INTERNATIONAL JOURNAL OF INTEGRATED ENGINEERING VOL. 12 No. 8 (2020) 288-302

© Universiti Tun Hussein Onn Malaysia Publisher’s Office The International

@_ Journal of
iy IlClh ": IJIE Integrated

Journal homepage: http://penerbit.uthm.edu.my/ojs/index.php/ijie Engmeermg

ISSN : 2229-838X  e-ISSN : 2600-7916

A Case Study on Structural Failure of Reinforced Concrete
Beam-Column Joint After the First Significant Earthquake
Impact in Malaysia

Reventheran Ganasan'?’, Chee Ghuan Tan', Zainah Ibrahim!, Fadzli
Mohamed Nazri®, Yew Hoong Wong*

'Department of Civil Engineering, Faculty of Engineering,
University of Malaya, Jalan Universiti, 50603 Kuala Lumpur, MALAYSIA

2Department of Civil Engineering Technology, Faculty of Engineering Technology,
University of Tun Hussein Onn Malaysia, 84600 Pagoh, Johor, MALAYSIA

3School of Civil Engineering, Engineering Campus,
Universiti Sains Malaysia, 14300 Nibong Tebal, Pulau Pinang, MALAYSIA

“Department of Mechanical Engineering, Faculty of Engineering,
University of Malaya, Jalan Universiti, 50603 Kuala Lumpur, MALAYSIA

*Corresponding Author

DOI: https://doi.org/10.30880/ijie.2020.12.08.028
Received 25 July 2019; Accepted 07 May 2020; Available online 15 September 2020

Abstract: This paper presents a case study regarding failures of structural buildings which occurred in Malaysia
after the first significant earthquake event dated on June 5, 2015. Ranau is a locality situated in Sabah, Malaysia on
the island of Borneo. The seismic activity was triggered when an earthquake with a magnitude of 5.9 afflicted
Ranau, including seven other districts that also felt the tremors. Even though the impact of magnitude was
undisputedly not high, the severity level of damages was found to be absolute (irreparable) in the structural RC
beam-column joints and soft-storey buildings. Most of the buildings in Malaysia were built without the
consideration of seismic design, and thus a major factor in structural failure. The earthquake has directed the
seismic demand, while the total displacement was concentrated at the weakest floor that caused more damage to
the building. This paper shows the causes of beam-column joint damages and explains the proposed (to-date)
strengthening methods. Future studies related to seismic activities are in need to analyse the performance of the
existing design of structural RC members and propose seismic design in Malaysia.
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1. Introduction

Malaysia lies in low to moderate seismic region, where buildings and infrastructures are not seismically built.
Areas of low to moderate seismicity have been discovered to be more prone to damages than areas of high seismicity
[1]. Throughout the world, a majority of old reinforced concrete (RC) building structures are designed and built only
for gravitational load without weighing in active seismic areas [2]. Recently, the Malaysian construction industry has
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begun adhering to the design guideline imposed by the British Standards [3]. Nearly all RC buildings in Malaysia are
designed and built in accordance to BS 8110:1:1997 [4]. However, an unspecific provision may exist in detailed design
made on beam-column joint when subjected to seismic loading [5]. Considering beam-column joint in RC building is
crucial in seismic excitations [6] especially for the soft-storey design mechanism. The existing soft-storey buildings
were built before any seismic design was introduced, and thus failures, such as “weak-column/strong-beam”
mechanisms were often observed [7-9]. The formation of plastic hinges for ductility and lateral strength was limited
due to the incoherent and deficient designs of these existing buildings [10]. Engineers at present times appear to be
more concerned regarding the lack of seismic and earthquake consideration for the current building design procedure
because these problems keep occurring in Malaysia [11]. Some local authorities and non-government organisation
(NGO) have offered assistance to develop, promote and enforce the National Annex to Eurocode 8 pertaining to the
design of structures for earthquake resistance [12]. Therefore, Malaysia National Annex to Eurocode 8 was established
in 2017 by Department of Standards Malaysia under the Standard and Industrial Research Institute of Malaysia
(SIRIM) Berhad which focused in general design for new buildings however no strengthening method was explained
for the existing or current structural buildings [13].

