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ABSTRACT

The tremors due to Sumatra earthquake have been reported recently with low to
moderate seismic activity level, which have been causing fear to people who are in
Peninsula Malaysia. Those, that the new structure should be built or partially built with
retrofitting of the existing structure, are the major questions to design globe, which lead
essential seismic hazard assessment is necessary to ground motion scenarios due to
potential earthquakes. A gap in the previous studies was identified that the inadequate
lap splice length in column may give higher probability of exceedance in the seismic
design. Accordingly, the seismic fragility curve development is useful in contributing
further insight to the continuing evolution of low ductile reinforced concrete frame
subjected to far field ground motions with studying the effects of inadequate lap splice
length. Three models such as three-, six- and nine- storeys, in low ductile bare reinforced
concrete frames developed through ETABS, were included in this study. In order to
develop the adequate lap splice lengths to RC frame in ETABS, the P-M2-M3 hinges
were assigned to all joints in column with “controlled” dynamic lap splice lengths under
column behaviour while all hinges in beam and columns were developed with the
behaviours based on American Society of Civil Engineers, ASCE 41-13, standard of
seismic evaluation and retrofit of existing buildings. Subsequently, all RC frame models
were subjected to analyses such as static pushover, push over with first mode and push
over with dynamic mode, the observation of the plastic hinges formation in terms of the
damage levels of 10, LS and CP were predicted, and finally, the maximum storey drifts
of each damage level were projected to determine as capacity of RC frame in the
development of fragility assessment. In addition, the performance of all models was
studied by a series of Incremental Dynamic Collapse Analysis (IDA) by means of
incremental of 0.05g until 0.50g, which were subjected to 15 far-field ground motions.
Based on maximum storey drifts in each analysis from IDA, the median, standard
deviation and standard error corresponding to Peak Ground Acceleration (PGA) value
were attained as demand of the fragility assessment. Finally, according to the predicted
capacity and demand, the fragility curves were presented to the frames of 3-storey, 6-
storey and 9-storey with column behaviour consisted of controlling inadequate
development or splicing subjected to far-field earthquake excitations. By providing
adequate lap splice lengths in columns, the push over analysis showed that there were no
damages in columns near foundation while the columns near foundation showed the
damage levels of 10, LS and CP when they do have inadequate lap splice lengths. In
capacity assessment by push over analysis, maximum storey drifts in all cases were
increased by providing adequate lap splice lengths, which this trend brought to be stated
that the columns were improved in strength to bear horizontal loads against horizontal
displacement. Also, based on the observation of plastic hinge formations at all levels, the
damage levels were postponed by providing adequate lap splice lengths to columns and
this is a very convenient representation to avoid column failure and postpone the
damaged states. Based on the predicted maximum storey drifts from IDA, the storey
drifts were lower in all cases due to providing adequate lap splice lengths to columns,
which this study brought that the parameter of inadequate lap splice length will be super
imposition parameter in controlling the drifts and avoiding structural damages.
Developed fragility curves can be a statistical tool in representing the probability of
exceeding against PGA and for estimating a specific damage measure in design practice.
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ABSTRAK

