corrected disp. (isq in disp.)
Zo AP AN AR e
<3 P WA, 7 A o | GO g g A gl g g g o
02887 5 10 20 30 40 50 60
TIME (s)

Figure 2.18: Acceleration andDisplacement Records using the Stable
Baseline Correction(Chiu, 1997a)
It is noteworthy that Boore and Bommer, in their study, find out that
baseline correction would not be affected by the choice of baseline correction

method(Boore & Bommer, 2005)

2.7.2 Digital Filtering

Low-pass and higipass digital filtering were useful in removingi\wanted
noises from the true sign@@oore & Bommer, 2005; Douglas & Boore, 2011)
Figure 2.19 showsthatthe velocity and displacement records were reasonably
recovered with the use of the filteringethod. However, the unfiltered and

filtered acceleration records showed a little discrepancy between each other.
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f.=0.10 Hz (black); unfiltered (gray)
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Figure 2.19: Unfiltered and Filtered Acceleration, Velocity, and
DisplacementRecords(Boore & Bommer, 2005)

In general, there are four types of digital filtering models including
Butterworth, Ormsby, Elliptical, and Chebychev. The choice of filtering model
was found to be less important than the selecteftdtequenciegBoore &
Bommer, 2005)The authors outlined several criteria for selecting theo&ut
frequerties in the higkpass filtering. One of the most common criteria was that
the corner frequencies should be selected in accordance with thetsigoae
ratio in a Fourier Acceleration Spectrum (FAS). The minimum sitmabise
ratio between the actusignal and the model noise was set at tHeggire2.20
showa FAS, which consists of unfiltered signal, filtered signals,guent mean
record (assumed as a model noise), and a model paigesed by Lee and
Trifunac in year 1990 (Xian, 2017) Similarly, Douglas & Boore(2011)

reported the criteria in choosing reasonablecoflifrequencies for lowpass
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filtering. In addtion, digital filtering could be categorized into casual and

acasual filtering types.

1989 Loma Prieta eq, Anderson Dam DS (333°)
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Figure 2.20: Fourier Acceleration Spectrum of Unfiltered and Filtered
Acceleration Records(Boore & Bommer, 2005)

The dstinguishable feature of asaal filtering is that it would not
produce any phase shift in the recortisis can be accomplished by adding a
line of data with zero amplitude, which is known as pad, before the starting of
a record and after the end of the record. The length of pads depetidsfilter
frequency and filter ordgBoore & Bommer, 2005Boore & Bommer(2005)
also opined that the pevent and postvent records weneot often sufficient

for the acasual filtering.
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Mollova (2007) presentedhe application of digital filtering using a
commercial software, namely SeismoSignal to process an actual earthquake
record in Turkey. SeismoSignal is one of the popular commercial software that
can beused toprocess earthquake strongtion data with the function of
graphical user interface. Baseline correction and digital filtering methods are
incorporated in the software package. The effects of using various types of
digital filtering models (i.e. Gébyshev, Butterworth, Bessel, and Elliptic) were
examined in detailMollova (2007) examined the influences of filtering types
(i.e. Butterworth, Chebyshev, and Bessel) and the order of filtering on the
acceleration, velocity, and displacement time series. In addition, the Fourier
Amplitude Spectra and the response spectra (with damping characteristics of

5 %) the dynamic event were ewaled.

Hence,Boore (2001) suggested a simple baseline correction method
which includeghe zerothorder baskne correctiorandleastsquare fitting line
prior to numerical integratioras it gives best fit to baseline adjustment.
Moreover,it is found out thaselection ofa filtering methodis less important

thanselecing thecut-off frequenciegBoore & Bommer, 2005)

2.8 Summary

History of earthquiees occurred in fafield or neasfield were reviewed in this
chapter. Malaysia which is located far from ring of fire was considered to b
safe from earthquake motion&ftermath of Indian Ocean earthquake 2004,

multiple local earthquakes were reportecdo the reactivation of fault lines.
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Therefore, Malaysian authorities revised the British Standard code to Eurocode
to make RC structures resist against earthquake ldadeover, Eurocode
particularly EC8hasthree ductility classesiowever, due to kv seismicity in
Malaysia, DCL is considered to be viable and preferable as suggested by
Eurocode and Malaysian Annéxinear and nonlinear elassgstems were also

the part of study. SDOF and MDOF systems which defined the deformation of
structure at sing or multiple displacementsvere reported in this chapter.
Usually,RC nodels which examined on Shaking table follows the equation of
MDOF system as it produces the most accurate results. Additionally, out of four
analyss methodology, onlinear time hisiry analysis is the most favourable
analysis method due to its precise outcorfeslownscaled model research
whichwas favourable for most of the researathge to the reason of expensive
full-scale pecimens and testing facilitie®vith the study of dowrtale model

many researchers are adopting similitude law with the support of Buckingham
theory and defines the important parameters to achieve desired results. The
similitude scaling factors foRC modelwere develop and published in this
research The apropriate signal processings required to process the
acceleration records from an earthquake or a dynamic test. Baseline correction
and digital filtering methods are essential to remove the low aneft@ghency
noises from an actual signal. However, thkegrated displacement data from

an accelerometer record is often subjected to uncertainties. Therefore, a direct
displacement measurement should be used as a reference when processing the

measured acceleration records.
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From the literature review, is found out thathis study is different and
innovativeby consideringhestructuraldesign building coderhichis based on
a single earthquake vibratiofiherefore, multipleegional ground motions from
near and far field requires to take into accdorgssess the actual behaviour of
local structure. Moreover, it ioteworthythatan earthquake has never occurred
in Malaysia with intense sequential ground motos wi t h PGAs’
between @5 g to 082 g. Thus, artificially produced intensive harmow&ves
can be produced and used to assess the RC structures in Malaysia with intensive
ground motions (0.25¢g to 0.82g). Lasttigmage limitation set by EC8 for the

RC structures under sequential ground motions requires to be validated.
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CHAPTER 3

METHODOLOGY

This chapter includes research method adopted in this studgeful tool
Buckingham Pi Theorens used to scale the model dimensionsegular two
storey reinbrced concrete building modslconstructed anthvestigatedunder
a series of nine earthquakeotionsi.e. five real and fousartificial. Signal
processing techniqués also explainedto analysed the recorded datastly,

ETABS simulated model dgiscussed.

3.1 Operational Framework

The main trunk of operational framework of the researshasvn inFigure3.1.

The first objective isd evaluate the building response of the two storey small
scale RC building modeln order to fulfil the firstobjective, Buckinghan®i
Theorem and similitude thepwere applid to the scaled 1:1®odel structure.

A set of equation was developed based on Buckingham's Pi Theorem and
similitude law. The equations were used to supportaradysethe full scale
structure through the equation of scaling fa&orThereafter,n thestructural
design phase, the small scadtructue was desigad manuallyby using
European code and determine thseismicloadsaccording to European code

8. After manually checked thetructural desigrfor small scale modgkhe

laboratory work beginsvith concretematerial preparatio such as testing of
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cylindrical mould. Mix design foconcrete grade 387 wasvalidatedby casting

24 cylindrical moulds and left it for 28dalgefore casting actual componeafs

the framed structureThe strength of mdds was examined through
Compression Testing Machine. order to construa small scaled lowise RC
building model, a small scale RC column is constructed to validate the scaling
factor &. Contact sensors such B8DT and Accelerometer were attached at
different locations othe model The scaledstructurewas constructedin a
conventional construction proceduaed then model was placed on shaking
table.Artificial ground motions were generated by input parameters frequency
and displacementanging fron 0.25g to 0.82gThe harmonic artificially
producedground motns were applied sequentially durisgaking table test.

The data recorded by contact sensors in each Test was processed through signal
processing techniques. Simple quadratic baseline cmmeahd Butterworth
low-pass filtering technique was used to eliminate the noise from the recorded
data The response and crag&velopmenin scaled model was observed in each

seismic excitation

As the noise removed, the results were obtained to actiiev&cond
objective that is, to determine the critical parameters sucmasmum
displacement; residual displacement; residual interstorey drift; ratiol
acceleration response. All theskaking tableresults were scale up through
scaling factorse to obtain the actual values for full scale building model and
then comparg with finite element analysisoftware ETABS outcomes and
validate it. Therefore, initially all the artificially produced seismic ground

motions were added into the simulated softwdrkereafter, four real time
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ground motions were also used sequentially to assess the building model. Hence,
the results from experimental and simulation were discussed and conclude the

findings.

Lastly, for third objectivethe displacement data recordey contact
sensor LVDT was derived to findterstorey drift ratioand storey drift ratio
These two parameters are used to calculate the damage limitation of the full
scaled model. EC8 suggested 1% damage limitatiomferstorey drift ratio

and 0.51% for storey drift ratio.
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First Objective

2 storey framed structure design ched
(Full scale)

Manually design from EC2

Scaling of Lowrise RC
building model 1:10

Buckingham PiTheorem

Validating Scaling facto&:

Is theSevalue
satisfactory?

Validate the coorete
mix design

Low-rise RC
building model

Construct a two storey
1/10 scaled Reinforced
concrete building model

Placement of model

Arrangement of on Shaking Table
Instruments

Figure 3.1: ResearchStudy Flowchart
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Run five incremental artificially
producecharmonic successive
ground motions

Simple quadratic Signal processing of But t er wo rpash
baseline correction | recorded data filtering technique

noise
removed?

Analysed the Tested
framed experimental
building model

Observed response and
Cracksdevelopment

Figure 3.1: Research Study Flowchart (Continue)
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Second Objective

Residual Interstorey drift
ratio

Maximum Displacement Scale up model

results through

: . Scaling factoiS:
Residual Displacement Acceleration response

Scale up model results Signal processing

Simulation Software ETABS

Input Peak Ground Acceleration

Validate the Experimental model
results
Compare the Results

Third Objective

CalculateULS and SLSinterstorey drift
ratio and storey drift ratio

Check damage limitation set by EC§
Summarize the Results findin

Figure 3.1: Research Study Flowchart (Continue)
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3.2 Buckingham Pi Theorem

Di mensi onal analysis i s Pitheorerh.d’'eredat i o |
must be dimensional homogeneity amothe variables. Consider a non
dimensional parameter named Bi (In a general dimensional analysis problem,
Dependent Pi symbolizes as Remai nialy &r ésaseeegpende

are function ofrw as shownn equation(3.1).

1= fa, (€W (3.1)

where‘'ki s the tot al number of Pi

l ndependent P m)’ slsouldohiave sirhileudemelatiomdhip (

with the corresponding i ndppsshodreimt Pi

equation(3.2),
“2m= 2p , “3m= 3p and  “km= «kp (3.2
BuckinghamPit heorem is a technique which

Following are the steps followed to find tdenensionless groupengel &

Cimbala, 2006)

Step 1:Enlist the parameters stated in the problem and sum up to get the total

numbrer
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Step22Wr i t e down t he di menpedaigens of par ame

Step3:Pri mary di mensions need to be anal"
values. Solve thequation(3.3) for the expected numberof s equati on t e

ask !

k=ni j (33)

Step 4:Selectrepeating parametesst at gd as

Step5:Form'k "*' s val ues.

Step 6: Equate the”’ s equations for bot h, mo d

consequently form each parameter scaling down equation.

3.2.1 Similitude methodology of structural model

Consider a building model having 10 physical parameters (dimensional
variables, no dimensional variables, and dimensional constants). So therefore,
n = 10. These parameters are shown in functional form as shogguation

(3.4) (Rastogi et al., 2015)

a = f (d, tvy 3}, E, g, (39

66



where,

0= Stress

d = Displacement
t=Time

} = Density

E = Modulus of elasticity
g = Spectral acceleration
| = Length

V = Shear Force

q = Frequency

v =Velocity

Following are the Primarydiemn s i ons of e aas $hownn

in Table3.1 (Rastogi et al., 2015)

Table 3.1: Dimensions of Selected Parametsi(Rastogi et al., 2015)

Quantities

Dimensions

o

FL?

L

T

FToL*

FL?

LT?2

LT?2

L

FL?

T—l

<l @Q|<|l—lk|v|m+| ~a| =

LT?
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In this case, it has been witnessed that total number of variables are 10

and the pmary dimensions represent in this problerthige (). Therefore, the
number of di mensi ondews . Repeating vatighlss wo u |
selected ar& , angl. Selection of repeating variable is based on geometrical
and material properties. Seten also covers that they should not generate a
dimensionless group.

Considering these repeating variableE ,( ). ,Multiblying each
independent variablel(, t , )®ne byone wath theproduct of repeating
variabl es i n or oresrFirst Ri eqbaton s alWays famee q u a t

through dependent variabl@) (

3.2.2 Derivation of Dimensionless groups

The first o is always the dependent

var i @blaes ‘sequatem3.5), n

Depene n t 1= ®OIE (3.5)

Here, 1 shows the equation fate pende ntd .vaMo mdhianee r |

are constant exponents that need to be determiApgly the primary
dimensions offable3.1into equation35 and force the 1 to b
by setting the exponent of each primary dimension toagshown irequation

(36).

68



Dimensions oft: FOL0T0= _ _ . (3.6)

Since primary dimensions are by definition independent of each other,
we equate the exponents of each primary dimensibrequation (3.6)

independently to solve for exponeatsbandc.

Force: O=1+a+b (3.7)
Length: 0=-2-2a-4b+c (3.8)
Time: 0=2b (3.9

Simultaneously simplify E¢3.7), (3.8) and(3.9), we get:

a= p
b=m
c=0

Therefore;min Eq.(3.10) is represented as
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W =- (3.10

As dmilarly in Eq.(3.12),

To=— (3.11)

where, > shows the equation fordne p e n d e n td Noa dimeadiohaé

group "3 is derived with nofrepeating variablé tfodming a relation with the

repeating variables ahown inequation(3.12),

Dependent =t E?)PI° (3.12)

Equate exponents afquaton (3.12) independently as shown gquation

(3.13), (3.14), (3.15), and(3.16).

Dimensions of 3; FOLOTP=T — — 3§ (3.13
Force: F=a+b=0 (3.14)
Length: L=-2a-4b+c=0 (3.15
Time: T=1+2b=0 (3.16)

Simultaneously simplifyequation(3.14), (3.15) and(3.16),
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Substituting these values eéguation(3.12),

- (3.17)

where,” 3 shows the equation fordne p e n d e n t' Simitarly] irathe lsagne *
way, remaining independent variables combine with repeating variables to form

independat Pi ' s eqsatios(B18)wmd(3.19)

~ ~ - - ~ ~

{ &%= A HAn Ha HA HA Ha hHa P (3.19)

Or

(#= - h-F-- h— h- K a h — =(y
(3.19)
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3.2.3 Similitude requirement

The four dimensionless terms derived mhbstequal for the model and the

prototype in order to match the functional relationship between them. The first

dimensionless terrMimodel= " 1prototypel.€.,

0 )
o) -
Or
A= — (3.20)
where,S = — is the dimensional scaling fact@: is the ratio of modulus of

elasticity of the prototype to that of the modelomequation(3.20), it follows
thatthe model stress is scale factodtimes lesser the stress in the prototype.

Similarly for equation(3.21), from the second dimensionless tesmepresented

as
Q Q
a a
a Q
a Q
Or
a Q
a Q
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dm= — (3.21)

whereS =— is the dimensional scale factor.