2. Low to Moderate Seismic Activities in Malaysia and Other Prone Regions

The original tectonic plate and fault lines show that Malaysia falls under the low-seismicity group [14].
Geographically, Malaysia is located near the Australian Plate, where it is actively placed south-westward underneath
the Furasian Plate in a stable Sunda platform [15]. However, a series of multiple intense earthquakes recently has
changed the tectonic positioning in the Southeast Asian region, including Peninsular Malaysia [16] and East Malaysia.
Sabah is an exception because this province belongs to the moderate seismicity prone region [17]. Numerous tremors
have been reported and felt several times due two highly-active seismic plates, namely the Indian-Australian Plate and
the Philippine Plate as shown in Fig. 1 [18]. These seismic sources (Sumatran and Philippine earthquakes) caused the
shaking of medium and high-rise buildings [11], [19].
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Fig. 1 - Sumatran fault lines and subduction zone of the Indian-Australian Plate into the Eurasian Plate [18]

Although Malaysia is not located near the seismic prone areas, buildings constructed on soft soils are often
exposed to far-field earthquakes generated from faults and subduction zones from the Philippines and Sumatra,
particularly in the east Malaysia in Sabah. The occurrence of frequent earthquakes in the low seismic regions in the last
few decades has led researchers to investigate seismic hazard in low seismic regions around the world, such as
Thailand, Malaysia, Singapore, Korean, Germany, Belgium, Spain and Iceland [20-26]. Their studies were based on the
historical evidence of extensive damages and losses caused by a predominantly stable intra-plate [27]. Insufficient
documentation and lack of experience to damaging earthquakes in low seismic regions resulted in improper code
regulations by the authorities in the development of structures in a few countries of this region. If not carefully handled,
then these improper code regulations may lead to serious glitches in the future, especially for buildings and
infrastructures that are not seismically designed. One classic example is the 1989 intra-plate earthquake in Newcastle,
Australia, which was the first Australian earthquake recorded in history to claim human lives. Australia was formerly
classified as a seismic-free zone, however it suddenly experienced a magnitude 5.5 earthquake, which prompted
substantial changes in the seismic design provisions of the Australian Standard [28]. The earthquake claimed the lives
of 13 people, incurred damages to 50, 000 buildings, and demolition of 300 buildings [29]. Although the intensity of
this earthquake was considered to be moderate, it exerted significant damages and consequences to the city of
Newcastle. Inadequate maintenance, poor condition, and weak foundation of non-seismically designed old buildings
appear to be the major reasons for the damages. The recent earthquake occurrences in Sabah share some similarities to
the earthquakes that took place in Australia. Most of the buildings were not seismically designed and many old
buildings were located in the down-town of Sabah. Based on the Newcastle earthquake scenario, the buildings in
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Malaysia may also suffer from small to moderate intra-plate earthquakes. Although earthquakes triggered by intra-plate
faults have small magnitudes, predicting such earthquakes is extremely difficult and should not be underestimated.

Therefore, an estimated seismic hazard for Malaysia was modelled by using probabilistic seismic hazard
assessment (PHSA) based on the reference data of historical seismological ground motions obtained from respective
distant earthquakes [30], [31]. Prior PHSA studies concluded that the peak of ground acceleration (PGA) values across
Peninsular Malaysia probably fell between 0.02 and 0.10 g with an approximation of a 475/500-year return period [32,
33]. On the contrary, the PGA values at East Malaysia was around 0.07 g (Sarawak) and 0.12 g (Sabah) with a 500-year
return period [34], [35]. Fig. 2 illustrates the proposed seismic hazard zonation (minimum effective peak of ground
acceleration for a notional return period of 475 years) for the whole of Malaysia [36].
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Fig. 2 - Seismic hazard zonation across the whole of Malaysia [36]

Through this proposed seismic zonation map, the local authorities and other NGOs have been eagerly promoting
and inviting all engineers and consultants to comprehend the technical basis of the key features embedded in the
National Annex draft to be implemented in Eurocode 8 Malaysia. Despite the development of a hazard map, the
modelled seismic hazard map regions of low seismicity seem to be unfavorable due to insufficient and unpredictable
earthquake wave analyses [37].