Gegaran akibat gempa di Sumatera yang dilaporkan baru-baru ini dengan tahap
aktiviti seismik berintensiti rendah hingga sederhana, telah menimbulkan ketakutan kepada
orang-orang yang berada di Semenanjung Malaysia. Maka timbul keperluan untuk struktur
baru di reka dengan beban gempa dan struktur lama di ubah suai untuk meningkatkan daya
tahan terhadap gempa bumi. Kekangan dalam kajian terdahulu dikenal pasti bahawa panjang
sambungan putaran yang tidak mencukupi dalam lajur dapat memberikan risiko lebih tinggi
dalam reka bentuk seismik. Oleh yang demikian, pengembangan lengkung kerapuhan
seismik berguna dalam memberikan gambaran lebih lanjut mengenai evolusi berterusan
kerangka konkrit bertetulang mulur rendah yang dikenakan gerakan tanah jarak jauh dengan
mengkaji kesan panjang sambungan putaran yang tidak mencukupi. Tiga model bangunan;
tiga-, enam- dan sembilan tingkat, dalam kerangka konkrit bertulang rendah mulur yang
dikembangkan melalui ETABS, dianalisa dalam kajian ini. Untuk mengembangkan panjang
penyambungan putaran yang mencukupi ke bingkai RC di ETABS, engsel P-M2-M3
ditugaskan ke semua sendi dalam lajur dengan panjang sambungan putaran dinamik
"terkawal" di bawah tingkah laku lajur sementara. Semua engsel pada rasuk dan lajur
dikembangkan dengan tingkah laku berdasarkan American Society of Civil Engineers,
ASCE 41-13, standard penilaian seismik dan retrofit bangunan yang ada. Selanjutnya, semua
model bingkai RC di analisis menggunakan pushover statik, dengan mode pertama dan push
over dengan mode dinamik, pemerhatian pembentukan engsel plastik dari segi tahap
kerosakan 10, LS dan CP diramalkan, dan akhirnya, drift tingkat maksimum setiap tahap
kerosakan di analisis untuk menentukan kapasiti kerangka RC dalam pengembangan
penilaian kerapuhan. Di samping itu, prestasi sesmua model dikaji oleh satu siri Analisis
Keruntuhan Dinamik Peningkatan (IDA) dengan kenaikan 0,059 hingga 0,50g, yang
dikenakan 15 gerakan tanah dari jarak jauh. Berdasarkan drift tingkat maksimum dalam
setiap analisis dari IDA, median, sisihan piawai dan ralat piawai yang sepadan dengan nilai
Puncak Tanah Puncak (PGA) dicapai sebagai permintaan penilaian kerapuhan. Akhirnya,
mengikut kapasiti dan permintaan yang diramalkan, lengkung kerapuhan ditunjukkan pada
kerangka 3 tingkat, 6 tingkat dan 9 tingkat dengan tingkah laku lajur yang terdiri daripada
mengawal pembangunan atau penyambungan yang tidak mencukupi dan terkena rangsangan
gempa di medan jauh. Dengan memberikan panjang penyambungan putaran yang mencukupi
pada lajur, analisis push over menunjukkan bahawa tidak ada kerosakan pada lajur
berhampiran landasan sementara lajur di dekat landasan menunjukkan tahap kerosakan 10,
LS dan CP ketika mereka mempunyai panjang sambungan putaran yang tidak mencukupi.
Dalam penilaian kapasiti dengan analisis push over, drift tingkat maksimum dalam semua
kes dinaikkan dengan memberikan panjang sambaran putaran yang mencukupi, yang
ditunjukkan oleh trend ini bahawa tiang ditingkatkan kekuatannya untuk menanggung beban
mendatar terhadap anjakan mendatar. Juga, berdasarkan pengamatan formasi engsel plastik
di semua peringkat, tahap kerosakan ditangguhkan dengan memberikan panjang sambungan
putaran yang mencukupi ke lajur dan ini adalah perwakilan yang sangat sesuai untuk
mengelakkan kegagalan lajur dan menangguhkan keadaan yang rosak. Berdasarkan drift
tingkat maksimum yang diramalkan dari IDA, drift tingkat lebih rendah dalam semua kes
kerana memberikan panjang sambungan putaran yang mencukupi ke lajur, yang mana kajian
ini membawa parameter panjang sambungan putaran yang tidak mencukupi akan menjadi
parameter pengenaan super dalam mengawal drift dan mengelakkan kerosakan struktur.
Keluk kerapuhan yang dikembangkan dapat menjadi alat statistik untuk mewakili
kebarangkalian melampaui PGA dan untuk mengira ukuran kerosakan tertentu dalam reka
bentuk.
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CHAPTER 1

INTRODUCTION

1.1  Problem Background

Past case histories are giving diverse information apart from the common
belief in Malaysia that Peninsular Malaysia is under seismic free zone, there are
drastic changes that there is a growing trend in earthquake engineering studies due to
the seismic impact in Peninsular Malaysia. There are considerable earthquakes
recently in Peninsular Malaysia, which were originated from the Sumatra Subduction
Zone and the Sumatra Transform Zone. Seismic vulnerability evaluation of existing
buildings considering the effect of inadequate lap splice length is dealt in this study
using fragility graph to provide improved prediction of damaged structure in
Malaysia and also the study was extended considering physical damage, loss of life
and the economic impact of future seismic events with application of adequate
retrofitting solutions. There are different approaches in the development of the
fragility graph such as empirical, judgemental, analytical and hybrid method (Tan, et
al., 2014). Fragility graphs in the probability of exceeding a certain level of damage
for a various range of ground motions intensities were included in prediction such
that the analytical approaches were used in this study, which can be applicable to
different structural types such as to analyse existing buildings, essential facilities, and
lifelines structures and geographical area where damage records are inadequate.