3.2.4 Calculation of scaling factor &:6

Fromequation(3.20), & is derived ashown in equatioK3.22),

S =Ep/En (3.22)

As we know thaE = F/L2, so substitute iequation(3.22) to getequation(3.23)

as,

S = Fpln?/Lp?Fm (3.23)

Substitute-= = main equation(3.23),

S=(Mp. & . Ld/(Ls2. M. an)

Rearrange the values,

S = (Mp /M) . (&/am) . (n?/lp?)

Input ap/am = Sa andly/lm = Sfrom in equation(3.21), we getequation(3.24),

S=(Mp/m) . S. (UD) (3.24)
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Here,equation(3.24) shows the derived equation &fto calculate the scaling

factor as shown in sectidh3.4

3.3 Description of structure

RC buildingof Block N, UniversitiTunku Abdul Rahman (UTAR), Malaysia

is selectedn this study as shown iRigure3.2. The prototype full scale model
has long spans and multiple number of columns l@eans However, due to

the smallersize of shaking table, @artof a building is considered as shown in
Figure 3.3. Malaysiahas been considered as low seismic z@woria et al.,
2012)and Eurocode EC8 suggested to design building model on DCL for low
seismicity areaTherefore, a lowrise frame structure is designed on Euro code
EC2(European Standard, 2004a)d EC8European Standard, 2004b) DCL
followed by Malaysian National Annexihe Detail calculation of building

model is shown in Appendix.A

Figure 3.2: Full scale building model loc&ed in Block N, Universiti
Tunku Abdul Rahman, Perak, Malaysia
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3.3.1 Specimen specifications

The experimental model is scaled to lfifbugh a dimensional analysis tool
named Buckingham Pi Theorem as stated in Se@&ianFramedstructureis
actually apartof a university buildinghawe 3 bays on X-axisand 1 bay on the
Y-axis. The specimehastwo storeyand rectanglar in shape ashown in
Figure3.3. Details of the geometry and reinfonsent of this prototype structure

are shown irFigure3.4.

300mm

400mm

Figure 3.3: Labelled Geometry and Elevation of RC Frame Building
Model
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Figure 3.4: Experimental Model Geometry and Reinforcement Details
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Figure 3.4: Experimental Model Geometry and Reinforcement Details
(Continue)

3.3.2 Reinforcement specification

RC model need to analysed and designed manbaligre constructing the
experimental modeBased on the calculatid@ingshownin Appendix A, he
diametemsed foithereinforcement barns thedownscalenodelarel.6mm and
3.2mm. Main reinforcement bars of beams and column8.2rem diameter

Shear rings and tiggavea 1.6mmdiameter othe bar

Tensile testsfawelve sample bars withdiameteof 1.6mm and 3.2mm

is conducted in Mechanical laboratory of Univar3itinku Abdul Rahman,
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Malaysia as shown iRigure3.5. The mechanical reinforcemeptoperties are

listed in Table 3.2. Reinforcementbar 3.2mm has an average yield stress of
807.95MPaand average modulus of elasticity of 160.56 GPa. Similarly, for
1.6mm bar, average yield stress and modulus of elasticity are 998.95MPa and
144.02GPa respectivelpue to theunavailability of deformed bar in such a
small diameter, standard steel was used that is why the modulus of elasticity is
lower than 200GPa (a value suggested by EC2 for Class B and C reinforcement).
However, the yield séngth is higher than the range of 400 to 600MPa as
suggested by EC2. This change in parametric values is due to the material

property of bar.

Figure 3.5: Laboratory Test of Reinforcement Bar in Universal Testing
Machine
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Table 3.2: Specifications of Reinforcement Bars (Tensile Strength Test)

Steel bar Load at Ultimate Tensileyield Tensile Elastic
diameter  vyield load stress at strain at modulus
in mm (KN) (KN) yield load  maximum (GPa)

(MPa) load
(mm/mm)
1.6 1.74 2.06 1023.95 0.06032 155.207
1.6 1.62 2.0 995.06 0.10344 145.509
1.6 1.68 2.01 997.70 0.02548 137.704
1.6 1.65 1.99 987.53 0.02902 138.789
1.6 1.62 1.99 990.53 0.05032 142.902
Average 998.95 144.02
3.2 5.17 6.55 814.94 0.20349 160.011
3.2 5.10 6.43 799.17 0.16392 154.402
3.2 5.22 6.50 808.15 0.11239 165.437
3.2 5.24 6.49 807.15 0.11013 159.037
3.2 5.11 6.52 810.37 0.22496 163.923
Average 807.95 160.56

3.3.3 Concrete specification

A compressive strength test is conducted on a cylinirrld with a height of
200mm and diameter 100mm. In order to achieve the concrete strength of 30
N/mn? at 28 days, aconcretemix design is use{Franklinet al, 1988; Yip &
Marsono, 2016)Preliminay concrete mix design has beealidatedbased on
British Stamlard BS5328: Part 2: 1997. Fre quantity of 1m concrete mix
design, the calculated components of a concrete imighown inTable 3.3.

Here, water/cement ratio is 0.42.

Table 3.3: Components in Concrete Mix Deign for Self Compacting
Concrete SCC

Cement Water Fine Coarse Density  Admixture
(kg/m®  (kg/m®) aggregate aggregate (kg/m®) 1.2% ,
(kg/m?) (kg/m?) (kg/m?)
550.0 233.0 511.0 1086.0 23800 6.60
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As reported in E2, the strength class of concrete for RC structures is
30/37 (that is compressive strength of concrete cylinder is 30R)/rivareover,
the mean tensile strength is 2.9 N/fas shown in Appendix B. Thereforks
cylindrical specimens tested foompressie strengttand 8 specimen tested for
tensile strength of concretge showrin Table3.4 andTable3.5 respectively
Based on the laboratory test as showfigure 3.6, the averageompressive

and tensile strength of concrete is 33\26n? and 12.8AN/mn? respectively.
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Figure 3.6: Concrete cylindrical Molds Placed in Compression Testig
Machine

Table 3.4: CompressiveStrength of Concretefor 28days fcu

Casting date Weight of Maximum Compressive
Specimen (kg) load applied strength , fcy
(KN) (N/mm?)
14" February, 2018 3.64 253.6 32.29
14" February, 2018 3.62 239.9 30.55
14" February, 2018 3.64 259.5 33.01
14" February, 2018 3.62 246.8 31.42
8" May, 2018 3.70 256.9 32.71
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8" May, 2018 3.62 235.9 30.03

16" May. 2018 3.66 269.7 34.34
16" May. 2018 3.68 291.5 37.12
18" May. 2018 3.66 280.7 35.74
18" May. 2018 3.69 267.0 34.0
20" June, 2018 3.64 237.4 30.23
30" June, 2018 3.50 281.2 35.81
30" June, 2018 3.56 280.3 35.70
30" June, 2018 3.66 285.3 36.33
4™ July, 2018 3.66 251.2 31.99
6" July, 2018 3.60 242.2 30.84
Average 33.26

Table 3.5: Splitting Tensile Strength of Concretefor 28 days f:

Casting date Weight of Maximum load Splitting
Specimen (kg) applied (KN) strength, ft
(N/mm?)
8th May, 2018 3.66 114.5 14.59
8th May, 2018 3.66 84.0 10.70
18th May. 2018 3.64 75.1 9.56
18th May. 2018 3.68 107.2 13.65
20th June, 2018 3.64 108.6 13.83
30th June, 2018 3.54 121.9 15.52
4th July, 2018 3.68 106.7 13.58
6th July, 2018 3.58 89.7 11.42
Average 12.86

3.3.4 Theoretical mass of column
As the equation o& has been derived in Secti@®.4 so €lect one column
out of eight columns from the prototype full scale model to get the theoretical

mass of each column.

Volume of Column = Length x Beadth xHeight

Volume of Column = 600mm x 400mm ¥000mm
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Volume of Column = 1.68m

Mass of Prototype (columm Density of Concrete ¥olume of Column

Mass of Prototype (column) 2500 x1.68

Mass of Prototypécolumn) = 4200kg

So, the theoreticahass of each prototype full scale column is 4200kg.

3.3.4.1 Mass of actual experimental column

The fabrication process of the column is showfigure3.7. To calculate the

actual massf small scaled column, construat@umn and get the weight of it.

MeasuredMass ofsmall scale column = 4.22kg

Now, consider theequation(3.24) to calculate:,

S = (4200/4.22) x 1 X1/ 1G)

Se = 9.9
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Figure 3.7: Fabrication of small scale column

3.3.4.2 Similitude Relations

Drawing the different similitude relationships and scale factors for dynamic
structural model, areshownin Table3.6. Different parameters have been scaled
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down. Dimensional Scale factorS0do6 £Bare used to reduce the model scale.
Typical scale factor for Slab/beams structuresefastic models is 1:1(Harris
& Sabnis, 1999)Material properties for ptotype and scaled model remains

similar i.e & = 9.9 Table3.6 showsthereduced model parameters.

Table 3.6: Similitude relation

Parameters Dimensions Scale Factor
Equations 1:10 Scale up

Model
Modulus,E FL2 S 9.9
Stress{i FL2 S 9.9
Accelerationa LT? 1 1
Length,l L S 10
Point load P F < 9.9%(10¥
Time, t T S (10)Y2
Frequency,q T! Sst2 (10)y*?
Velocity, V LT?! S (10)Y2
Mass Densityp FL™T? S/S 9.9%(10)*
Moment of Inertia,l  L* s (10y*
Shear forcey F Sg 9.9x(10Y
Moment,M FL S 9.9%x(10Y

3.4 Test instruments

In experiment, RC building model are attached with several cos¢msors.
The contact sensors used in this research study are Accelerometer and LVDT.

Moreover, shaking table is a machine on which RC model is examined.
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3.4.1 Accelerometers

An accelerometer is an electromechanical device used to measure acceleration
forces. Such forces may be statgch ascontinuous force of gravity or,
dynamic to sense movement or vibratiolmsorder to record the acceleration
produced by builing model at different storey, accelerometers asgtached

to the framed specimen. Contaensor ecelerometer is illustrated iRigure

3.8.

Figure 3.8: Accelerometerattached to the building model

3.4.2 Linear Variable Displacement Transformers (LVDT)

A contact sensor LVDT imstalled at four locations on theiilding framethat

is at shaking table base, building model basterey 1 andstorey 2 LVDT
attached to storey 2 is showrFigure3.9. In the shaking tale, there is no fixed
frame available to adjust the LVDT to record vertical displacement of the test

framed specimen.
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Figure 3.9: LVDT connected with the building model

3.4.3 Shaking table

Figure 3.10 shows the shaking table setup used in the present study. A mega
torque motor was used to produce -@i@ensional shaking motion on a level
platform (2m by 2m) by generating a mechanical torque repeatedly. The shaking
tabe platform was lifted afloat by supplying an air pressure of 2 bars underneath
the table platform to minimize the friction between the base and platform during
cyclic horizontal movement. The shaking table was capable of producing
frequencies of 0.+ 20 Hz and horizontal displacements of 5 mm. The

highest achievable peak acceleration was about 0.82g.

Figure 3.10: Shaking Tablein UTAR, Malaysia
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The physical instruments and contact sensorsdtaattached aeleven
locations in the building frame structure during the test includes Accelerometer
andLVDT are shown irFigure3.11. Out of seven accelerometers, thoéeéhem
areattached tdhe shakingabletoecor d t he i nput ‘g’ val
ECS8 (clause 3.2.3.1.2(4) and 3.2.3.ABpendix D. LVDT is placed to record

the horizontal displacement at the jointslod beanmand column taieach story.

Accelerometer 3

LVDT 1 Accelerometer 4
Accelerometer 5
LVDT 2
Accelerometer 1
LVDT 3

Acceleromete 2

LVDT 4

Figure 3.11 Instrumentation Plan
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These instruments recorded the time histories of the building frame
responses. Furthermotlge shakindable generates the seismic excitation based

on input motion (frequency and displacement).

3.5 Dynamic behaviourof building model

The real structures aseldomdescribed by Single degree of freedom (SDOF)
system. Due to complexity in deformation particularly structural stiffness and
mass, loading characteristics, and response variationsgttsion of motion

for strudural modelcan describe well in Multiple degree of freedom (MDOF)

systemas shown irequation(3.25).

0 w+0 w+0 w={p 0 w (3.25)

where,

[M] = Mass matrix

{y} = Relative displacement vector
[C] = Damping matrix

[K] = Stiffness matrix

‘Xg  Asceleration of ground motion

{p} = External force vector.

Furthermore, upper dot notation corresponds to time derivatives, i.e.,

w and w correspond to velocity vector and acceleration vector, respectively.
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The equation(3.25) is conpletely satisfying the conditions for elastic
behaviour of structure. During the earthquake ground motions, the building
model moves towards inelastic range and form a nonlinear relation between
restoring forces and deformation. Therefore, B@®5) need to be replacddr
inelastic behaviour Equation (3.26) represents he equation of motion
consideing a dynamic nonlinear vibration of aADOF system with dampip

excluding theexternal forces. It cabe written as,

D O+0 O+0 0= 0 ® (3.26)

3.6 Input motion for experimental model

For experimental modehis study focuses on five artificialhquake motions
as listed inTable 3.7. Regarding the artificial ground motion, in UTAR,
Malaysia, shaking table performed harmonic motions which were able to

simul ate desired g’ v aignal. ¥ari@us skismicn i f or r
excitations are determined before performing the test on frame specimen.
Afterward, the building model is subjected to multiple excitations wheee

different artificial harmonic ground motions have been applied sequentially
rangirg from 0.25¢g(Test 1)to 0.82g(Test 5) The input ground motions

recorded from acderometer ardisted in Table 3.7. Furthermore, the time

duration is 15 seconds for all fiwtificial ground motions.
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Table 3.7: Seismic Input d Artificial Seismic Sequence

Test case Input motion PGA 06 ¢)o
Frequency (Hz) Displacement (mm)
Test 1 3 15 0.25
Test 2 5 0.5 0.30
Test3 3 2.0 0.36
Test4 10 0.5 0.64
Test5 8 0.5 0.82

The PGA values are utilized in increasing order as showigure3.12(a).
It is observedhat inFigure3.12(a), each ground motion (that is Test 1, 2, 3, 4
and 5 has a uniform harmonic wave. Moreover, the acceleration time history
and spectrum of ground motion for Test 5 is showRigure 3.12(b) and (c).

Figure3.12(c) shows the mximum spectral acceleratiof 2.59m/$ at 0.1sec.

st5

Test3

Test 1 Test2

Acceleration (Q)
0000 0000
RPooh~hNONMOOE

0 20 40 60 80 100
Period (sec)

Figure 3.12(a) Input Acceleration Time History from Test 1to 5

0.4

9

Acceleration

Period (sec)

Figure 3.12(b) Input Acceleration Time History of Test 5
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3.7 Signal processing and analysis

The data recorded through accelerometer has a noise effect in each seismic
motion signalMany authorshave faced this noise in theaitudy and they have
conductedthe processing and adjustments in earthquake resoctisag8oore,
(2001); Boore & Bomme(2005; andChiu (1997b) To recover the correct data
Boore (2001) conducted a study and proposed correction methodologies to
improve the actual shaking recor@ore & Bommer(2005) highlighted the
effect of noise and proposed to perform baseline correction, where he
recommended thaa suitable cut off frequency was selected to filter out the
noise in thedata. Zer8 -order baseline correction was suggested in which a set
of mean data recorded in pegent would be removed frothe entiredata
record in the very beginning stagessignal processingBoore & Bommer,
2005) The methodology supported to identify the changes in the velocity
baseline followed by identification @& chang in a particularinstant of time

and then subtracted the changes in baseline step of the acceleration data record.
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Then, theacceleratiordaa baseline had been adjusted and corrected; it would
easily integrate to get the numerical values of velocity and displacement. Simple
guadratic baseline correction and Butterworth low pass {¢ugh filtering

methods are attempted toopess the raw aeteration data.