3. Soft-Storey Buildings in Prone Regions of Seismic Activities

Soft-storey, which is also known as weak-storey, is defined as a building that has substantially less resistance or
stiffness, as well as inadequate ductility or energy absorption capacity to resist earthquake-induced building stresses.
Soft ground storey is the most common feature of soft-storey irregularity or flexible storey [38]. This building usually
has a large number of non-structural rigid components, such as masonry walls attached to the columns of an RC frame
structure, wherein the ground storey has empty walls, when compared to those in the upper floors. An example of soft-
storey is the “open floor” in the ground storey of modern residential buildings. The rigid non-structural components
limit the deformation ability of columns, thus modifying the structural performance of the building to horizontal forces.
A building is considered as soft-storey when the lowest floor is 70% less stiff than the upper floors [39, 40]. Several
studies on earthquakes had been based on Bhuj earthquake (2001), North Kashmir earthquake (2005), Indonesia
earthquake (2004), Haiti earthquake (2010), and Japan earthquake (2011), which presented that numerous existing RC
buildings were vulnerable to damage or even total collapse due to vertical stiffness irregularities [41]. The major failure
found in these buildings was at the beam-column joint area, wherein the failures included snapping of lateral ties,
crushing of core concrete, and buckling of longitudinal reinforcement bars.

Evidently a study related to structural damages from the 2009 L’Aquila earthquake reported [42], via in-situ
observation, the bare frame at ground level results in soft-storey mechanism and brittle collapse. A similar observation
was also reported during the Lorca earthquake in 2011, where the soft-storey mechanism was developed by different
strengths and lateral stiffness of the ground floor with respect to the upper floor [43]. The weak-column strong-beam
behaviour and poor detailing in beam-column joints were observed during the 2011 Van, an earthquake in Turkey [44].
An example of case study occurred in Tucacas last September 12, 2009, which is approximately 50 km from the
epicentre of the earthquake with a magnitude of Mw 6.2. All the ground storey columns experienced severe damages
(see Fig. 3), while only slight damages were noted at the beams due to the presence of infill wall that restricted the
beams from getting deformed in a typical bending shape [45].

The soft-storey effects existed in medium to high-rise buildings in Malaysia during the Ranau earthquake (2015).
This effect was mainly caused by differential stiffness of the floor (no masonry wall in a particular floor), differential
column height, and discontinuous column (parking floor) in the building, as shown in Fig. 4. During the earthquake,
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this effect led to seismic demand and total displacement, which concentrated on the weakest floor and caused more
damages to the building (see Fig. 5). From a structural viewpoint, an optimum conception of a momentum resisting
structure involves enforcing a specific path of plastic hinges formation in the structure to minimise damages when
subjected to earthquake loading. This favourable behaviour provides the structure with a sufficient amount of ductility
to enhance its resisting and stability capacity. The propagation of plastic hinges in a frame under seismic loading
reflects complex non-linear behaviour. Many studies have looked into the hinge propagation of soft-storey [46], [47]
and retrofit techniques [48], [49]. However, these studies are mostly for seismically-designed buildings that may not be
entirely applicable to the buildings erected in Malaysia. The soft-storey effects on hinge propagation mechanism for
non-seismically designed buildings are not well explored. Hence, investigating the soft-storey effect on the propagation
mechanism of plastic hinges in a non-seismically designed RC building subjected to earthquake loading is indeed
necessary.

(a) Stiff and strong upper (b) The columns in one storey () Soft storey caused by
floors due to masonry infills longer than those above discontinuous column

Fig. 4 - Soft-storey caused by (a) stiff and strong upper floors due to masonry; (b) columns in one
storey longer than those above and (c) discontinuous column [41]

Ay Ar
—t 4 35 i
4 I| ..-34
. A,
@ A ®
I A,
Ground Ground
Mation Mation

Fig. S - Distribution of total displacement generated by an earthquake in: (a) a regular building;
and (b) a building with soft-storey irregularity [38]

4. Case Study in Ranau, Sabah (Earthquake)

In June 5, 2015, a moderate earthquake with magnitude Mw 5.9 struck Ranau, along with the surrounding villages
and cities in Sabah [50]. Although the Ranau earthquake was a moderate earthquake, it was the strongest earthquake
recorded in the history of Malaysia since 1976 when Lahad Datu was struck by a magnitude of 5.8. More than 60
buildings from seven districts in Sabah, namely Ranau, Kota Belud, Tuaran, Penampang, Kota Kinabalu, Nabawan and
Tambunan, suffered minor to severe damages due to the earthquake and aftershocks. This incident has obliterated the
assumption of the local people regarding the existence of serious and damaging earthquakes in the country. Damages in
other public buildings, such as mosque, residential quarters, police station, bank, and shopping complex, were reported
as well [51]. The earthquake was considered as a near-field earthquake because the epicentre was located only
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approximately 16 km from Ranau, thereby causing considerable damages to the structures, as reported in previous work
[52].