The probability of exceeding a given performance and damage state can be
predicted well by fragility graph, which is a statistical implement representation,
based on a function with engineering parameters, which the parameters will be
represented the ground motion correspondingly preferable spectral displacement at a
given each frequency. In addition, this tool of fragility graph can be a useful tool to

estimate the entire risk of structural components or whole structure in terms of



predicting the economic impact of earthquake occurred or potential future
earthquakes. Likewise, the fragility graphs can be useful to study using a maximum
likelihood method in determination of damage probabilities correspondingly to a
specific damage level with a parameter of different inundation heights (Foytong, et
al., 2016). Another importance of fragility graph is determination of emergency
response and damage planning that can be evaluated for the necessity of national
authority and insurance companies to estimate the overall damage loss after
earthquake strike (Papailia, 2011). In addition, by estimating costs and benefit of the
studies for a structural scheme, retrofitting schemes can be determined for
continuous structural use. Further, another aspect of fragility graph also benefits in
the determination of damages, estimation to avoid such damages and amending the
established seismic codes on designing new buildings, which will mitigate the
additional cost to cater the requirements of structural components for the seismic
resistance in designing the structure at design stage.

In this study, the seismic fragility of concrete buildings in Malaysia
considering the effects of inadequate lap splice length was presented by considering
the parameters of low, mid- and high-rise buildings included with low ductile bare
RC frame. In order to develop the frame models, while IBS code was used to design
the frames, finite element software ETABS was used for developing various
categorised frames three, six, and nine storey frame structures. With consideration
categories of far fault earthquake, including scaling of increasing the peak ground
acceleration, Incremental dynamic analysis (IDA) was conducted under 45 sets of
ground motion. In terms of seismic design, three levels of performance such as
immediate occupancy (10), life safety (LS) and collapse prevention (CP) were also
studied for prediction of structural performance. Finally, seismic fragility graphs
were developed for structural models with parameters of different seismic motion
under far fault regions to study the influence of the effects of inadequate lap splice

length.



Malaysia Peninsula is considered seismically stable by means of a certain
modern history of volcanic activity, which those are being located on the Sunda
tectonic plate, between two main boundaries of the Australian plate and Eurasian
plate in the west of Malaysia, and the Philippine Sea Plate and Eurasian Plate at
Bornean Malaysia. In addition, the Sabah earthquake is notable, which will be
strongest in affecting Malaysia from the year of 1976, and the Sabah earthquake in
2015 was in struck whole Ranau, Sabah, Malaysia with a moment magnitude of 6.0.
The western coast of Peninsular Malaysia was basically isolated by the Sumatran
island by the influences of waves, which generated because of earthquake. The
deflected tsunami waves had created damages and casualties along the north-western
coast of Peninsular Malaysia such as coastal Perlis, Kedah, Penang and Perak. These
disasters also can be highlighted the risk of upcoming tsunamis that may be damaged

the coasts line of undersea faults, which will be around the South China Sea.

1.2 Problem Statement

Aminaton et al. (2013) have presented about seismic impact in peninsular
Malaysia considering earthquakes, which affected Peninsular Malaysia. They noted
that earthquakes originated from Sumatra, particularly from the Sumatra Subduction
Zone and the Sumatra Transform Zone are acting with reactivation of ancient,
inactive faults within Peninsular Malaysia, which must be taken into consideration
especially after the initiation of the local originating earthquake. Daniel et al. (2018)
investigated on revisiting seismic hazard assessment for Peninsular Malaysia using
deterministic and probabilistic approaches and they concluded that the central
western cities of Peninsular Malaysia are most vulnerable to high peak ground
acceleration, due to neighbouring active Sumatran sources such as Sumatran fault
zone and Sumatran subduction zone. However, the current design practice in
Malaysia is commonly while gravity and wind loads are adopted, but, seismic loads
are not being considered. Even the recent earthquake record shows that the structures
in Malaysia are affected by a number of near and far field earthquakes, existing code
of practices in Malaysia does not cover the design of vulnerability of existing

structures in Malaysia due to not being designed for seismic forces. The common



practice is existed in a good loss model, which can be given a total damage and thus,
the optimum cost and economical design for the retrofitting can be determined. In
terms of this, the seismic fragility graphs were described for RC buildings and
bridges in Thessaloniki by Tsionis et al. (2014) for using in the systemic seismic
vulnerability and risk analysis of the urban area. Their fragility graphs have revealed
that buildings may affect to minor damage for the design of earthquake and that there

is a safety margin before severe damage appears.