3.7.1 Simple quadratic baseline correction

The original data recorded by the acceleromistérst introducedo correction
mythology known as Simple quadratic baseline corredtidche i s mosoft ' s
of Earthquake ®ols, 2018) This correction scheme subtracted the entire
acceleration data from a quadratic lesgtare fitting line prior to numerical
integrationas shown in equatio3.27), (3.28), and(3.29). Here,Seismdignal

softwareis used for baseline correction

Acceleration = a1 (ao + at) (3.27)
Velocity = Wi (ot + - aut?) (3.28)
Displacement= Dii (-aot? + - agt®) (3.29)

where

a; = Accelerationm/s

v; = Velocity, m/s

D = Displacement, mm
t =Time, sec

o, & = Coefficients
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Baseline correctionds a tendency to eliminate the lower frequencies
and considers the higher frequency whiclmisact,a high pass filtering method

with an unidentified cut off frequendoore & Bommer, 2005)

3.7.2 Butterworth low pass (high-cut) filtering

Filtering techniqueis usedto remove the unwanted fregpcies in the signal
Butterworth filtering is a type of filter whose frequency response provides a
constant output from direct current up to-ofit frequency and rejects all the
signals above that frequency. In experimental model, all the data recorded b
accelerometers are filtered based on input frequency as listebia3.7 for

each artificial ground motion. Software Seissigmal is used in filtering the

data.

3.8 Seismic Input in ETABS simulated model

After as®ssing the model on shaking talilee building model iscale upgl:10
(Rastogi et al., 2015; Yip et al., 2018)rough scaling facto&e to get the
prototype full scale model. Thereafter, the scaled up mod#higlated on a
software program known as ETABS with the same structural specificasion

shown inFigure3.4 andFigure3.13.
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Figure 3.13: Three dimensional view of simulated model

The inpus in simulated model arenateial properties of steel and
concrete, section properties of bearolumn and slab, load patterns, dodd
case for nonlinear time history analysidloreover, the same artificial ground
motions are defined as the function for time history analysistasl in Table
3.7. Results of each artificial ground motion in simulated model is validated
with accelerations and displacements recorded in shaking table test.
Additionally, to examine the simulated model on realetiground motions,
Mammoth Lake (19803arthquake is selectedder a sees of multiple seismic
events. The data extracted from the Pacific Earthquake Engineering Research
Center(PEER, 2019) The sequential seismic events of mitaoth Lake are

listed inTable3.8.
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Table 3.8: Seismic Data é Real Ground Motion

Earthquake Station PGA Code Date and time
Event value name
Q)

Mammoth Long Valley 0.34 ML1 25-05-1980, 4:34pm
Lake(ML) Daﬁb(uli)pr L =012 Mz 25051980,4:49pm
0.33 ML3 25051980, 7:44pm
0.24 ML4 25-05-1980, 8:35pm

Table 3.8 shows the location of station at which PGA was recorded.
After the first ground motion ML1, three consecutive ground motions ML2,
ML3 and ML4 was observed. The interval betweba two realtime ground
motiors aredifferentas shown immable 3.8. However,5 sec intervals between

oncoming ground motion is selected in simulated model for this study.

3.9 Summary

This chapter beganith methodology oflimensional analysis tool Buckingham

Pi Theorem, which helps to determine the equations to get full scale model
results through the scaling fact&. The artificially produced ground motions

for shaking tald testwas briefed. Signal processing was used to remove noise

from recorded data through baseline correction and low pass filtering technique.
Realtime ground motionsused insimulation software ETABS were also

discussedn this study.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presesitheresultsof the researchThe section focuses dhe
observed response of the framed structsignal processingscale up model
outcomesmaximum displacement, residual displacemesgijdual interstorey
drift ratio, interstorey drift ratio,and acceleration. To calculate tHamage
limitation, intergorey drift ratio,and storey drift ratiois discussedMoreover,
the building modehaspassedhrough multiplesequentiabeismic excitations
(artificial and reatime goound motion) Therefore, the structural behavior in

theseground motions haveeen discussed.

4.1 Observed response andracks development

In the framed specimen Test 1 and 2, shakirtgebuilding model is observed.
However there are no cracks formedarcularly intermediate beams and
columns has no effect of artificial ground motions. In Tegh8,test model
shows the damagd he horizontal, vertical and diagonal cracks are observed at
the bearrcolumn joint as well asorner at storey 1 as shownFigure4.1. The

cracks are formed due to transfer of moments from beam end to column ends.

This damage points to the yielding of the beam and column reinforcement
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(@)

(b)

Figure 4.1: (a) Flexural horizontal minor cracks at the column in storey 1;
(b) Flexural horizontal and vertical cracks at a beamcolumn joint in
storey 1

Moreover, the model is observadhavesignificant horizontal cracks in

the beancolumn joint of the roof (storey 2) as shown kigure 4.2.
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Intermediate columns and beams have not shown any significant damage

behavior during this artificial ground ron.

Figure 4.2: Flexural horizontal cracks at roof beam column joint

During the Test 4 run, the model has experienced significant cracks at
beamcolumn joint at the base and storey 1 as showkigare4.3 (a) and (b)

whichwas the extension of cracks propagatedest 3.
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Figure 4.3 (a) Figure 4.3 (b)

At this artificial ground motion, intermediate columns and beams of the
framed specimen experience crackslaswvn inFigure4.3 (c) and(d). However,

therewasno spalling of concretebserved.

Figure 4.3 (¢) Figure 4.3 (d)

Figure 4.3: Significant cracks at (a) base; (b) storey 1; (c) intermediate
column and (d) beamcolumn joint
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Lastly, Test 5 has maximum PGA value @82g, whichcaused the
higher frequency of vibratiarHowever the test specimen sustains and absorb
vibrations without any member failure. This seismic sequence further
propagates the cracks at inner joints of column and beam as prasdfitpae

4.4

Figure 4.4 (a) Figure 4.4 (b)

Figure 4.4 (c) Figure 4.4 (d)

Figure 4.4: (a) Severe flexural crack at periphery beam at base; (b)
significant flexural crack at periphery beam at storey 1; (c) flexural crack
in the internal beam-beam joint at storey 1, (d) flexural cracks in beam
column joint at storey 2 slab.
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Therefore, under successive incremendatificial ground motion,
concrete material deterioration starts from storey 1 to the adjacent storey due to
the impact of inertial forces in the horizontal diient The damage
concentration in the framed structure is observed to be at the-dmamn
joints. The damage is less severe especially at the storey 2 as compared to the
storey 1. Only concrete cracks and reinforcement internal plastisiobserved
Thus, it is established that the building model with ductility class low (DCL)
has a tendency to absorb | ower to hig

loading due to the strength of framed structure rather than its ductility

4.2 Signal processing

After running all the artificially produced seismic motions on shaking
table, the data recorded by contact sensors needed to be addrebssti4 and
5, the input frequency is 10Hz and 8Hespectively However in Figure 4.5,
the raw data recorde bthe accelerometer shows noise included in the recorded
data setTherefore it is required to remove unwanted data associated with

measured acceleratialata.
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Figure 4.5: Recorded Acceleration Time Series under Input
Frequencies (a) Test 4 (10 Hz), (b) Test 5 (8Hz)

As explained byBerg & Housner(1961) the integration method to
obtain numerical data sedcceleration data iRigure4.5 hasintegrated to get

numeric initial velocity and displacement periodic series by considering the
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assumption of initial velocity and displacement conditions respectively. In
Figure4.6 and Figure 4.7, the time series of velocity and displacement has a
shift in the baseline The wave moves toward the negataxis referring to
negative direct curreiias in the acceleration plot recordedimyaccelerometer
Thus, the maximum disgcement time series data is required to correct
otherwise the end results will be upexted and inappropriat€&igure 4.7

shows that the maximum displacement recorded at the end of the displacement
time series plots 1100mm thais much higher than actual and input vaase

listedin Table3.7.
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Figure 4.6: Velocity Periodic Plot Extracted from Integrating
Acceleration Data St (Test 4)
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Figure 4.7: Plot of Displacement Time Series through Integrating the
Acceleration Data (Test 4)
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Therefore,there is a need to correct the data set to remove the wavy
nature in displacementtie series plot, where due to rotational mo{iGraizer,

2006)of building modelandlow-frequencynoises, shifting of baseline ocesur

4.2.1 Baseline Correction

In Figure 4.8, the problemof baseline drift is remediatetHowever the data
corrected by aimple quadratic baseline stdhows the noise in the waveform.
Thereforelow-pass filtering techniquis selecedby considering realistic cut

off frequencyasusedby Boore & Bommer(2005)
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Figure 4.8: Acceleration Records from Accelerometer after Baseline
Correction (Test 4)
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Figure 4.9: Fourier Amplitude after Baseline Correction (Test 4)

4.2.2 Low pass filtering Technique

Baseline correction is determined to be effective in eliminating-fmergpd or
low-frequencynoise.However high-frequency noise combines with the signal
as shown irFigure4.9. The input frequency for Test 4 is 10HZliatedin Table
3.7. The maximum amplitudundat input frequency 10H® 81.58 lowever,
Fourier amplitudes are also found on higher frequencies th#me input
frequencyin the signal Therefore,Fourier amplitude spectrum iRigure 4.9

shows the need to apply filtering in the process of analysing.

Although the shaking frequency is set to 10 Hz for Test 4, éecjas
of higher than 10 Hz are still observed in the testing result. Therefore,
But t er wo-passhHigscut)lfikerng technique is used to remove the
higherfrequency nois¢éBoore & Bommer, 20054sshown inFigure4.10 and

Figure4.11
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Figure 4.11: Acceleration Records from Accelerometer after
Butterworth Low Pass Filtering (Test 4)
Since the acceleration profile obtained upon performing the filtering
method shows the best agreemenug Butterworth low pass filtering method

is suitable fo the signal processing in the present study
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4.3 Scale up model results

The data recorded by contact sensors are scaled up using scalin§eacabie

4.1 shows the results recorded by Accelerometer and LVDdditnally,
Table4.1 also shows the scaled up model results whwels scaled¢hrough
scalingS, whereasS is already calculated and validated in sect®® and
3.3.4 The first three parameteasldressed iable4.1 are dimensionsnaterial
strength and gravitationalcceleration. These parameter values are same in
each shakingable test and later, scaled thgbuscaling facto§ S, andS; for

full scale model. Contact sensor LVDatwas placed on beagolumn joints

at Storey 1 and 2 ahown inFigure3.11, hasrecorded maximum displacement
in mm for each ground motio(Test). Here, displacemehas a scale fact@®

to scale up the recordeldta for each storeghear force has a scaling factor of
S through which it was determinetthat full scale model has reached to
maximum baseshear 0f2252.86KN in Test 5as catulated in Appendix C
However, storey Ireaches tomaximum shear o0fl528.78 KN in Test 4.
Similarly, acceleration has scaling fact&rwhich is equal to onas showrin
Table4.1. Therefore, the small scadeceleation values multiply b will give

the samevalues forfull scale modelThe maximum acceleration recordad
base is 0.92g in Test Blowever, storey 1 and 2 has reached to maximum

acceleration of 1.38g and 1.5BgTest 4

The parameter mentionedh iTable 4.1 are used to derived other
parameters from it, that is residual displacement, residual interstorey drift ratio,

serviceability limit state (I5S) andultimate limit state JLS), inter storey drift
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ratio ard storey drift ratio All these aforementioned parameteruence the

scale up model results.
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Table 4.1: Scaling up the small scale model results throug8e factor

Scaledmodel (1:10)

Full scale model

Parameters Scale factor
Test 1| Test2| Test3| Test4| Test5 Test 1 Test 2 Test 3 Test 4 Test 5
Dimensions S=10 0.1 1
Material Strength S$=99 0.1 1
sccolerationa (i) &= 10 081 0.81
Staey 2 Storey 2
Maximum 254 | 6.28 | 9.10 [ 6.48 | 7.59 2538 | 6276 | 9099 | 64.76 | 75.91
displacemenlﬂnax S =10 Storey 1 Storey 1
(mm) 1.76 | 447 | 637 | 3.95 | 445 1763 | 4466 | 6372 | 39.45 | 4455
Storey 1 Storey 1
Maximum shear S9= (9.9)(105 030 040 | 045 | 154 | 1.26 | 299.11 | 398.81| 443.12 |1528.78| 1251.83
force, Vimax (KN) - Base Base
0.67] 0.84 | 096 [ 1.90 | 2.28 661.17 | 832.58| 955.02 |1885.55| 2252.86
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Spectral Acceleratior

(Sa =mg/m)=g

Mer cal |

ST(STIS) =1

Storey 2 Storey 2
0.24 | 0.35 0.36 1.57 1.26 0.24 0.35 0.36 1.57 1.26
Storey 1 Storey 1
0.27 | 0.36 0.4 1.38 1.13 0.27 0.36 0.4 1.38 1.13
Base Base
0.27 | 0.34 0.39 0.77 0.92 0.27 0.34 0.39 0.77 0.92
Input PGA values Input PGA vlaues
0.25 0.3 0.36 0.64 0.82 0.25 0.3 0.36 0.64 0.82
Y+ Y+
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4.4 Maximum displacement response

Figure4.12 (a) and (c)shows the time histories of maximum displacement of
storey 1 and 2 for sequential ground motions from test édfo5ion shaking

table Similarly, Figure4.12 (b) and (d) shows maximum displacement of storey

1 and 2 from ETABS simulation. It is found out tisiaking table results are
near to the simulated model results fr&@MABS. The test framed specimen
indicates that the building model has a progressive permanent displacement
which tends to increase the maximum displacement of each oncoming
successive seismic ground motiolmsshaking table tesEigure4.12 (a) and (c)
representthat Test 3 (0.34g) has displaced model 63.7innstorey 1 and
91.0mm in storey as compared witfiest 5 (0.82g) having displacements of

44.5mmin storey land 75.9mm in storey 2.