4.1 Seismo-Tectonic Characteristics of Sabah

Ranau, Sabah (see Fig. 6) is located on the semi-stable South China Sea Basin [53]. Ranau has been affected by
regional earthquakes from the active mobile belts in the Philippines and local earthquakes. Most of the major
earthquakes from the Sulu and Celebes seas are constantly felt in Sabah. Based on the earthquake database, more than
221 earthquakes with Mw>6 within 1000 km from Kota Kinabalu have been felt by Sabah since 1973 [54]. The
regional earthquakes derive from the active subduction zones of North Sulawesi Trench, Sulu Trench, Negros Trench,
Manila Trench, and Cotabato Trench [55]. From 1897 to 2009, more than 28 to 33 local light to moderate earthquakes
were recorded in the mainland and the surrounding sea of Sabah. The magnitudes of these earthquakes ranged from
Mw 4.0 to 5.8 and the epicentres were concentrated on the local fault lines in Ranau and Lahad Datu areas [56]. The
two main seismic zones trending northeast—southwest occur in Sabah, specifically Ranau~Labuk Bay Zone and
Semporna~Dent Peninsular Zone. Both seismic zones are characterised by northeast—southwest trending reverse faults,
which is possibly a south-eastward extension of the Cagayan Thrust and Sulu subduction in the Sulu Sea region. Three
light earthquakes were recorded within 100 km radius of the Ulu Padas Area, where the large dam is assumed to be
located. Earthquakes have also occurred near Pensiangan with a magnitude of Mw 4.1, Kuala Penyu (Mw 4.5), and
Long Semado in Sarawak (Mw 4.5). The Pensiangan and Long Semado earthquakes were associated with southward
extension of the northeast—southwest trending Ranau~Labuk Bay seismic zone. The most recent local earthquakes in
Sabah since 2015 are summarised in Table 1 [50].
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Fig. 6 - Modified map of Ranau, Sabah (Malaysia) [53]

Table 1 - Recent local earthquakes in Sabah since 2015 [50]

Num Location Date Epicenter Coordinate (°) Magnitude (Mw)
1 Ranau 04 Apr 2018 6.07,116.62 4.0
29 Mar 2018 6.1,116.6 3.9
11 Mar 2018 6.0, 116.6 3.1
09 Mar 2018 6.0, 116.6 3.1
08 Mar 2018 6.1,116.5 3.2
08 Mar 2018 6.0, 116.6 5.2
07 Apr 2017 6.1,116.6 2.6
2 Lahad Datu 03 Apr 2017 4.7,118.6 3.7
29 Mar 2017 4.8,118.5 34
26 Mar 2017 4.8,118.6 4.2
3 Ranau 31 Jan 2017 6.0,116.6 34
4 North Coast of Sabah 18 Dec 2016 7.3,116.3 3.5
5 Ranau 29 Nov 2016 6.1,116.6 33
26 Aug 2016 6.05, 116.59 4.0
6 Lahad Datu 01 May 2016 4.9, 118.2 35
7 Ranau 16 Apr 2016 6.0, 116.6 3.0
8 Lahad Datu 01 Mar 2016 49,118.2 35
16 Feb 2016 4.9,118.5 33
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9 Ranau 25 Dec 2015
08 Sep 2015
28 Aug 2015
27 July 2015
04 July 2015
23 June 2015
18 June 2015
13 June 2015
06 June 2015
05 June 2015

6.0, 116.6
6.1,116.6
5.9,116.6
6.0,116.6
6.0,116.6
6.1,116.5
6.1,116.6
6.2,116.5
6.1,116.5
6.0, 116.6

33
3.8
3.6
4.4
34
43
4.0
5.1
4.5
5.9%

*Note: Highest earthquake magnitude ever recorded since 1976

4.2 Main Event and Aftershocks

The main shock motion of the Ranau ground was recorded from Kota Kinabalu Station (north-east direction)
located 60 to 70 km away from the epicentre. The acceleration, velocity, and displacement values in Fig. 7 were
tabulated from the raw data obtained from this local station. Maximum acceleration encountered in the North-East
direction was 0.124 g at 7.76s, whereas the maximum velocity and displacement in horizontal direction were recorded

at 5.072 cm/sec (at 9.88s) and 0.513 cm (at 13.88s), respectively.

