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Investigation of Housing Preferences in View
of the Housing Market Dynamics in Doha

Metropolitan
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Abstract. Since the 2000s, Doha has gone through enormous economic growth
and urbanization processes. The massive migration inflows have suggested
particular housing preferences that are driven by the demographic and lifestyle
diversities of the multicultural population. Housing preferences of the multi-
cultural population are defined in terms of housing location, cost, and typology.
The paper aims to study housing preferences in view of the housing market
dynamics in order to recommend future actions for housing planning and
expansion. It focuses on the period from 2000 to 2017 where rapid urban
development took place in Doha metropolitan considering cultural, sporting,
economic, real estate, and political incidents. The methodological approach
includes: questionnaire survey of housing preferences, and survey of the per-
ceptions of housing market experts. The paper defines the major shifts in the
housing market based on: the sporting events, construction boom, and real-estate
boom. It will discuss solutions to reduce the gap between housing supply and
demand. Also, it will conclude actions for future housing expansion based on
the recommendations by key market experts towards a sustainable local eco-
nomic growth.

Keywords: Housing preferences � Multicultural population � Housing market
Doha metropolitan

1 Introduction

The rapid urbanization and the massive inflows of the multicultural population have
posed significant questions to the housing market in Doha metropolitan. Today, Doha’s
multicultural population is made-up of four main cultural groups: Qataris, Arabs,
Asians, and Westerners. In this paper, Qataris are referred to as nationals; while Arabs,
Asians, and Westerners are referred to as migrants. In 2016, migrants have made-up
88% of Qatar’s total population (Snoj 2017). This reflects the intensity of multi-
cultures where the needs of each cultural group are different in Doha metropolitan.
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Studying the housing preferences will aid in developing sustainable neighborhoods
(Petkar and Macwan 2013). Housing preferences are known to be related to demo-
graphic factors on how nationals and migrants are residing in the city (Haybatollahi
et al. 2015). The demographic structure of the nationals is different than that of
migrants. Housing preferences can be defined as the expression of the quantity and
quality of housing features (Lee et al. 2008; Hunt 2010; Ouwehand and Doff 2011). In
this paper, housing preferences are defined by three factors: location, cost, and
typology.

2 Research Methodology

2.1 Research Tools

The paper uses a quantitative and qualitative research methods through the following
tools:

1. Survey of housing preferences that is conducted through a questionnaire, which is
distributed to 388 residents in Doha for them to study the demographic pattern of
the multicultural population.

2. Survey of experts’ perceptions in the housing market is conducted through face-to-
face interviews from local authorities, including real estate developers, architects,
urban planners, and academics.

2.2 Study Area and Period

Doha metropolitan is composed of Doha municipality, parts of Al-Rayyan, Um Slal,
and Al-Daayen municipalities (Fig. 1). Throughout the paper, Doha metropolitan is
referred to as merely Doha. Neighborhoods in Doha are divided into: downtown,
suburban, and waterfront. Downtown neighborhoods represent the old center of Doha
up to the C-Ring Road. Suburban neighborhoods include all urban areas around the D,
E, and F-Ring roads. Waterfront neighborhoods include the coastal line of Doha,
except the part attached to the downtown neighborhoods.

The study focuses on the period of rapid housing dynamics, starting from year 2000
to 2017. The highly relevant incidents during this period have affected the development
of housing typologies:

• Sporting events: hosting the Asian Games in 2006 and winning the World Cup bid
in 2010.

• Construction boom: the establishment of artificial island of the Pearl Qatar in 2011
and the announcement of Qatar Integrated Railway Project in 2012.

• Real-estate boom: approval of property ownership rule for migrants, established in
2004.