In ETABS simulation, itis observed that Test 3 displaces 52.56mm in
storey 1 and 88.84mm in storey 2 as showhigure4.12 (b) and (d). Here, it
is noteworthy that in storey 1, displacement of Te¢ETABS simulation)n
Figure4.12 (b) i.e. 41.36mm igloseto the displacement 44.5mm in Test 5
(shaking table) as shown kigure4.12 (a). Similarly, in storey 2, Test 5 has
displacement of 71.52mm (ETABSh@ 75.9mm (Shaking table) as shown in
Figure4.12 (c) and (d respectivelyAdditionally, Figure4.12 (a), (b), (c) and
(d) shows thatstorey 1 and 2 maximum displacemernts Test 3 are
approximately thredold than Test 1 Reason is thagis the PGA increases from
Test 1 to TesB and so on, the structural stiffness decreases as shown in section

4.1and cause thstructuralframe to displace more.
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Figure 4.12(a): Time history of Y-axis horizontal displacement(storey
1) under artificial seismic sequencen shaking table
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Figure 4.12 (b): Time history of Y-axis horizontal displacement (storey
1) under artificial seismic sequence oETABS simulation
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Figure 4.12 (c): Time history of Y-axis horizontal displacement (storey
2) under artificial seismic sequence on shng table
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Figure 4.12 (d): Time history of Y-axis horizontal displacement (storey
2) under artificial seismic sequence on ETABS simulation
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To assesghe building modelfurther, the framed specimen has been
examined on real seismic ground motions as showfigare4.13 (a) and (b)
In storey 1, ML1 has a maximum displacemds.8mm (+Xxaxis) and
10.88mm {X-axis) as shown ifigure4.13 (a). The second consecutive ground
motion ML2, has a displacement of 0.81mm {&Xs) and 5.59mmX-axis),
respectively. ML3 that is the third sequential motion, displaces the model
2.23mm (+Xxaxis) and 14.49mmX-axis). In last ground motion (M), model
displaces 0.7mm (+¥xis) and 11.33mm-X-axis), respectivelyln storey 2,
the maximum displacements of ML1 and ML3 are 21mm-&xi§€) and

30.40mm {X-axis) as shown ifigure4.13 (b).

The PGA of ML1 ad ML3 are similar that is 0.34g and 0.38tpwever
the model displaces maximui4.49mm (storey 1) an80.4mm(storey 2)in
ML3 representing thenaximumdisplacement in the modas shown irFigure
4.13 (a) and (b) Additionally, surface acceleration and magnitude of an
earthquake affects the maximum displacement. Therefore, building model may
behaven a different mode in each sequential seismic ground motions. Thus, it
can be summarized that results can vary basetthe characteristics of framed

specimen and successive ground motions
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Figure 4.13 (b): Horizontal displacement time histories at storey 2
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4.5 Maximum Residual displacement

The sequential ground motion hasongly affected the test specimen and
increases the residual displacement in each successive excitatibest 1,
model displaces permanently 5.76mmdahl.53mm in storey 1 and 2,
respectively, as showim Figure 4.14 (a). It shows that storey 2 displaced
twofold than storey 1 in Test. IFigure 4.14 (b) had similar effectsof
displacemenin Test 1such a$.19mm and 10.37mm displacements in storey 1
and 2 which satisfy the results of shaking table and ETABS simulation
outcomesln Test 2, model displaces 34.57mm in storey 2, which is threefold
than the displacement found Trest 1as shown irFigure4.14 (a). k clearly
showsthat the residual displacement accumdatéh respect to incremental

P G A & ’successive ground motiargost importantly, it has been observed
that experimertl model does not show any cracks in Test 1 (0.25g) and Test 2
(0.30g) as mentioned earliar section4.1 however it can clearly be seen in
Figure4.14 (a) that Test 1 and 2 have rasad displacements of 5.76mm and
9.70mm in storey 1, similarly 11.53mm and 34.57mm in storey 2 which clearly
highlights the reinforcemeritternal plasticity during the shaking table test.
Moreover,Figure4.14 (a) and (b) showthat the residual displacement at Test 5
is fivefold than the Test 1 in each storeg.(storey 1 and 2) whicindicates

that multiple ground motionsreone of themaincause in strength degradation
and makethe structure to displace permatignFromFigure4.14 (a) and (b),

it is found out that as the PGAs’ i nc

reaches to maximum 25.35mm (shaking table) and 24.88mm (ETABS) in storey
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1 at Test 5. Similarly5152mm (shaking table) and 50.82mm (ETABS) in

storey 2at Test 5shows the same impact

Max. Res. Displ. (mm)

1 Storey

test 3

test 4 test 5

Figure 4.14(a) : Maximum Residual Displacementunder successive
artificial ground motions (shaking table)

test 5
test 4

test 3

Max. Res. Displ. (mm)

Storey

Figure 4.14 (b): Maximum Residual Displacement undersuccessive
artificial ground motions (ETABS Simulation)
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Figure 4.14 (c): Maximum Residual Displacement undetMammoth
Lake sequential ground motions(ETABS simulation)

Figure 4.14 (c) showed that ML1 presents the dearesidual
displacement i.e1.08mm and 4.0mm at storey 1 and 2 respectivelfiguare
4.14 (c), the sequential excitatioviL4 accumulate the displacement threefold
in storey 2 and sevenfold in storey 1 as compared to ML1 respectively.
Moreover, it can be observed Figure 4.14 (c) that storg 2 reaches to
maximum residual displacement of 13.93mm in the last seismic mob&on
ML4. It is noteworthy that residual displacement of storey 2 is twofold the
storey 1 in ML1 and threefold the storey 1 in Mag shown irFigure4.14 (c).
However,in next two consecutive ground motions (ML3 and ML4), the residual
displacements are 5.40mm (storey 1) and 9.02mm (storey 2) in ML3, and
7.18mm (storey 1) and 13.93mm (storey 2) in ML4 which shows that the
exponentiallyincrement in residual displacements between storey 1 and storey

2 decreases as the number of ground motions increases.
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Thus, it is evidenand concludethat the first seismic motion affects the
stiffness and degrade the strength of the building modethmbauses the

framed stucture to displace permanently

4.6 Residual interstorey drift ratio

The maximum interstorey residual drift for both experimental and simulated
model under artificial successive ground motions are showigure4.15 (a)

and (b). The examined structure shows the permanent deformation which
remained after each sequential seismic vibration. Multiple earthquake motion
accumulates thénterstorey residual drifand became maximum in the last
excitation (Test 5)It is noteworthy that storey 2 hassidual IDR%of 0.83 in
Test2, 0.78 in Test 3, 0.83 in Test 4 and 0.87 in Test 5 as shdviguie4.15

(a). Similarly, residual IDR percentage from Test 2 ta bewe 0.79, 0.72, 0.79,

and 0.86 as shown Higure4.15 (b). It is observed ifrigure4.15 (a) and (b)

that residual IDR% in Test 2 is fourfold than Test 1 in storggedson is that

as the PGA increases from 0.25¢g (Test 1) to 0.30g (Test 2), the model displaces
permanently and causes the structural model to reach to 0.83% (Test 2) from
0.19% (Test 1) as shown iRigure 4.15 (a). Additionally, storey 1 has
incremental residual IDR%f 0.14 (Test 1), 0.24 (Test 2), 0.45 (Test 3), 0.54
(Test 4) and 0.63 (Test &y shown irFigure4.15 (a). Similarresidual IDR%

is observed ifrigure4.15 (b).
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Figure 4.15 (a): Maximum Residual Interstorey Drift Ratio under
successive artificial ground motiong(shaking table)
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Storey

Figure 4.15 (b): M aximum Residual Interstorey Drift Ratio under
successive artificial ground motiong ETABS Simulation)
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For Mammoth lakegroundmotiors, the effect of sequential motion on
structural model is similar ashown inFigure 4.15 (c) which shows that the
percentage ofesiduallDR in storey lincreases withrespect to the seismic
sequencen storey 1, the maximumesidualDR is 0.18% in ML4 as shown in
Figure4.15 (c). However,it can be seen thataximum residual IDRf storey
1 found in Test 2 are 0.23% and 0.24% as shovfigare 4.15a) and (b). It
clearly state that Mammoth Lake ML4 cause 0.18% ib&orey lbut artificial
ground motionsn Figure 4.15a) and (b)rossit in the second seismic motion
(Test 2) which shows thaflammoth Lakeground motiongioes notaffect the
model severely aartificial motions did Furthermorein Figure4.15 (c), storey
2 has 0.10% (ML1) and 0.%2(MLZ2) which concludeghat consecuti real

ground motions could hardly affect the structural model.

0.30
0.254

0.201
0.1514

Max. Res. IDR. (%)

0104
0.054

0.00

2 1 ML1
Storey

Figure 4.15(c): Maximum Residua Interstorey Drift Ratio under
Mammoth Lake sequential ground motions (ETABS simulation)
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4.7 Acceleration response

Figure4.16 andFigure4.17 shows the acceleration time histories 8fihd 2¢
stories from thélest 1,2 an@. In testl and 2, theoncrete material of framed
specimen does not reach to its yield point. The maximum acceleration recorded
at story 1 iriTest 1 and 2 are 2.7r/nd 3.6m/4 which shows that as the PGA
increases, each storey accelerates. Furthermmaximum acceleratien
2.4m/¢ and 3.5m/$arerecorded at storey 2 ifiest 1 and 2which indicates

that model has an incremeint acceleration on higher PGAurthermore, in

Test 3, it is observeth Figure 4.1 that test frame specimestarts tohave
concretecracksandapproaches to maximum acceleration 4.8rarel 3.6m/%

at storey 1 and &8s shown irFigure4.16 andFigure4.17. It shows thaseismic

waves do not transfer completely to storey 2 and vibrates stomayre.

It is noticedle that in each test, the accelerati@md higher values at
storeyl as compared to stor@because storel had loaded with a weight of
storey2, which is111.9 kg as $iown in Appendix CHowever there was no
storey load above stor&/which makes the storey critical. Moreover, the
seismic waves produced by shaking table are not properly transferred from
storey 1 to storey 2 which cause the framed structure to aatesteore at storey

1.
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Figure 4.16: Acceleration time histories at £ story in Test 1,2 and 3
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Thereatfter, the damage developed progressively in main shocks from
Test41to 5. In Test4, it is observedn Figure4.18 (c) thatthe building model
base isacceleratedo 7.7m/s* which causes thstorey 2to accelerate 15.7nf/s
as shown inFigure 4.18 (a). It is observed that the framed specimen got
damaged due to high v aekthethe et modgl’
acceleratecht 12.6m/€ from storey 2 as shown iRigure 4.18 (a) and extend
the cracks in framed moddtigure4.18 (b) shows that Test 4 and Test 5 are
accelerated with 13.8n¥/saind 11.3m# in storey 1 which is lesser than the
acceleration recorded at storey 2Figure 4.18 (a). However, from Test 1 to
Test 3, storey 1 has accelerated more than storey 2 as shbignre4.16 and
Figure 4.17. Thus, as the ground motion acceleration increases, the seismic
vibrations start to transfer seismic waves from storey 1 to stoteytlds way,

model maintain its performancathout making storey 1 critical.
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Figure 4.18 (a): Acceleration time historiesof sorey 2in Test 4 and 5
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(Continue)

Five sequential ground motions have been applied ranging from 0.25 to
0.82g. Ithas been concluded thatv-rise model with lower PGA values can
cause the model to accelerate more in stargycorrelation with storey 2 due
to the weight of stay 2 on storey 1. Load of storey 2 makesstorey 1 critical

as if the ground motion waves do not reach to storey 2 and vibrates the storey 1

more.

4.8 SLS and ULS

Annex Al1.4.3 of BS EN 1990 defines the deflections to be considered at the

serviceabiliy limit state (SLS). According to Eurocoddéor SLS, horizontal

deflection for lowrise frame structureis——f or Wotaid‘ ‘Her e,

is the overall horizontalH dawgl acen

isthe horizontalds| acement oveHl’' ashowtinFigueel9hei ght
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S a—

Figure 4.19: Illustration of horizontal displacements(Eurocode O,
1990)
Here, for full scale model,
H = 7000mm

H; = 3000mm

So, horizontadeflection calculated for SLS in this study is 23.33mm
(overal |l d'i sqoMB=edé0dmehorizontal displacementi’ over
a storeyh e i gHi t. ‘However, for ultimate |
displacements were recorded through LVDT facheseismic ground motions.
In Figure4.20 (a), it can clearly be seen that Tegtl3.0mm and 30.33mnand
Test 5( 10.84mm and 25.30mnmave crossed aximum horizontal deflection
of SLSi.e. 10mm and 23.33mrlowe\er, Test 3.63mm and 8.46mm)est
2 (8.97mm and 20.92mmand Test 49.25mm and 21.59mngrestill with in
SLS rangeSimilarly, Figure4.20 (b) shows the similar outcomeBherefore,
in initial two consecutivgground motions (that is Test 1 and Tesa&)shown
in Figure 4.20 (a) and (b) model was with in a limit state. sAthe third

consecutive ground motion (that is Test 3) vibrates the building model, the
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frame structte wentacross the limit statdn fourth ground motion (Test 4),
frame structure tern back toits limit state, which shows that there should be
no yielding of members in the model. However, still yielding of model is
observed ashown inFigure4.14 (a) and (b)but in the last maximum PGA
(Test 5), the modarosses the serviceability linagainas shown ifrigure4.20

(a) and (b).

40.0

30.0
20.0
10.0

o
o

Horizontal deflection (mm)

Test 3

Test4d  1eqts

Figure 4.20 (a): Maximum horizontal deflection on successive artificial
ground motions (Shaking table)

0.0

Test1 Ui
Test2  rest3

Horizontal deflection (mm)
'_\
o
o

Test4

Test5

Figure 4.20 (b): Maximum horizontal deflection onsuccessive atrtificial
ground motions (ETABS Simulation)
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In reattime ground motion as shown Figure 4.20 (c), the deflection
in each seismic motion keep the modeflectionswithin the SLS range. The
maximum deflection found to be 7.08mm which is lower ttr@nlimit set by
SLS i.e. 23.33mm as shown Hkigure 4.20 (c). It is noteworthy that the
defl ections are quite smal./l due to

motion.

0
o

o
o

NS
o O

o
o

Horizontal deflection (mm)

Test 1

Test 2 ui

Figure 4.20 (c): Maximum horizontal deflection onMammoth Lake
sequential ground motions (ETABS simulation)

Thus, it is evident that building model crosses the SLS limit in Test 3
and Test 5 as shown kigure4.20 (a) and (b). Therefore, it is concluded that
multiple ground motion effects the serviceability limit of the building model
and cause the model to yield its member in oncoming ground motions. Crossing
of serviceability limit leads the model to reachultimate limit and later cause

the structure to fail. It is required to keep the model deflection with in SLS.
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4.9 Interstorey drift ratio and verification of damage limitation

Interstorey drift ratio (IDR) is one of the most critical parameters in structural
analysis and design. tirstorey drift ratio (IDRhelps to check the structural
damage limitations with respect to EG8gure 4.21 (a) and (b)show the

maximum interstorey drift ratio followed by sequential grdunotions from

Test 1to Test.5

1.60

1.40
< 1.20
~ 1.00
0.80
0.60
0.40
0.20
0.00

Max. IDR

test 3

testd  tests ®

Figure 4.21 (a): Maximu m Interstorey Drift Ratio under successive
artificial ground motions (Shaking table)

In storey 1, it is evident that damage limitationTeft 3 §imulated and
experimental outcomes) re@ed maximum drift 1.56% and 3% in successive
seismic motionsas shown irFigure 4.21 (a) and (b) In boththe stories(i.e.
storey 1 and 2)Figure4.21 (a) and (b)clearly shows that succeeding seismic

vibration after the very first ground motion lead to higher drift. Additionally,
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storey 1 has maximum ID&f 0.40% (Test 1), 1.10% (Test 2), 1.54% (Test 3),
0.97% (Test 4) and 1.10%¢€st 5). A compared with storey, 2DR% of storey

1 is almost twofold in Test 1, 2 anchBwever, Test 4 and 5 IDR % are similar
in both stories as shown kgure4.21 (a) and (b) which represeritge kehavior

of building model under artificial groungiotions Similar results are observed
in, Figure4.21 (b). FurthermoreFigure4.21 (a) shows that thetorey 1 of the
building model jaced on shaking table has crossed damage limitatiom1%
Test 2 Even thoughthere is no structural damagbserve asmentionearlier

in section4.l It clearly shows that EC8 undermined the damage limit criteria

under sequatial ground motions.

test 3

Q
test 4 <

Figure 4.21 (b): Maximum Interstorey Drift Ratio under successive
artificial ground motions (ETABS Simulation)
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Figure4.21 (c) show that the redime sequential seismic vibrations do
not il lustrate any signif iHowaavdr, thdr i ft
building model excites in different modes in oncoming {t@ke seismic
sequencelt is observed that storey 1 and 2 reache maximum IDR @8%
and 0.21% in ML1, which shows that they do not reach tdaineage limitation
limit i.e. 1%. Hence, no damage is developkds noteworthy that ML1 has
maximum IDR% as compared to oncoming seismic motions (ML2, ML3 and
ML4). Thus, the findings clelr show that successive seismic vibration
increase IDRin ML1 and decreases in ML2, ML3JL4 depending on its

ground acceleration values.