02
=~ Max: 0.124 g
= 01
=
g o —
=
@
2 0.1
-
02
0 10 20 30 40
(a) Time (Sec)
6
- Max: 5.072 cm/sec
2
w3
8
= 0 i W’VJ‘W‘P""”"“‘“‘“‘““‘“”“““’“"“"‘"“‘"
g
E —3
-
-6
0 10 20 30 40
®) Time (Sec)
_ 06
E Max: 0.513 cm
= 03
= |
@
E 0 j’ﬂH J | MJ{‘W\»AN\/\,\AM
g I\ |
= 03
-
a
0.6
0 10 20 30 40
Time (Sec
© (Sec)

Fig. 7 - (a) acceleration, (b) velocity and (c) displacement of Ranau main shock in the north-east direction

Fig. 8 illustrates the pseudo-spectra of acceleration, velocity, and displacement from Station Kota Kinabalu-NE
component of Ranau earthquake with various damping ratios of 0%, 5%, 10%, 15% and 20% produced from
SeismoSignal version 2016 computational software. As expected from the moderate motion data, the damping ratio of
5% exhibited maximum acceleration spectra identified as 0.54 g, which was close to 0.2s. In the horizontal direction,
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the maximum values for velocity and displacement spectra ((=5%) fell between 0.3s (23.34 cm/s) and 0.5s (1.30 cm),
respectively. At the period approaching 1.2s, most of the damping ratio lines were connected in the horizontal direction.
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Fig. 8 - Spectral response of the main event for various damping ratios: (a) pseudo-spectrum acceleration (PSa),
(b) pseudo-spectrum velocity (PSv) and (c¢) spectrum displacement (Sd)

Until June 28, a total of 90 repercussion movements of aftershocks were recorded after the main shock that
occurred in June 5, 2015. The epicentral conveyance of the main event, and followed by the aftershocks, is portrayed in
Fig. 9. Fig. 10 demonstrates the magnitude tremors of the main event, accompanied by the consequential aftershocks on
a periodic scale. The magnitudes and the recurrence of post-quake tremor event eventually diminish after the main

shock.

A Main event
® M>50

o 40<M<50
0 3.0<M<40
o M<30

Fig. 9 - Tremors of main shock and aftershocks occurrence in the seven districts
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Fig. 10 - Timeline history of main shock event and aftershocks

4.3 Case Study on Building Structure Damages

An immediate in-situ survey was conducted to look into several case study buildings after the 5.9 moderate-
intensity Ranau earthquake. The observation survey was cautiously performed on every site because the severe
damages of the buildings may still be harmful and may cause unexpected accidents to the people residing within the
area. Before the local Ranau earthquake took place in June 5, 2015, no casualty or major damage was reported in the
building from the previous local and regional earthquakes. Only non-structural cracks on buildings in a few cities had
been reported [57]-[59]. From all the potential sites found, a total of five sites were selected as case study buildings due
to the severely-affected building structures after the main shock. Table 2 presents the summary of case study buildings
that are coded as RNU 01 to RNU 05 based on their respective site location. These case study buildings were found to
be designed only for gravity load and were typically built for residential usage between the 1990s to early 2000s. Based
on the rapid in-situ survey, the damages on the case study buildings caused by the earthquake tremor were observed to
be severely damaged especially at the beam-column joints.

Table 2 - Details of all five site locations

Site Code Latitude Longitude Area Type of structure Remarks

RNU 01 6.1°N 116.6°E Ranau RC frame Police Quarter

RNU 02 6.2°N 116.4°E Ranau RC frame Secondary School Quarter
RNU 03 6.2°N 116.5°E Ranau RC frame Secondary School Building
RNU 04 6.1°N 116.5°E Ranau RC frame General Hospital Quarter
RNU 05 6.1°N 116.5°E  Kundasang RC frame Resort

4.3.1 Damage Inflicted at Beam-Column Joints

The Ranau earthquake had majorly inflicted damages on the beam-column joints. Enormous cracks and spalling of
the concrete cover were noted in those studied areas, as displayed in Fig. 11. It was found that the confinement of
reinforcement between the beam-column joints was inexistent in these structures. The reinforcement detailing was
found only eligible for gravity load when considering the design buildings based on BS8110-1997. In seismic
contemplation, these beam-column joints failed to withstand the lateral load caused by the seismic excitation. In
Eurocode 8 [60], Clause 5.4.3.3 states that the horizontal confinement reinforcement in joints of primary seismic beams
with columns should be predefined and specified for the critical regions in the columns. Hence, this confinement
reinforcement must be placed within the beam-column joints, as proposed for the critical regions in the columns.