2 H. Ibrahim et al.



Fig. 1. The study area of Doha metropolitan and neighborhood divisions. Source Ministry of
Development Planning and Statistics (2013), Ministry of Development Planning and Statistics
(2015) and Ministry of Municipality and Environment (2015) “edited by the authors”

3 Research Background

During the 2000s, the housing market in Doha witnessed the biggest influence of the
population’s diverse demographics (Fig. 2a). Land use planning was based on resi-
dential land use distribution (Jaidah and Bourennane 2009; Shandas et al. 2017).
Traditionally, the downtown was the most sought-after location for housing in Doha
(Eddisford and Carter 2017). Gradually as the city began to move away from traditional
locations into areas around the main ring roads, these locations grew in importance for
housing developments (Salama and Wiedmann 2013). A preference to live near the
workplace, school, and lifestyle facilities has guided housing location preferences
(Scheiner and Kasper 2003; Dawkins and Koebel 2009; Pisman et al. 2011). Today, the
waterfront has become a sought-after location for high-end housing targeting high-
income groups such as the West Bay Lagoon, Lusail City, and The Pearl Qatar
(Property Market Overview 2017).

According to Colliers International (2014), 70% of Doha’s population are of low-
income groups (Fig. 2b). Since 70% of Doha’s population earn a monthly salary form
5000 QR to 19,999 QR (low-income group), they are not able to find their appropriate
housing based on their preferences. This can be due to the rapid population growth,
which has created a shortage of affordable housing supply. Since the existing supply of
housing targets middle to high-income groups, it can be stated that the housing needs of
Doha’s population are not met. This reflects the strong need for affordable housing.
This also implies the influence of affordability levels on housing preferences, which
makes the population compromise their housing needs in order to save costs. Although
the government is seeking to address this issue, affordable housing is expected to
remain in short supply.

Investigation of Housing Preferences in View of the Housing … 3



The housing market has mirrored the urban changes in Doha. The population has
steadily moved away from the high-density downtown into suburban and waterfront
locations. According to Colliers International (2013), most of the nationals live in villas
in suburban neighborhoods, while most of migrants live in apartments in downtown
neighborhoods. This has shaped the housing dynamics in Doha where apartments are
dominating the market (Wiedmann et al. 2012). Therefore, it can be concluded that
housing demand in terms of typologies is clearly defined by nationality.

4 Housing Preferences and the Market Dynamics

The analysis of the questionnaires reflects almost the actual demographic and housing
conditions of Doha. The existing demographic composition of the population is clearly
reflected in which 92% of total respondents are migrants, which reflects that the
majority of Qatar’s population are migrants. In terms of the cultural mix, Asians are the
largest cultural group in Doha, which is reflected in the questionnaire where 41% of the
respondents are Asians (Fig. 3a). In terms of gender, male respondents are more than
female respondents, (Fig. 3b), which is confirmed by the Bel-Air (2014), where men
have outnumbered women by almost 1–5.

Fig. 2. Characteristics of the multicultural population in Doha metropolitan. Source Developed
by the authors

Fig. 3. Demographic data of respondents. Source Based on the questionnaire survey
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4.1 Housing Location

It is concluded that 53% of the respondents live in suburban neighborhoods, where
single-family housing (villa typology) is popular. Whereas 33% live in downtown
neighborhoods, and 14% live in waterfront neighborhoods where multi-family housing
(apartment typology) is popular (Fig. 4a). In terms of housing location preferences,
39% prefer living in waterfront neighborhoods, in which 38.5% of them are migrants,
which reflects their strong preference for waterfront neighborhoods. This can be due to
the real estate law that allows housing ownership for migrants. However, nationals
prefer suburban neighborhoods in which 7% prefer suburban neighborhoods (Fig. 4b).

Experts have agreed that the governmental vision is the main driver for urban and
population growth in Doha. Major incidents took place resulting in construction and
real estate booms in the city. However, housing developments have been impacted by a
number of factors related to planning and zoning, accessibility, and equity. Zoning and
building regulations have the greatest impact on housing developments where most of
the existing housing designs are not committed to the local culture, climate, and
context.

4.2 Housing Cost

In terms of housing costs analysis, 90.5% of respondents live in rental housing where
migrants are the majority (90%), (Fig. 5a) and would still prefer to rent (63%),
(Fig. 5b). This can be due to the income level and short-term stay in Doha. In reference
to the nationals housing which the government commonly supports, 7.5% own their

Fig. 4. Housing location preferences. Source Based on the questionnaire survey
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houses and 8% would prefer to own. The housing market has been affected by the
multiplicity of income level diversities. However, this is not the case with nationals
where almost all of them are house owners (7.5%). Therefore, housing rentals play a
considerable role in adjusting housing preferences in Doha where the ideal housing
environment can be compromised in order to save costs, especially for migrants (67%),
(Fig. 5c).