N
ML3 ML4 )

Figure 4.21 (c): Maximum Interstorey Drift Ratio under Mammoth
Lake sequatial ground motions (ETABS simulation)
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4.10  Storey drift ratio and damage limitation

In EC8, damage limitation for storey drift ratio should be less thari%.5
(Fardis, 2008)However, it can bebserved irFigure4.22 (a) and (b) that after
thevery first seismic motion, the consecutive ground motions crossed the lower
limit set by ECS8 that is 0.5%-igure 4.22 (a) and (b) shows that Test as
maximum storey drift ratio 1.27% and 1.23%. Moreover, Test 5 which is the
last seismic excitation on shaking table, indicates the storey drift ratio 1.08%
and 1.01% respectivelit is noteworthy that Test 3 and Test 5 have crossed the
upperlimit 1%, which determines that damage has start to developed from Test
3 onwardsas shown irFigure 4.1. Additionally, Test 3 has storey drift ratio
1.27% (shaking table) and 1.23% (ETABS) which is fourfold than Test 1 with

astorey drift ratio 0.34% (shaking table) and 0.32% (ETABS) respectively.

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Max. Storey drift ratio (%)

2nd

%
Testd  tegts %@*@

Test 1 Test 2

Test 3

Figure 4.22 (a): Storey drift ratio under sequential ground motions
(Shaking table)
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Figure 4.22 (b): Storey drift ratio under sequential ground motions
(ETABS Simulation)
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Figure 4.22 (c): Storey drift ratio under Mammoth Lake ground
motions (ETABS Simulation)
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In reattime ground motions, model hasorey drift ratios under the
suggested limit by EC8 as shownFigure4.22 (c). The maximum storey drift
ratio is found in ML1 i.e0.37% However, ML2, ML3 and ML4 are found to

belower than 0.2%Therefore, model behave wel realtime ground motions.

411  Summary

In summaryan RC small scaled model was examined on shaking table through
artificially producedfive seismic ground motions. These artificial ground
motions were applied sequentially to observes the responseakdpatterns

on building modelDuring shaking table testest 1 and Test 2 did not show
any craks and damage#iowever, Test 3howeddamage behavioat the
beamcolumn joints astorey 1 and 2. In Test dxtension of cracks propagated

in Test 3occured. Significant cracks at beawgolumn joint at the base and
storeyl were observed. Lastly, in Testggismic sequence further propagated
the cracks at inner joints of column and bearherefore,development of
concrete cracks and reinforcement inteplakticitywas observedh artificial

ground motions

Thereatfter, running all the artificial ground motions, the data recorded
by contact sensor LVDT and accelerometer were scaled up through scaling
factor & to get the full scale model results. Latergdé scale up results were

used to calculate the displacement response and acceleration response.

Additionally, full scale model was also simulated in ETABS software to

validate the experimental model results. In displacement response, it was
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observed thastorey 1 and 2 maximum displacememtsre approximately
threefold in Test3 thenTest 1(for both simulated and experimental model
results). Rsidual displacemenin each testaccumulated with respect to
I ncr e me ntMostimpoGahtyy, esidual diplacementhighlightedthe
reinforcement internal plasticiyom Test 1 onwardduring the shaking table

test

In interstorey drift ratio, it wa®bservedthat EC8 undermined the
damage limit criteria under sequential ground motidwisreover,succeeding
seismic vibration after the very first ground motion lead to higher. drift
residual interstorey drift, it was observdtat permanent displacement leo
accumulatehe residual drifin each ground motioand became maximum in

the last excitation

By considering theerviceability limit stat&SLS and ultimate limit state
ULS, it wasobservedhat building modetrossed the serviceability linmit Test
3 and Test 5 during theeismic ground motions. In storey drift ratio, second

consecutive ground mionh crossed thdamage limit set by EC8 and ea.

In ETABS, realtime ground motion that is Mammoth lake was also
simulated to observe the behaviour of fudale RC model and calculate the
displacement response of it however, due to low PGA of seaqugmntund

motion, results wersatisfactory and lie under the limit set by EC8.
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In acceleration response during shaking table test, it was observed that
storey 1 had higher acceleration as compared to storey 2 in Test 1 and Test 2
however, as the PGA ineased in Test 3, the seismic vibrations were transferred
completely from storey 1 to storey 2 and so on. The results showed that storey

1 was critical as compared to storey 2 in sequential ground motions.
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CHAPTER 5

CONCLUSION

51 Overview

To predict the behawor of a building model for sequential ground motion from
low to high, Peak Ground Acceleration (PGA) values, a shaking table test had
been performed to gather the data of-lase RC framed building model.
Moreover, ETABS simulation had been run to vakdtte results with shaking
table outcome. Additionally, the framed structure also analysed with-timresal

sequentiagroundmotion.

The objectiveis to evaluate the building response on the two storey small
scale RC building model placed on a shakiablé applying the successive
artificial ground motionsThe model design was based on Eurocode 8 for DCL.
The research objective is achieveg Wwitnessing the structural member
behaviour under multiple ground motioghsring shaking table testhe finding
of this objectiveconcludesthat the framed model highlighatl the structural

strength against its ductilitywhichis justified throughthe model ability to resist

the multiple ground motionsn | ow sei smicity region

to 0.82g
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This objective isto detemine the displacements response. Theredtter,
scaled up modek examinedwith red-time sequential ground motianghe
research objective is achieveddalculating maximum displacements, residual

displacements, residuigterstory drift ratio,SLSand ULS.

In experimental model, Te8thasmaximum displacement thrdeld than
Test 1 because as the PGA increased from Test 1 (0.25g) t8 (De3g), the
model losses its stiffness (@served in shaking table test). IncremeRt& A s
cause the model to displace thr{&3.7mm and 91.0mm in storey 1 anda®)
compared to the first seismic moti¢h7.6mm and 25.4mm in storey 1 and 2)
which is in line with the study findingsSimilar results are observedr
sequential ground motisin Hatzivassiliou & Hatzigeorgio(2015 , andLi et
al. (2016) studies, hwever, they could not analysed the model with intense
artificial ground motions. Thus, this study gives the benchmark for

displacements in artificially produced sequential ground motion.

Similar results are obtained in simulated model under artificialirgat
motions. Residual displacement increases in result of sequential ground motions.
In experimental model, Test 1 and 2 have residual displacemie&tgémm
and 9.70mm in storey l.rSilarly, 11.53mm and 34.57mm in storey 2 which
clearly highlights theeinforcement internal plasticity during the shaking table

test. Similar effects observed in simulated model.

In experimental modelesidualinterstorey drift ratio leads to accumulate

maximum permanent displacement of 0.63% and%.Bi/storey 1 and i last
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seismicground motion (Test 5) respectively.Similar results are observed in

simulated model.

In SLS and ULSTest 3 and Test 5 have crossed maximum horizontal
deflection of SLSthat isu= 23.33mm andi; = 10mm a limit set by Eurocode
During realtime ground motionsML4 cause the RC model to displace
permanentlyhreefold in storey 2 and sevenfold in storey 1 as compareid 1
respectively Moreover, all the deflections during réahe ground motions are
within the SLS range therefore, dwl performed welin each reatime giound

motions.

The objective is to calculate the interstorey drift ratio and storey drift ratio
for the damage limitation set by EC8 of the prototype reinforced concrete
building model As there was no damage obseriredest 2 during shaking table
test damage limitation offest 2 (simulated ad experimental outcomesh
storey Ireactesmaximuminterstoreydrift ratio 1.10% and 100% in successive
seismic motionsMoreover, Test 4 has IDR less than 1% howemercksand
damages has been observed at bealimn joint during shaking table te$he
finding of this study shows thatorey drift ratioin Test 2 (0.89%) has crossed
the lower limit(0.5%)for damage limitatiorn shaking table testhich clearly

shows thaEC8 underestimated the damage criteriarfaltiple ground motions.

This study produced a standard assessment database, which could be used
for verification of results stating the effects of sequential seismic ground

motions on RC framed structures. Tgwicy makers can map thaterpretation
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of main findingsby considering the damage limitation criteria suggested by
current study. Additionally, the displacement response under multiple ground
motion could be a benchmark for the policy makers to desgfaime structure

for Malaysia.

5.2 Recommendation for Future Improvement

Some recommendations fBC modefuture improvement are stated as follows:

I.  Adopting the current research methodology on full scale structure to
examine the accuracy of the resulingmare to scaled 10 model is
required.

ii.  Thereliability analysiss required for full scaled structure

iii.  Reattime ground motiongrerequired to use in shaking table test for
full-scale model considering Malaysian design conditions.

iv. ~ Small scale DCL, DCMrd DCH models are suggested to be design on
the guidelines of Malaysian Annex and need to be assessed on shaking
table.

v. Institution of Engineers Malaysia (IEM) study and validate the damage
limitation criteriafor medium ancdigh-rise RC structures.

vi.  Costanalysis is required for low, medium and high rise building models

design on BS code, and Euro code.

142



REFERENCES

Abas, M. R.C., Musa, R.C., Ahmad, Z.Rahim, I.A., Tongkul, F.,Bakar, R.

A, ... Shui b, M. K. (2017). Awithi ve Fa
Emphasis on Active Geomorphic Features Of Bukit Tinggi Region.
Malaysian Journal of Geoscienges  1(1), 13-26.

https://doi.org/10.26480/mjg.01.2017.13.26

Adiyanto, M. I., Faisal, A.andMajid, T. A. (2011). Nonlinear Behaviour of
Reinforced Concrete Building under Repeated Earthquake Excitation.
2011 International Conference on Computer and Software Modeling
14(January 2015), 6%55.

Adiyanto, M. L, and Majid, T. A. (2014a). Seismic design of two storey
reinforced concrete building in Malaysia with low class ductiliyurnal
of Engineering Science and Technold@fl), 2746.

Adiyanto, M. I., and Majid, T. A. (2014b). Seismic design of two storey
reinforced concrete building in Malaysia with low class ductiliyurnal
of Engineering Science and Technold@fl), 2746.

Adnan, A., H. Marto, A.,and Irsyam, M. (2006). Development of Seismic
Hazard Map for Peninsular Malaysiroceeding on Malayan Science
and Technology Congress (MSTC)

Ajis, N. A. B. (2012). Study on The Improvement Code of Practices in
Structural Design and Material Specificatioi$iesis Universiti Malaysia
Pahang.

Amadio, C., Fragiacomo, MandRajgelj, S. (2003). The effex of repeated
earthquake ground motions on the fimear response of SDOF systems.
Earthquake Engineering and Structural Dynami&2(2), 291308.
https://doi.org/10.1002/eqe.225

Bahadir, F.,and Balik, F. S. (2018). Behaviour of 3D RC frames placed at
different angles on shaking tabléournal of the Croatian Association of
Civil Engineers70(3), 172-186. https://doi.org/10.14256/jce.1655.2016

Balendra, T.,andLi, Z. (2008). Seismic hazard of Singapore and Malaysia.
Electronic Journal of Structural Emgeering 8, 57-63.

Berg G. V.,andHousner, G. W. (1961)ntegrated velocity and displacement
of strong earthquake ground motid@ulletin of the Seismological Society
of America51(2), 175-189.

Boore, D. M. (2001). Effect obaseline corrections on gjilacements and
response spectra for several recordinfjshe 1999 ChiChi , Taiwan ,
EarthquakeBulletin of the Seismological Society of AmertH5), 1199-
1211.

Boore, D. M., and Bommer, J. J.(2005). Processing of stroigotion
accelerograms : needs Sgil Dgnpnticc amls and
Earthquake Engineering 25, 93-115.
https://doi.org/10.1016/j.soildyn.2004.10.007

British Standard. (1997). Structural use of concrefeart 1: Code opractice
for design and constructioBS 81161: 1997 (1).

British Standard. (2008). BS NA EN 1998(2004): UK National Annex to
Eurocode 8 Design of structures for earthquake resistance. General rules,
seismic actions and rules for buildings.

143



https://doi.org/10.26480/mjg.01.2017.13.26

CengelY. A., andCimbalg J. M (2006).Fluid Mechanics Fundamentals and
Applications

Chiu, H.C. (1997a). Stable baseline correction of digital stromgion data.
Bulletin of the Seismological Society of Ameri8g4), 932-944.

Chiu, H.C. (1997b). Stable Bafine Correction of Digital Strontylotion Data.
Bulletin of the Seismological Society of Ameri8g4), 932-944.

Coutinho, C. P., Baptista, A. &ndDias, J. (2016). Reduced scale models based
on similitude t heoEngneeringAStratueeylil®@w up t
81-94. https://doi.org/10.1016/j.engstruct.2016.04.016

Dai, K., Wang, J., Li, B.andHong, H. P. (2017). Use of residual drift for post
earthquake damage assessment of RC buildiwggineering Structures
147, 242-255. https://doi.org/10.1®@l)j.engstruct.2017.06.001

Department oStandards Malaysia. (2017). Malaysia National Annex to MS EN
19981 Design of struct ulPad d: Géneral ear t
rules, seismic actions and rules for buildings.

Douglas, J.andBoore, D. M. (2011). Higlirequency filtering of strongnotion
records. Bulletin of Earthquake Engineering 9(2), 395409.
https://doi.org/10.1007/s10548.0-92084

Earthquaketrack. (2019). 4.5 magnitude earthquake 70 km from Ranau, Sababh,
Malaysia. Retrieved December 27, 2019, from
https://earthquaketrack.conakes/20198-03-15-31-04-utc-4-5-664

Elghazouli, A. Y. (2009)Seismic Design of Buildings to Eurocode 8

EN, O. H. (2019)Dynamic response of scaled structure with one liquid tuned
mass damper Bachelors Thesis Universiti Tunku Abdul Rahman,
Malaysia.

Eurocode 0. (1990EN 1990 (2002) (English): Eurocoddasis of structural
design(Vol. 1990).

European Standard. (2004a). Eurocode 2: Design of concrete strudRaes

1-1 Gener al rul es and ENu1982%-1 f or b
https://doi.ord@l0.2514/2.2772
European Standard. (20040Db) . Eurocode &

resistance—Part 1: General rules, seismic actions and rules for buildings.
BS EN 19981:2004 3.