A significant increase in ultimate load and ultimate displacement was observed by increasing the amount of
confinement reinforcement in the beam-column joints [61]. In some cases, severe cracks were observed at the beam-
column joint and elongated to the critical regions in the columns, which caused permanent displacement. The columns
seemed to display inadequate strength to resist any lateral load induced by the earthquake. This study has identified that
less damage was inflicted at the beam because of the effective presence of good tie beams, but not in the column area,
as demonstrated in the 2011 Maden (Elazig) earthquake in Turkey [62]. This condition indicates that most of the case
study buildings experienced weak-column strong-beam behaviour, which did not comply with the seismic design
provision. This behaviour can be interpreted based on severely-damaged and collapsed RC buildings during the 2011
Van earthquake in Turkey [63]. These joints are considered as the weakest link in a structural system due to the
distribution of seismic loadings [64].
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Fig. 11 - Severe damage inflicted on beam-column joints

4.4 Causes of Failures
4.4.1 Soft-Storey Mechanism

A total of three five-storey residential buildings have been selected and identified to be built without seismic
design using RC moment resisting frame. Table 3 summarises the basic structural information, whereas the views are
displayed in Fig. 12. These soft-storey buildings, which were coded as RNU 01, RNU 02, and RNU 04, had typical
structural configuration with a bare frame located at the bottom part of the building for car park area. These buildings
had high influence on soft-storey failure mechanism.

The structural damages on beam-column joints mostly occurred at the bottom storey for all the soft-storey
buildings (RNU 01, RNU 02, and RNU 04). This type of failure mechanism was employed when all the inflicted
damages were concentrated at the storey (no infill wall or bare frame), which was usually located in the basement area
of the building designated for auto stop zone. With the presence of bare frame effect, these storeys had lesser stiffness,
when compared with the upper storey with infill wall. Hence, an enormous inter-storey drift ratio could have been
experienced by this storey, thus causing severe damages. In a few cases of strong earthquakes, the soft-storey failure
mechanism resulted in the total collapse of the bottom storey, as noted in the Kocaeli [65] and Sultandagi earthquakes
in Turkey [66].

4.4.2 Inadequate Reinforcement Arrangements

This study points out that RNU 05 had undergone many severe damages and collapse of the RC structural column
(see Fig. 13). Poor arrangement in transverse reinforcement (links) was the main factor in the buckling and collapse of
the column. According to clause 9.5.3(3) [67], the maximum spacing should not exceed 20 times the size of the
smallest compression bar or the least lateral dimension of the column (400 mm). In RNU 04, the lap length found in the
column (see Fig. 14) did not adhere to clause 8.7.3 [83], wherein the design lap length between the bars should be
greater than 200mm. Thus, this existing structure caused spalling of the concrete in the joint area. Hence, both of the
identified failures resulted in a low quality attribute of concrete binding [68]. A proper basic reinforcement design
should be countered in detail before engaging in the seismic consideration depicted in Eurocode 8.
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Table 3 - List of identified soft-storey buildings

Site Code Type of structure Number of storey Remark

RNU 01 RC moment resisting frame 5 Police Quarter
RNU 02 RC moment resisting frame 5 Secondary School Quarter
RNU 04 RC moment resisting frame 5 General Hospital Quarter

50 mm lapping e
in the joint >

Fig. 14 - Poor and inconsiderable lap length found in joint
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4.4.3 Inadequate Type and Size of Aggregates

The crack and spalling of the concrete cover were observed in all the case study buildings due to improper size and
type of aggregates that were implemented in the structure, as shown in Fig. 15. Although the damages occurred in the
existing buildings, the aggregate size for the combined fine and coarse should range between 5 mm and 20 mm [69].
This aggregate does not fulfil the specification in terms of grading, durability, particle shape, surface texture, abrasion
and skid resistance, absorption, and surface moisture. The effect of inadequate supervision during the construction
period was demonstrated after the main shock, wherein this river stone (smooth surface) did not bond well with the
concrete.