Tan et al. (2018) focused on seismic probability assessment of RC buildings,
which have been designed for gravity loads and they developed fragility graphs for a
3-storey RC building categorised as office frame building and a 4-storey RC building
categorised as school building included with unreinforced masonry infill walls
typically adopted in Malaysian Peninsula. Their fragility assessment shows that the
seismic performance of the structures they studied can be met the necessary
performance level recommended by the existing seismic codes, and also, they
showed that they were with low vulnerability of the structures in Malaysian
Peninsula. Vfaei et al. (2016) investigated the low-ductile moment resisting frames
subjected to far field earthquake excitations and they discussed that seismic
excitation effects are not considered in the designing of most of current Malaysian's
structures. They were determined that that the vulnerability of the typical RC is soft-
storey phenomenon and clarified that seismic retrofit for such structures is necessary.
Fazilan et al. (2018) has illustrated on seismic fragility of low ductile RC frame in
Malaysia. They presented seismic fragility graphs from a set of earthquake record, in
terms of assessing the vulnerability of low-ductile RC frame subjected to earthquake
loads. The results further brought that earthquake records consisted of low
PGA/PGV ratios, which can be represented far-field earthquakes, trend to induce the
highest level of damage to the low ductile RC frames. Further, their analysis showed
that three and 9-stories RC frames, which had been constructed in the East Malaysia,
had not satisfied the collapse requirements states, which should be necessary for
retrofitting. Nazri el al. (2019) examined the structural pounding, in terms of
probabilistic estimation, on adjacent structural buildings subjected to repeated
seismic excitations. They developed fragility graphs in terms of different
performance levels to represent the capacity of the adjacent structural buildings. In
addition, they found that the damage occurred in irregular frames was concentrated



on top and bottom storey beams and also in ground floor columns. They have
suggested in terms of moderate seismic events that their findings were valuable and
those should be included in the seismic codes in terms of reducing damage in

adjacent structural buildings during.

Based on the recent literatures, there are limited researches in fragility graph
development for bare RC frame in Malaysia, studied with limited parameters, and
previous studies on seismic fragility graphs for RC frames have not been considered
the effect of inadequate lap splice length. However, columns with inadequate lap-
splice length show significant lower deformation capacity and this can increase the
probability of damage to RC frames. Accordingly, there is a gap found form the
existing literatures and it is important to carry out this study on seismic fragility

graphs to study the effects of inadequate lap splice length.

1.3  Research Objectives

The research study carried out in this thesis is to analyse and study the issues
discussed in problem statement so as to understand the further on those issues. The
main objectives and contributions to be derived from this thesis are outlined as

follows:

@ To investigate the failure mechanism of bare low ductile RC frame subjected
to far field ground motions.

(b) To evaluate inter-story drift demand and capacity of bare low ductile RC
frame subjected to far field ground motions.

(© To develop seismic fragility graphs for the effects on inadequate lap splice
length.



1.4  Research Scope

In order to investigate the designed objectives, the scopes of the study are

extended, which is as follows:

1) Development of the nonlinear finite element model using ETABS for Low
ductile bare RC frames with three types of structural frames, such as three,
six and nine-storey frames in order to represent typical buildings in Malaysia,
considering that four 6m bays and 3m storey height except the base height
which is 4m.

(2 Development of the material models such that the compressive strength of
concrete 20MPa, and yield and ultimate stress of the reinforcement steel bar
300 N/mm2 and 420 N/mm2, respectively.

3) Design of frames with dead load of 31.08kNm and live load of 12kNm using
code of EC2.

4) Conduction of parametric studies based on incremental dynamic collapse
analysis (IDA) using software ETABS2015 to all frames subjected to 15 far
field sets of ground motion records.

(5) Three performance levels inclusive of immediate occupancy (10), life safety
(LS) and collapse prevention (CP) will be used for the derivation of seismic

fragility graphs.
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