European Standarq2011). EN 1994 (2004) (English): Eurocode ®esign
of structures for earthquake resistarc®art 1: General rules, seismic
actions and rules for building$(2004).

Faisal, A., Majid, T. A.andHatzigeorgiou, G. D. (2013). Investigation of story
ductility demands of inelastic concrete frames jettied to repeated
earthquakesSoil Dynamics and Earthquake Engineeringy, 42-53.
https://doi.org/10.1016/j.soildyn.2012.08.012

Fardis, M. N. (2008)Design of buildings for earthquake resistance , according
to Eurocode &art 1 ( Buildings and concretauildings )(Vol. 1).

Fardis, M. N., Eduardo, C., Peter, BndAlain, P. (2015) Seismic Design of
Concrete Buildings to Eurocoderéandbook

Franklin, R. E., Erntroy, H. Cand Marsh, B. K. (1988). Design of normal
concrete mixes2nd editio

Gill, J., Shariff, N. S., Omar, KandAmin, Z. M. (2015). Tectonic Motion of
Malaysia: Analysis From Years 2001 To 201BPRS Annals of
Photogrammetry, Remote Sensing and Spatial Information Scjdrg@es

144



206. https://doi.org/10.5194/isprsannli2-W2-199-2015

Graizer, V. (2006). Tilts in Strong Ground Motiddulletin of the Seismological
Society of America 96(6), 2096-2102.
https://doi.org/10.1785/0120060065

Harris, H. G.,andSabnis, G. . (1999f5tructural Modelling and Experimental
Techniques (2nd Editig. CRC Press: Taylor and Francis Group
Pennsylvania.

Harris, H., and Sabnis, G. (1999). Structural Modeling and Experimental
Techniques.

Hatzigeorgiou, GD. (2010). Behavior factors for nonlinear structures subjected
to multiple neatffault earthquakesComputers and Structure88(5-6),
309-321. https://doi.org/10.1016/j.compstruc.2009.11.006

Hatzigeorgiou, GD. (2010). Ductility demand spectra for multiple neand
far-fault earthquakesSoil Dynamics and Earthquake EngineeriB(4),
170-183. https:Moi.org/10.1016/j.soildyn.2009.10.003

Hatzigeorgiou, GD., andBeskos, D. E. (2009). Inelastic displacement ratios
for SDOF structures subjected to repeated earthqudkegineering
Structures 31(11), 2744-2755.
https://doi.org/10.1016/j.engstruct.200B.002

Hatzivassiliou, M., & Hatzigeorgiou, G. D. (2015). Seismic sequence effects on
threedimensional reinforced concrete buildingSoil Dynamics and
Earthquake Engineering 72(February 2015), 88.
https://doi.org/10.1016/j.soildyn.2015.02.005

HerayanjN. S., andAdnan, A. (2017). Eastimation of peak ground acceleration
of Ranau based on recent eathquake databBtsaysian Journal of
Geosciencesdl(2), 6-9.

Heuisoo, H., Mincheol, P., Sangki, P., Juhyong, &gd Yong, B. (2019).
Experimental Verificdon of Methods for Converting Acceleration Data in
High-Rise Buildings into Displacement Data by Shaking Table Test.
Applied Science®(8), 1-25. https://doi.org/10.3390/app9081653

Hosseinpour, F.and Abdelnaby, A. E. (2017). Effect of different aspeofs
multiple earthquakes on the nonlinear behavior of RC structGas.
Dynamics and Earthquake Engineering , 706-725.
https://doi.org/10.1016/j.soildyn.2016.11.006

Ismail, R.,and Adnan, A. A. (2016). Seismic Damage Analysis of Reinforced
Concrete Fram of Public Buildings in Ipoh Subjected to Acheh
Earthquake Event. InCIEC 2015 149-157.
https://link.springer.com/chapter/10.1007/99&1-10-01550 15

Iwan, W. D., MoserM. A., andPeng,C. Y. (1985). Some observations on
strongmotion earthquake measuoment using a digital acceleration.
Bulletin of the Seismological Society of Amerié#(6), 127+1302.
https://doi.org/10.1785/0120160029

Katsuichiro, G.andColin A., T. (2012). Effects of aftershocks on peak ductility
demand due to strong ground motioecords from shallow crustal
earthquakes. Earthquake Engineering and Structural Dynamics
https://doi.org/10.1002/eqe.2188 Effects

Khoshraftar, A., Abbasnia, RandRaof, F. F. (2013). The effect of degradation
on seismic damage of RC buildingsdvancesn Environmental Biology
7(5), 861-867.

145



Kim, N., Kwak, Y.,andChang, S. (2004). Pseudodynamic tests on small scale
steel models using the modified similitude laroceedings of the 13th
World Conference on Earthquake EngineerinNew York: State
University of New York at Buffalo), 211.

Kim, N., Lee, J.andChang, S. (2009). Equivalent mytthase similitude law
for pseudodynamic test on small scale reinforced concrete models.
Engineering Structures 31(4), 834-846.
https://doi.org/10.1016/j.engstru2z®08.06.008

Kim, W., Attar, A. E., and White, R. N. (1988).Smallscale modeling
techniques for reinforced concrete structures subjected to seismic loads
[Technical Report NCEER8-0041]. New York.

Kumar, S., Yoshito, I., Kunihiro, Sand Tsutomu, U. (199). Pseudodynamic
testing of scaled modeldournal of Structural Engineerings24-526.
https://doi.org/10.1061/(ASCE)0738145(1997)123:4(524)

Latiff, A. H. A., and Khalil, A. E. (2016). Hypocenter Relocation of
Earthquakes in Peninsular MalaysiaNational Geoscience Conference
Leyu, C, Chang, Cc. , Arnol d, E. , Kho, S.
H. (1985).Southeast Asia Association of Seismal&gyies of Seismology

(Vol. 1I).

Li, S., Zuo, Z., Zhai, C.andXie, L. (2017). Comparison of stafishover and
dynamic analyses using RC building shaking table experiment.
Engineering Structures 136, 430-440.
https://doi.org/10.1016/j.engstruct.2017.01.033

Li, S., Zuo, Z., Zhai, C., Xu, SandXie, L. (2016). Shaking table test on the
collapse proces of a threetory reinforced concrete frame structure.
Engineering Structures 118 156-166.
https://doi.org/10.1016/j.engstruct.2016.03.032

Lim, H. K., Kang, J., Pak, H., Chi, K., Lee, YG.,andKim, J. (2018). Seismic
Response of a Thrd@imensiond Asymmetric MultiStorey Reinforced
Concrete Structure.  Applied Sciences  8(4), 479.
https://doi.org/10.3390/app8040479

Lu, Y., Hao, H., Carydis, P. GandMouzakis, H. (2001). Seismic performance
of RC frames designed for three different ductility lsvé&ngineering
Structures 23(5), 537547. https://doi.org/10.1016/S0141
0296(00)000581

Lye, H., Yean, S,, Li, P., Liu, F., Izani, AandLing, H. (2009). Simulation of
Andaman 2004 tsunami for assessing impact on Malaj@ianal of Asian
Earth Sciencg 36(1), 74-83. https://doi.org/10.1016/}.jseaes.2008.09.008

Majid, T. A., Adiyanto, M. I.,andNazri, F. M. (2014). Nonlinear Response of
Low Rise Hospital RC Building in Malaysia Due to Far and Near Field
Earthquake.Journal of Civil Engineering Resedrc4(3A), 130-134.
https://doi.org/10.5923/c.jce.201402.22

Majid, T., Zaini, S. S., Nazri, F. M., Arshad, M. BndSuhaimi, I. F. M. (2007).
Development of Design Response Spectra for Northern Peninsular
Malaysia Based on UBC 97 Codkghe Institution oEngineers, Malaysia
68(4), 23-29.

Malaymail. (2015).Sabah earthquake a 2015 shock for the natietrieved
from https://www.malaymail.com/news/malaysia/2015/12/24/sabah
earthquakex2015shockfor-the-nation/1029201

146



Manafizad, A. N., Pradhan, Band Abdullahi, S. (2016). Estimation of Peak
Ground Acceleration ( PGA ) for Peninsular Malaysia using geospatial
approachlOP Conference Series: Earth and Environmental ScieBite
https://doi.org/10.1088/1755315/37/1/012069

Manafpour, A. R.,and Moghaddam,P. K. (2019). Performance capacity of
damaged RC SDOF systems under multipledad neaifield earthquakes.
Soil Dynamics and Earthquake Engineeringllq 164-173.
https://doi.org/10.1016/j.s0ildyn.2018.09.045

Marto, A., and Kasim, F. (2013). Seismic jpact in Peninsular Malaysia
Seismic impact in Peninsular Malaysialhe 5th International
Geotechnical Symposiuimcheon 237242.
https://doi.org/10.13140/2.1.3094.9129

Megawati, K., Lam, N. T. K., Chandler, A. Mand Pan, T. (2004)Cities
without aseimi ¢ code | o . bh3thaNenid Conterersea s me n t
Earthquake Engineering129).

Mercycorps. (2018)Quick facts: Indonesia earthquakes, tsunamis and other
natural disasters Retrieved from
https://www.mercycorps.org/articles/quitkctsindonesiadisasters

MMD. (2016).Malaysian Meteorological Department Annual Report

MMD. (2017).Meteorological Malaysia Department Annual Report

Mollova, G. (2007). Effects of digital filtering in data processing of seismic
acceleration record&urasip Journal orAdvances in Signal Processing
1-9. https://doi.org/10.1155/2007/29502

Moustafa, A.andTakewaki, I. (2011). Response of nonlinear sixtggreeof-
freedom structures to random acceleration sequenEegineering
Structures 33(4), 12511258.
https://doiorg/10.1016/j.engstruct.2011.01.002

Newcomb, K. R.,and McCann, W. R. (1987). Seismic history and
seismotectonics of the Sunda Adournal of Geophysical Resear@?,
421-439.

Nizamani, Z., Seng, S. K., Nakayama, A., Bin Omar Khan, Mai&iHaider,

B. (2018). Seismic Effects on Unsymmetrical Building Spectrum Analysis
a Horizontally using ResponsIATEC Web of Conferences 2086014
0-8. https://doi.org/https://doi.org/10.1051/matecconf/201820306014

Ohsaki, Y. (1995). New introduction to spectrum gsl of earthquake ground
motion,Japan: Kaj

Oyguc, R., Toros, C.and Abdelnaby, A. E. (2018). Seismic behavior of
irregular reinforceeconcrete structures under multiple earthquake
excitations. Soil Dynamics and Earthquake Engineeriri4, 15-32.
https//doi.org/10.1016/j.s0ildyn.2017.10.002

Panagiotakos, T. Band Fardis, M. N. (2004). Seismic Performance of RC
Frames Designed to Eurocode 8 or to the Greek Codes B006tin of
Earthquake Engineerin@, 221259.

PEER. (2019). Retrieved April 10, P9, from
http:www.peer.berkeley.edu/smcat

Petersen, M. D., Dewey, J., Hartzell, S., Mueller, C., Harmsen, S., Frankel, A.
D., and Rukstales, K. (2004). Probabilistic seismic hazard analysis for
Sumatra , Indonesia and across the Southern Malaysian Paninsul
Tectonophysigs 390, 141-158.

147



https://doi.org/10.1016/j.tecto.2004.03.026

Qianyi, C. L. (2016). 8ismic design guides for lowse masonry buildings in
Malaysia Bachelors Thesis, Universiti Tunku Abdul Rahman, Malaysia

Rastogi, G., Moin, K.and Abbas S. M. (2015). Dimensional Analysis and
Development of Similitude Rules for Dynamic Structural ModB(8),
68-72.

Rizwan, M., Ahmad, N.and Khan, A. N. (2018). Seismic Performance of
Compliant and NoiCompliant Special MomentResisting Reinforced
Conaete Frames. ACI Structural Journal 115 1063-1073.
https://doi.org/10.14359/51702063

Rodrigues, H.andElawady, M. H. (2019). Ductility considerations in seismic
design of reinforced concrete fraieildings according to the Eurocode 8.
Innovative Infratructure Solutions4(1). https://doi.org/10.1007/s41062
018-0192x

Samanta, A., & Pandey, P. (2018). Effects of ground motion modification
methods and ground motion duration on seismic performance of a 15
storied building. Journal of Building Engineering 15, 14-25.
https://doi.org/10.1016/j.jobe.2017.11.003

Seismosoft’ s Suite of Earthquake Too!
Information Sheet.

Sooria, S. Z., Sawada, andGoto, H. (2012). Proposal for Seismic Resistant
Design i n Mal aysi a : Assessment of
Peninsular MalaysigAnnuals of Disas. Prev. Res. Ins{55B).

Sovester, H.and Adiyanto, M. I. (2017). Seismic Performance of Reinforced
Concrete School Buildings in Sabamternational Journal of Civil
Engineering and Ge&nvironmental

Stavridis, A., Shing, BandConte, J(2010).Modeling of ShakeShake Table
Test Structures

Tongkul, F. (2015). The 2015 Ranau Earthquake: Cause and In§admzh
Society Journal32(April), 1-28.

United States Geological Survey database (USGS). (2016). Retrieved from
https://earthquakesgs.gov/earthquakes/eventpage/us2000k82i/region
info

USGS. (1960). M 9.5 Bio-Bio, Chile. Retrieved May 14, 2019, from
https://earthquake.usgs.gov/earthquakes/eventpage/official 196005221911
20 _30/impact

USGS. (2004). M 9.1 off the west coast of northeBumatra. Retrieved May
15, 2019, from
https://earthquake.usgs.gov/earthquakes/eventpage/official200412260058
53450 _30/impact

Xian, L. J. (2017). Experimental Study on Dynamic Behaviour of Tropical
Residual Soils in MalaysiaMasters Thesis, Universiti TunkuAbdul
Rahman, Malaysia

Yip, C. C., Marsono, A. K., Wong, JX., and Lee, SC. (2018). Seismic
Performance of Scaled IBS Block Column for Static Nonlinear Monotonic
Pushover Experimental Analysiurnal Teknologil, 89-106.

Yip, C. C., and Marsono, A.K. (2016). Structural seismic performance of
reinforced concrete block system for two storeys safe halsmal
Teknologj 2(78), 83-97.

148



Yusa, Z. (2018). 5.2 magnitude quake hits Salfake Malaysia Today
Retrieved from
https://www.freemalaysiatoday.cdcategory/nation/2018/03/08/5
magnitudequakehits-sabah/

Zahid, M. Z. A. M., Robert, D.and Shahrin, F. (2013). An evaluation of
overstrength factor of seismic designed low rise RC buildiRgscedia
Engineering 53, 48-51. https://doi.org/10.1016/kpeng.2013.02.008

Zhu, Q., Lu, X., Jiang, H.and Zhao, B. (2005). Shaking Table Test and
Numerical Analysis on a Shear Wall Highse Structure with Huge
Podium.