Fig. 15 - Inadequate aggregate size found in the column

4.5 Proposed Strengthening Method To-Date for Beam-Column Joints

Most of the severely-damaged existing RC structural buildings in Ranau were not able to retrofit, thus major
demolition must be conducted and replaced with a new seismic construction design. The Malaysia’s PWD has accepted
full responsibility for the design and invention of new construction. Apart from the existing soft-storey buildings where
only the beam-column joints are affected, an appropriate strengthening method is required to prolong the span in
column area, instead of at the beam and display a strong-column weak-beam mechanism. Nevertheless, a few
prominent government and non-government organisations were in a cooperative effort to assist the PWD through
several studies. These studies should be able to rectify the problems in all existing and future designs of structural
buildings in Ranau.

Various strengthening studies were proposed in several affected countries with moderate to high seismic activities.
Nevertheless, these studies were limited to beam-column joints section. All the proposed strengthening studies were
thoroughly conducted in full/reduced scale (beam-column joints), as shown in Fig. 16 [10], [70]-[72]. The motive of
these strengthening methods refers to high strength and ductility in the joints and effective increase in joint shear
strength capacity. The strengthening methods from Fig. 16 (a), (b) and (c) have improved the energy capacity
dissipation and reduced stiffness degradation of beam-column joints, however, particular caution need to be handled in
detailed, especially for the welded section wherein the brittle/corrosion failure under elevated number of cycles may
occur [70]-[75]. Where else for Fig. 16 (d), the capability of this method would relocate the plastic hinge away from the
joint section, hence improving the load carrying capacity. The wrapping technique play crucial role around joints which
sometimes may mislead to undesired de-bonding failure [10], [76]. Even though costing consumptions were not
investigated in detail in these strengthening methods, some of them (steel dissipation jacket and steel cages), especially
those associated to non-seismic design of structural beam-column joints, have been visibly adopted in the strong-
column weak-beam concept. In other cases, retrofitting by using external post tension rods and fibre reinforced polymer
had considerably increased the strength of non-seismic design with approximation up to 40 %, thus avoiding major
brittle shear failure at joints. In addition, this method can improve the seismic performance joints with adequate

298



Reventheran Ganasan et al., Int. J. of Integrated Engineering Vol. 12 No. 8 (2020) p. 288-302

existing reinforcement detailing. Therefore, these strengthening properties can be considered by the local authorities in
Malaysia to increase the lifespan of the existing/old structural buildings, instead of demolishing them.

Fig. 16 - Strengthening method proposed to-date at RC beam-column joints (a) retrofitted with steel dissipation
jacket [70], (b) externally strengthened with steel cages [71], (c) strengthened using external post-tension rods
[72] and (d) retrofitted fibre reinforced polymer (FRP) [10]

5. Conclusion

The 5.9 magnitude Ranau earthquake, which occurred in June 5, 2015 at 7:15 am, including the sequential
significant number of aftershocks, should be highlighted. Although the recorded ground acceleration motion was low,
most parts in the case structural building studies have been affected by the main-shock events. Based on a thorough
visual damage observation, the RC buildings can be classified as weak-column strong-beam behaviour due to the
severe damages that occurred on the columns, such as spalling of concrete cover and buckling of reinforcement, while
the beams only experienced hairline cracks and spalling of plaster. Multi-storey residential buildings have a high
potential threat of soft-storey failure mechanism. Indeed, this failure occurred because the bare frame was without infill
wall, which was located at the bottom storey of the building. Severe damages on beam-column joints were observed for
this kind of structural RC building. Insufficient confinement reinforcement in the critical region within the beam-
column joints was evident in all case building studies, thereby proving that these buildings were not designed according
to the seismic code provision. Therefore, low public awareness and preparedness to earthquake in Malaysia must be
improved to minimise the casualties of future earthquakes. Some optional proposed strengthening/retrofitting methods
that were presented for this particular structural member have been presented to the local authorities so as to decide in
preserving the existing/old buildings. Currently a research proposal has been opted to control the level of damage based
on cracking mechanism in reinforced concrete beam-column joints using Artificial Neural Network simulation thus
providing a suitable strengthening method for the respective member. In future, studies related to seismic activities may
analyse the performance of the existing designs for structural RC beam-column joints members and propose a viable
seismic design in Malaysia.
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