149



APPENDICES

Appendix A Structural Design Check

Designof Slab (Eurocode 2)

(i) Check the minimumtickness of the slab:

Assume,
h = 15mm,lpar = 3.2mm, cover = 2.5mm

Effective depth of slafd) = Overall depthh) — half bar diameteflivar) — cover
d = 15-2-25

d = 10.9mm
As,min = 0.0013bd
Asmin = 0.0013 (1000) (10.9)
Asmin = 14.17mns
y =—1
-8
b= 8
} =0.13 (from figure 6.3, basic span effective depth ratio = 29)

Allowable basic span effective depth ratic= 1.3 x 29 = 37.7
Allowable basic span effective depth ratio= 1.5 x29 = 43.5

Span effective depth ratio provided ==

Span effective depth ratio provided= 45.87 (higher than the allowable upper
limit, not satisfied)

Assumeh =16mm,Upar = 3.2mm, cover = 2.5mm

d = 16--2-25
d = 11.9mm
As,min = 0.0013hd
Asmin = 0.0013 (1000) (11.9)
Asmin = 15.47mm
y =—1
_ 8
b= 8
} =0.13 (from figure 6.3, basic span effective depth ratio = 29)

150



Allowable basic span effective depth ratio= 1.3 x 29 = 37/
Allowable basic span effective depth ratio= 1.5 x 29 = 43.5

Span effective depth ratio provided =—3

Span effective depth ratio provided 42.02 (lower than the allowable upper
limit, hence satisfied)

Hence, the thickness of Slab selede@iémm.

(ii) Check the area of reinforcement required
lx=0.4m,ly = 0.5m

So NS 1 ]

_ 8 _
—=—=125<2 p

Hence, it is Tweway slab

Permanent load (selfeight) Gx) | P L +
=0.016 x 25 :

Permanent load (seffeight) G E = = 8
= 0.4 KN/n?

Live load Q«) = 3 KN/n?
(according to table 6.2 of EC1)

Design load 1)
Design load (n)
Design load (n)

1.35Gc+ 1.5Qk
1.35 (0.4) + 1.5 (3)
5.04KN/n?

U The slab is considered two adjacent edges discontinuous (from table

8.5 of EC2)

Positive moment at mid span:

Msx = sxfmlx2 MSY = Syhnlyz
Msx= (0.070) (5.04) (0.4) Msx= (0.034) (5.04) (0.8)
Msx= 0.056 KNm Msx= 0.062 KNm

Negative moment at continuous edge:

Msx = sxfmlx2 MW = melyz
Msx= (0.093) (5.04) (0.4) Msx= (0.045) (5.04) (0.8)
Msx= 0.075 KNm Msx= 0.082 KNm

For positive momentX direction) For positive momentY direction}

k:— k:—



k= —8
8

k= 0.013<0.167
No compression reinforcement
required

z=d[05+ T& L —]

z=d[0.5+ T® L ——]
z=0.99d > 0.95d

As =

8
8

As =3 8 8
As =18.02mm¥/m

For negative moment (X Direction):

k=—8
8

k=0.015<0.167
No compression reinforcement
required

z=d[05+ T& L —]

z=d[0.5+ T® L ——]
z=0.99d > 0.95

As =

8
8

As =3 8 8
As =19.95 mM/m

For negativemoment(Y direction)

k= ——

_ 8
k= 8

k=0.018<0.167
No compression reinforcement
required

z=d[05+ TR UL 8—]

z=d[0.5+ T® U ——]
z=0.98d>0.95d

As =—

As =3 8 8
As =24.13 mm/m

8

k=——

8
k= 8

k=0.019 <0.167
No compression reinforcement
required

z=d[05+ T UL 8—]

z=d[05+ T® U ——]
z=0.98d>0.94

As =

8
8

As =3 8 8
As = 26.38 mmM/m
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U Slab is considered one long edge discontinuous

B -\/ ‘:xl

Positive moment at mid span:
Msx = sxfmlx2 Mw = wﬁﬂlyz
Msx= (0.067) (5.04) (0. Msx= (0.028) (5.04) (0.6)
Msx= 0.054 KNm Msx= 0.051 KNm
Negative moment at continuous edge:
Msx = sx[]ﬂlxz MW = Wﬂﬂlyz
Msx= (0.089) (5.04) (0.4 Msx= (0.037) (5.04) (0.6)
Msx= 0.072 KNm Msx= 0.067 KNm

For positive momentX direction)  For positive momentY directiony

k= —— K= ——

_ 8 _ 8
k= 8 k= 8
k=0.013 <0.167 k=0.012 <0.167
No compression reinforcement No compression reinforcement
required required
z=d[05+ ™ L ——] z=d[0.5+ T L —]
z=d[05+ T L ——] z=d[05+ T® U ——]
z=0.99d > 0.9 z=0.99d > 0.9
As =7 As =

— 8 _ 8

As = 8 8 8 As = 8 8 8
As = 17.37 mm/m As =16.41 mm/m

For negative moment (X Direction). For negativemoment(Y direction)

k= —— k=—



8 8

k= k=
38 38
k=0.017 < 0.167 k=0.016 <0.167
No compression reinforcement No compression reinforcement
required required
z=d[ 05+ T[aus—] z=d[05+ T UL 8—]
z=d[0.5+ T® L ——] z=d[05+ T® L ——]
z=0.98d>0.9d z=0.9d>0.94d
As = As =—
— 8 _ 8
As = 8 8 8 As = 8 8 8
As =23.17 mm/m As =21.56 mm/m
lx=0.2m,ly = 0.5m . - - .
So,
8
—= ry =2.5>2
Hence, it is Onavay slab
. +
W = 5.04KN/n? ‘
Moment B it i |
=004 Fl 0.086FL  0.086FL 0.04 FL
R R R R R R R R R AR R AR R R RIS RRARIRAA

T 0.075FL I 0.063 FLI 0.075FL T
At first interior support: Near middle of end span:
M = 0.086FL M = 0.075FL
M =0.86 (5.04 x 0.5 x 0.2) (0.5) M =0.075 (5.04 x 0.5 x 0.2
M =0.022 KNm (0.5)

M =0.019 KNm
K= ——

K= ——
k=—2

8 K=_ 8

k=0.0052 < 0.167 B 8
No compression reinforcement is required k= 0.004 < 0.167

No compressior

reinforcenent is required
z=d[05+ TR U 8—]

8
8

z=d[05+ T®& v ] z=d[05+ ™ L ——]
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z=0.9d>0.94d

As=8

_ 8
As_s 8 8
As = 7.08 mm/m

At interior support and interior span:

M = 0.063FL
M = 0.063 (5.04 x 0.5 x 0.2) (0.5)
M = 0.016 KNm

k=——

k=—28
8

k=0.004 <0.167

No compression reinforcement is required

z=d[05+ T& L —]

z=d[0.5+ T® v ——]
z=0.9d>0.95d

As=8

_ 8
As_s 8 8
As =5.15 mm/m

(iii) M inimum Area of Steel:
Asmin=0.0013dd
Asmin=0.0013 (1000) (11.9)
As,min: 15.47 mrﬁ/m

(iv) Checking:
HighestAs req= 26.38mn/m
H 8

8
h
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z=d[05+ T& U ——]
2=0.99d > 0.95

A’s:8

_ 8
As_a 8 8
As =6.11 mm/m

At outer support:

M = 0.04FL

M = 0.04 (5.04 x 0.5 x.Q)
(0.5)

M =0.010 KNm

k=0.0024 < 0.167
No compressior
reinforcement is required

z=d[05+ TR UL 8—]

z = d [ 05 +
® v ]
z=0.9d>0.94
As:8

_ 8
As_a 8 8
As =3.22 mm/m

= 0.22% from Figure 6.3pasic span effective depth ratia28)



Basic spareffective depth ratio required = (28 + 28 x 0.22) x 1.3 =44.41
Basic spareffective depth ratio required = (28 + 28 x 0.22).5% 4 51.24

Actual spareffective depth ratio =
Actual spareffective depth ratio = 42.02 < 44.41 (Acceptable)

Beam Design (Eurocode 2)

(i) For continuous beam-®:

Ao.mwg_‘agmrc_lcsn')ﬁ
B-‘ T ‘T’ e
o un | \:—-\ 4
E |F é W
0.om |4 3 ¢ K
o bmy
it e—e—
M N o P

Load at AB=BC =CD
Effective depth obeam= Overall depth- half bar dameter cover

d = 60——=>—5

d = 53.4mm
S.O04kN/m” X C.2m = ).003 kn/m
4k 5 - ‘
1.0 N/ 5.04kN/m? X0 2m = '} ‘:}0‘5‘ ;""\
= i e - . = 1L.CIl\N
AR =
r [t} \)l\ \ J\J‘u-} A3~ = 'l-\l\!J/ \‘; AR
——————— —
iedm ’fp“,hr [~ ) 7777 e A - hm) E =
A 2

Calculate the total load on AB:
Permanent load (from slab) =([1.01) (0.22)] (2) + (1.01) (0.1)
Permanent load (from slab) = 0.3KN

Permanent load (from beam)o== h x 25
Permanent load (from beg = 0.025 x 0.08 x 25
Permanent load (from beam) = 0.0375 KN/m

Variable load =0
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Total load = 1.35 (0.0375) (0.5) + 0.3

Total load = 0.33KN

Mid span of AB and CD end spasns

Mid span ofinterior span BG-design

design as Isection:

M = 0.09FL
M = 0.09 (0.33) (0.5)
M = 0.015KNm

beit=bw + 2[0.20 & 0.1 x 0.89]

bert = 25 + [0.2 (400 + 40)/2 + 0.
(0.85) (500)]

Derf = 198mm

bw + 2[0.2x 0.85L] = 25 + 2 [0.2 X
0.85 (500)]

=195mm
Hence br = 195mm
K=——
_ 8
k= 8
k=0.0009 < 0.167
Hence, No compressio

reinforcement is required

z=d[05+ TR UL 8—]

8

el

z=d[05+ TR UL
z=0.9d>0.99d

A°':s

_ 8
As_s 8 8
As =1.08 mm/m

Interior supports — design as ¢
rectangular section

M=0.11FL

M =0.11 (0.33) (0.5)

M = 0.018KNm

as T-section:

M = 0.07FL
M = 0.07 (0.33) (0.5)
M = 0.012KNm

bert=bw + 2[0.20 6 0.1 x 0.70]

bert = 25 + [0.2 (400 + 40)/2 + 0.
(0.70) (500)]

Perr = 183mm

bw + 2[0.2% 0.70L] = 25 + 2 [0.2 x
0.70 (500)]

= 165mm
Hence br = 165mm
K=—
k = 8—8
k=0.00085 < 0.167
Hence, No compressio

reinforcement is required

z=d[05+ T UL 8—]

z=d[05+ T UL
z=0.9d>0.94

88 ]

As:8

_ 8
Ag_s 8 8
As = 0.86 mm/m
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k=—28
8

k=0.0053<0.167
Hence, No compressior
reinforcement is required

z=d[0.5+ T® v —]

z=d[0.5+ T® U ——]

z=0.9d>0.9d

As:8

_ 8
As_s 8 8
As =1.29 mm/m

Minimum Area of Steel:
As,min: 0.001dd
Asmin=0.0013 (195) (53.4)
As,min: 13.54 mrﬁ'm

Check Deflection:

T max=-
8

T max=- P

1 max=-0.0085mm < 2.5mm (Satisfied)
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(ii) For Continuous Beam-H:

__fosm B osm i

- 1 = A

. |

oM }, £ oy b
SEARNIS ¢ u

PA AN

O: %) 4 | TSy K L
“O4m === e mr— g

1 e - U

M N o ¢

Calculate the total load:

Permanent load (from slab) =(1.01) (0.22)] (2) + (1.01) (0.1) + (1.01) (0.5)

Permanent load (from slab) = 0.808KN

Permanent load (from beam)jo=x h x 25
Permanent load (from beam) = 0.025 x 0.08 x 25
Permanent load (from beam) = 0.0375 KN/m

Variable load = 0

Total load = 1.350.0375) + 0.808
Total load = 0.86KN

|.0\ (N Imy

bt lo ol e

W 1—{‘ ]-‘T" Iy

| ARURVEVEVRZVAVIV VIRV
E[ ]
| g 1 l 1
L AN AL S
b N 7/ A TS 7,
+ 0.9m lOiml &0w

Mid span ofEF andGH end spans

—

S CulNA’XC Im X |LotkN/m.

R
g% Jirdwmds Jengmn]

Mid span ofinterior span FG-

design as Isection:

M = 0.09FL
M = 0.09 (0.86) (0.5)
M = 0.039KNm

bett=bw+ 2[0.20 & 0.1 x 0.84.]
bett = 25 + [0.2 (400 + 40)/2 + 0.1
(0.85) (500)]

Derf = 198mm

bw + 2[0.2x 0.85L] = 25 + 2 [0.2 x
0.85 (500)]

design as Tsection:

M = 0.07FL
M = 0.07 (0.86) (0.5)
M = 0.03KNm

bett=bw+ 2[0.20 & 0.1 x 0.70]
bett = 25 + [0.2 (400 + 40)/2 + 0.1
(0.70) (500)]

Petf = 183mm

bw + 2[0.2% 0.70L] = 25 + 2 [0.2 x
0.70 (500)]
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=195mm

Hencebr = 195mm

k=——

k=—28
8

k=0.0023 < 0.167
Hence, No compression
reinforcement is required

z=d[05+ T& L —]

z=d[0.5+ T® U ——]

z=0.98d>0.9d

As:8

_ 8
As_s 8 8
As =2.80 mm/m

Interior supports- design as a

rectangular section

M=0.11FL

M = 0.11 (0.86) (0.5)
M = 0.047KNm
K=—
Kk=—2

8
k=0.014 <0.167

Hence, No compression
reinforcement is required

z=d[05+ TR UL 8—]

z=d[0.5+ T® U ——]

z=0.9d>0.94

'%:s

_ 8
As_s 8 8
As = 3.37 mm/m

= 165mm

Hencebs = 165mm

k=——

k=—8
8

k=0.0021 < 0.167

Hence, No compression
reinforcement is required

z=d[05+ T& L —]

z=d[05+ T® v ——]

z=0.9d>0.94d

As=8

_ 8
As_s 8 8
As =2.79 mm/m
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Check Deflection:

8

| =2.1 x 16 mm

—=2.5mm

1 max=-——
8

1 max=-— 3

1 max=-0.022mm < 2.5mm (Satisfied)

For simple supported beamM:

AREHE . ST Cie : v
S o Cw >

— R S T 1 o letitey

s ]' 1 =
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E BT ZAER

= —f~
©2m |3 3 K 1t 4, g
Ly

C--Lm‘ —~ _— — — — = -
= 7]‘7 ™ o~ T't =

3 = = =

m n C P

Load on AE = IM

Calculate the total load:
Permanent load (from slab) =([1.01) (0.2)] (2)
Permanent load (from slab) = 0.202KN

Permanent load @m beam) b x h x 25
Permanent load (from beam) = 0.025 x 0.08 x 25
Permanent load (from beam) = 0.0375 KN/m

Variable load = 0

Total load = 1.35 (0.0375) (1) + 0.202 (2) +5[—] (2)
Total load = 3.03KN

M=—

M=—2
M = 0.38KNm
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k=——

k=—2
8

k=0.178 > 0.167
Hence, compression reinforcement

z=d[05+ T® U —]

Z=d[05+ T& L ——]

Z =0.82d
A = 3

~_ 8 8 8
AD= 8 8 8
AO=1.83 mm/m
As= 3 + Al

_ 8
As= 5 5 +1.83
As=31.50 mm
CheckDeflection:
| =—

8

| =3.17 x 18 mnt*

—=5mm

T max=-
8

1T max=-— 3

1 max=- 4.15mm < 5mm (Satisfied)

For simple supported beamNg

IS required

A .o B Cliosm P
] A = - .otk /m
qv ,-—<[—‘ s dl :
TS | 7 —p— ~:- *f——*i*’ E— e *7'-——-~—-~~T*'v* —
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7
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Calculate the total load:
Permanent load (from slab) =([1.01) (0.2)] (2)
Permanent load (from slab) = 0.202KN

Permanent load (from beam)o=x h x 25
Permanent load (from beam) = 0.025 x 0.08 x 25
Permanent load dm beam) = 0.0375 KN/m

Variable load = 0

Total load = 1.35 (0.0375) (1) + 0.202 (4)
Total load = 0.86KN

M=—

M=—2
M = 0.11KNm

k=——

k=—2
8

k=0.051<0.167
Hence, no compression reinforcement is required

z=d[05+ TR UL 8—]

z=d[0.5+ T® v ——]
2=0.95d (= 0.95d)

As=8

_ 8
'%_8 8 8
As = 7.89 mm/m

Check Deflection:

38
| =

| =3.17 x 16 mmt*

—=5mm

1 max=-— —
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8

T max=-— P

1 max=- 1.18mm < 5mm (Satisfied)

Checking shear:

Beam AD: Beam EH:
V=045 V=045
V=0.45(0.33) V =0.45 (0.86)
V =0.15KN V =0.39KN
V=055 V=055
V=0.55(0.33) V =0.55 (0.86)
V=0.18KN V=0.47KN
V=0.6~F V=0.6~F
V=0.6(0.33) V=10.6 (0.86)
V = 0.20KN V =0.52KN
Beam AM: Beam EH:
Vi=Vo=— Vi=Vo=—
= 1.52KN = 0.43KN
For Beam AM: For Beam EH:
Choose highest = 0.20KN Choose highest = 0.52KN
Ved=V -wd Ved=V-wd
8 8 8 8
Ved = 0.20- (=) — Vea= 0.52—(—- —)
Veq = 0.16KN Veq = 0.43KN
VRd,max: 0.124b.d (1'_) Q VRd,max: 0.124b.d (1——) "Q
Vrdmax = 0.124 (25) (53.4) (1- Vrdmax = 0.124 (25) (53.4) (1-
— o m103) — o m10°)
VRrdmax= 4.37KN >Vgq = 0.16KN VRrdmax= 4.37KN >Vgq = 0.43KN
g =0 22 g = 22
Co@ = 2.5 co@ = 2.5
T8 %
_ = 8 _ 8
) 8 8 T8 8 8
—=0.005 —=0.013
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i 8 8

i 8 8

" =0.022 (>—"—=0.005)

Hence, assume S = 80mm

8

—=0.20
Hence, 3.2mm @ 80mm c/c

Vimin=—x0.78d™Q Co t d

Vimin = 0.20 x 0.78 (53.4) (316) &

(109
Vmin = 658KN

AFg=05ECot d

AF = 0.5 (0.16) (2.5)
AFt = 0.20KN

For Beam AM:

Choose highest = 1.52KN
Ved =V -wd

Vea= 1.52—(3.03 (—=
Veq = 1.36KN

VRd,max: 0124bwd (l'_) “Q

Vramax = 0.124 (25) (53.4) (1-

— 0 (103
VRd,max= 4.37KN >Vgq = 1.36KN

6 = 22
Co@ = 2.5

i 8 8

i 8 8

h_=0.022 (>"—=0.013)

Hence, assume S = 80mm

2

—=0.20
Hence, 3.2mm @ 80mm c/c

AFg=05Cot d
AF = 0.5 (0.43) (2.5)
AFy = 5.25KN

Beam EH:

V = 0.43KN
Veg =V -wd

Ve = 0.43—(0.86) (—=
Veg = 0.38KN

VRd,max= 0.124bwd (1-—) "Q
VRd,max = 0.124 (25) (53.4) (1—
— o m103)

VRd,max= 4.37KN >Vgq = 0.38KN

B =2 22
Co@ = 2.5
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i 8 8 i 8 8

f_=0.022 (<—1—=0.041) L =0.022 (>1—=0.012)

Although Satisfied but for easi¢ | et, — =0.20, and 3.2mm @ 80m
calculations, let it be— = 0.20. ¢/c
Hence, Zmm @ 80mm c/c

AFg =05/ qCo t d AFq=05/ gCot d
AFq = 0.5 (1.36) (2.5) AFq = 0.5 (0.38) (2.5)
AFg=1.7KN AFy = 0.48KN

Column Design (Euocode 2)

Load from 29floor:
Permanent load (from slab) = 25 x (0.5 x 0.5) x 0.016
Permanent load (from slab) = 0.1KN

Permanent load (from beam) =[ 25 x (0.025 x 0.06) x 0.5] (3)
Permanent load (from beam) = 0.06 KN

Live load (from slab) = 3 x (0.5 x 0.5)
Live load (from slab) = 0.75KN

Total load = 1.35 (0.1 + 0.06) + 1.5 (0.75)
Total load = 1.34KN

Load from1* floor:
Permanent load (from slab) = 25 x (0.5 x 0.5) x 0.016
Permanent load (from slab) = 0.1KN

Permanent load (from beam) = [ 25 x (0.025 x 0.06)5% ()
Permanent load (from beam) = 0.06 KN

Live load (from slab) = 3 x (0.5 x 0.5)
Live load (from slab) = 0.75KN

Total load = 1.35 (0.1 + 0.06) + 1.5 (0.75)
Total load = 1.34KN

Load fromGroundfloor:

Permanent load (from beam) = [ 25 x (0.025 6PX0.5] (2)
Permanent load (from beam) = 0.04 KN

Total load = 1.35 (0.04)
Total load = 0.05KN
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Load fromColumn

Total load = 1.35 [ (0.04 x 0.06) (25) ]
Total load = 0.08KN/m

Axial load on Column B

From1sti 2" floor
N 1st2nd — 134 + 0081 (0)3
N 1st2nd = 1.36KN

From Ground 1% floor
NGround- 1st — 136 + 134 + 0081 (03)
NGround- 1st = 2.72KN

From Footing- Ground floor
Neq = 2.72 + 0.05 + 0.081 (0.1)
Neq = 2.78KN

W on each beam:
F.E.Mi2 =

FEM:=[ () (0.28)]/12
F.E.Mi2 = 0.014 KNm

F.E.Mp3 =

F.EMs=[ () (028)]/12
F.E.Mes = 0.002KNm

Member Stiffness:

— =9 x10
— =9 x10

Keol = ——

8 8
Keol = —————

8
Keol = 2.4 X 169

Keol = ——
38

Keol = ——28

8
Keol = 7.2 X l('ﬁ
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Distribution factor for column (¥ floor) = .

Distribution factor for column (¥ floor) =

Distribution factor for column (¥ floor) = 0.57

Distribution factor for column ¢ifloor) =

Distribution factor for column ¢ifloor) = 0.36
Distribution factor for column

(Ground

8 8
Distribution factor for column (Ground floor) = 0.21

Column Moment M:

At 2" floor:
M2znd= 0.57 (0.014- 0.002)
M2ng= 0.007KN

At 15 floor:
Mist = 0.36 (0.014-0.002)
M1st =0.004KN

At Groundfloor:

Maround = 0.21 (0.014— 0.002)
Maround= 0.0025KN

DesignMgq :

Effective height of column = 0.3thickness of slab

Effective height of column = 0.3 0.016
Effective height of column = 0.28m

Meq (2" floor) =M +
8 8

Med (2" floor) = 0.007 +———
Meq (2" floor) = 0.0078KNm

Meq (1% floor) = 0.0043 +2—2

Meq (15t floor) = 0.0063KNm

Meq (Groundfloor) = 0.0025 +2—2

Med (Groundfloor) = 0.0045KNm
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.. . 4 m
u Design—&—

1 B

2" floor:
8

—=0.019

—=0.039

Design
2" floor:

8

——=0.0018

1%t floor:

8

——=0.0014

Ground floor:
8

—=0.00104

Values to small, cannot find. Hence, #séhin
Minimum area of reinfazement:

As min= 0.002Ac

As min= 0.002(40 x 60)

As min= 4.8mn? ( <As, prov= 8.04mrﬁ) Satisfied.
Link:

20 x size of the smallest main bar = 20 x 3.2
20 x size of the smallest main bar = 64mm

Least column dimension = 40mm
Hence, maximum vertical aping = 40mm c/c
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Appendix B

Concrete properties

Strength classes for concrete

f. (MPa) 12| 16| 20| 25] 30 35| 40| 45| 50| 55| 60| 70| 80| 90
focune (MPa) | 15[ 20| 25| 30| 37] 45| 50| 55| 60| 67| 75| 85 95 105
f.., (MPa) 20| 24| 28| 33] 38| 43| 48| 53| 58| 63| 68| 78| 88, 98
f..m (MPa) 1.6/1.9(2.2|2.6]2.9(3.2|3.5|3.8/4.1|4.2|4.4|/4.6/4.8| 5.0
E_., (GPa) 27| 29| 30| 31 33 34| 35| 36| 37| 38| 39| 41| 42) 44

f = Concrete cylinder strength fexcuve = CONCrete cube strength

fom = Mean concrete strength «m = Mean concrete tensile strength

Eim = Mean value of elastic modulus
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Appendix C Mass of Building model

Mass of the complete model
1. Volume of column:
= Length x breath x Height x number of columns
=0.06 x 0.04 x07 x 8
=0.01344m?
2. Volumeof beam
= Length x breath x Hght % number of beams
=0.06 x0.25 x (1+1.5) x 10
=0.0875m°
3. volume of slab
= Length x breath x Height X% number of slabs
=15 x1 x 0016 x 2
=0.048m°

Total volume= 0.09894n®

Here,

Mass = Density x Volume
Mass = 2500 x 0.09894
Mass = 247.35kg

Mass of theStorey 2 on Storey 1
1. Volume of column:
= Length x breath x Height x number of columns
=0.06 x 0.04 x03 x8
=0.00576m?
2. Volumeof beam
= Length x breath x Height = x number of beams

=0.06 x0.025 x (1+1.5) x 4
=0.015m°

171



3. volume of slab

= Length x breath x Height % number of slabs
=15 x1 x 0.016 %

=0.024m?

Total volume= 0.04476m°

Here,

Mass = Density x Volume
Mass = 2500 x 0.04476
Mass = 111.9 kg

For the calculation of shear force, multiply the mass of storey with acceleration
attached to it.
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Appendix D Clauses of EC8

Clause 1.1.2

1.1.2  Scope of EN 1998-1

(1) EN 1998-1 applies to the design of buildings and civil engineering works in
seismic regions. It is subdivided in 10 Sections, some of which are specifically devoted
to the design of buildings.

2) Section 2 of EN 1998-1 contains the basic performance requirements and
compliance criteria applicable to buildings and civil engineering works in seismic
regions.

(3) Section 3 of EN 1998-1 gives the rules for the representation of seismic actions
and for their combination with other actions. Certain types of structures, dealt with in
EN 1998-2 to EN 1998-6, need complementing rules which are given in those Parts.

(4)  Section 4 of EN 1998-1 contains general design rules relevant specifically to
buildings.

(5) Sections 5 to 9 of EN 1998-1 contain specific rules for various structural
materials and clements, relevant specifically to buildings as follows:

Clause 3.2.1 (4):

(4) In cases of low seismicity, reduced or simplified seismic design procedures for
certain types or categories of structures may be used.

NOTE The selection of the categories of siructures, ground types and seismic zones in a couniry
for which the provisions of low seismicity apply may be found in its National Annex. It is
recommended to consider as low seismicity cases either those i which the design ground
acceleration on type A ground, a,. is nol greater than 0,08 g (0.78 m/s’), or those where the
product a,.5 is not greater than 0,1 g (0,98 m/s’). The selection of whether the value of a,, or that
of the product a,.§ will be used in a country to define the threshold for low seismicity cases, may
be found in its National Annex.

Clause4.3.3.1:

4.3.3 Methods of analysis

4.3.3.1 General

(1) Within the scope of Section 4, the seismic effects and the effects of the other

actions included in the seismic design situation may be determined on the basis of the
linear-elastic behaviour of the structure.
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(2)P  The reference method for determining the seismic effects shall be the modal
response spectrum analysis, using a linear-elastic model of the structure and the design
spectrum given in 3.2.2.5.

(3) Depending on the structural characteristics of the building one of the following
two types of linear-elastic analysis may be used:

a) the “lateral force method of analysis™ for buildings meeting the conditions given in
4.3.3.2;

b) the “modal response spectrum analysis", which 1s applicable to all types of buildings
(see 4.3.3.3).

(4) As an alternative to a linear method, a non-linear method may also be used, such
as:

¢) non-linear static (pushover) analysis;

d) non-linear time history (dynamic) analysis,

Clause 3.2.3.1.1 (2):

(2)P When a spatial model of the structure is required, the seismic motion shall
consist of three simultaneously acting accelerograms. The same accelerogram may not
be used simultaneously along both horizontal directions. Simplifications are possible in
accordance with the relevant Parts of EN 1998,

Clause 3.2.3.1.2.4 (a):

(4) The suite of artificial accelerograms should observe the following rules:

a) a minimum of 3 accelerograms should be used;

Clause 4.3.3.4.3:

4.3.3.4.3 Non-linear time-history analysis

(n The time-dependent response of the structure may be obtained through direct
numerical integration of its differential equations of motion, using the accelerograms
defined in 3.2.3.1 to represent the ground motions.

(3) If the response is obtained from at least 7 nonlinear time-history analyses with
ground motions in accordance with 3.2.3.1, the average of the response quantities from
all of these analyses should be used as the design value of the action effect £ in the
relevant verifications of 4.4.2.2. Otherwise, the most unfavourable value of the response
quantity among the analyses should be used as Ej.
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Clause 4.4.3.1

4.4.3 Damage limitation

4.4.3.1 General

(1) The “damage limitation requirement™ is considered to have been satisfied, if,
under a seismic action having a larger probability of occurrence than the design seismic

action corresponding to the “no-collapse requirement” in accordance with 2.1(1)P and
3.2.1(3), the interstorey drifts are limited in accordance with 4.4.3.2.

(2)  Additional damage limitation verifications might be required in the case of
buildings important for civil protection or containing sensitive equipment.

Clause 4.4.3.2:

4.4.3.2 Limitation of interstorey drift

(1)  Unless otherwise specified in Sections 5 to 9, the following limits shall be

observed:

a) for buildings having non-structural clements of brittle materials attached to the
structure:

dv<0005h, (4.31)
b) for buildings having ductile non-structural clements:
dv<00075h, (4.32)

¢) for buildings having non-structural elements fixed in a way so as not 1o interfere with
structural deformations, or without non-structural elements:

d v <0010k (4.33)
where

dy is the design interstorey drift as defined in 4.4.2.2(2);

I is the storey height;

v is the reduction factor which takes into account the lower retumn period of the

seismic action associated with the damage limitation requirement.

(2) The value of the reduction factor v may also depend on the importance class of
the building. Implicit in its use is the assumption that the elastic response spectrum of
the seismic action under which the “damage limitation requirement™ should be met (see
3.2.2.1(1)P) has the same shape as the elastic response spectrum of the design seismic
action corresponding to the “[&Dno-collapse requirement(AG]" in accordance with
2.1(1)P and 3.2.1(3).
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