Typically, the income level drives housing preferences in Doha. Nationals tend to
value community residence and spaciousness (housing location and typology). On the
other hand, migrants tend to value costs and affordable living (housing cost). Therefore,
affordability is among the significant reasons for favouring apartments especially for
single migrant workers.

Experts have focused on the growth of population in Doha and referred to the
construction boom in 2004 that increased the migration flows. It can be concluded that
the housing market of Doha lacks the standard levels of affordability. Low-income
migrants struggle to find their appropriate housing. The improved housing regulations
and policies can address this need through regulating housing prices and quality.

4.3 Housing Typology

In terms of housing typology analysis, 64% of the migrants live in apartments (Fig. 6a).
Yet, only 27.5% of migrants prefer apartments, and the majority preferred villas
(64.5%). However, an interesting fact was concluded for nationals who all live in villas
(8%), but 2.5% prefer apartments (Fig. 6b). This can reflect the need of nationals for
housing diversity. This implies that typology preferences of the multicultural popula-
tion are not addressed since the existing market supply serves the work-oriented nature
of the migrants. It can be concluded that the diverse housing typologies, which address
family living, based on the culture of each population group, are a common preference
in Doha.

Fig. 5. Housing cost preferences. Source Based on the questionnaire survey
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It is concluded that housing typology preferences in Doha reflect the cultural origins
of the population. The villa typology is dominant in suburban neighbourhoods, which is
aligned with the preferences of nationals. It is the most preferred typology where spa-
cious rooms and large living areas are provided to accommodate the family-oriented
activities and frequent gatherings. However, apartments are the most supplied typology
in the market, especially in suburban and waterfront neighbourhoods. The needs and
values of the multicultural population should be addressed through a preference-driven
supply of housing typologies with proper costs in preferable locations.

In terms of real estate conditions, experts have agreed on the importance of the
contribution of the government and the large and small-scale developers in the local
housing market. A common agreement is concluded that income groups guide the
housing market in Doha. The supply by real estate developers targets particular income
groups, in which particular housing areas and typologies are being developed. Some
suggestions have emphasized on the role of the government to support real estate
developers through regulations and incentives. At the end, the target is to have a
housing market that is accessible to all cultural and income groups.

5 Conclusion and Recommendations

According to the analysis, it is realized that among the most prevailing factors affecting
urban growth of Doha and its peripheries are the decisions that are posed by the
government. A set of recommended actions were developed which summarized the
solid outcomes of the paper (Fig. 7).

• Adopt a decentralized approach for housing expansion towards other organized
suburban centers to the north of Doha.

Fig. 6. Housing typology preferences. Source Based on the questionnaire survey
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• Include housing policies that consider mix of typologies and densities to reduce the
effect of social segregation in Doha.

• Revitalize downtown neighborhoods towards lifestyle housing communities that
satisfy both nationals and migrants’ housing preferences.

• Provide social housing to address issues related to housing inequality and afford-
ability. The government should contribute with real estate developers towards
affordable housing provision in Doha.

• Allow cooperation between government (regulations) and the real estate developers
(housing developments) to reduce the pressure on the city’s infrastructure through
considering nationals and migrants needs. In terms of local economic growth, this
would be an important step towards a more balanced housing market.

• Encourage developers to build affordable housing in Doha through governmental
incentives.

• Allow housing ownership for migrants towards sustainable economic growth.
• Plan and design walkable neighborhoods and housing communities.

Most of the experts agreed that the low-income groups would struggle to find a
suitable housing unit; they share units as a reflection of their need for affordable
housing. In terms of the future market outlook, experts suggest to provide opportunities
for migrants to own houses as they are considered final investors for housing in Doha.
Additionally, legislation should be cooperated with the design of housing to reduce the
pressure on the city’s infrastructures and government. Suggestions were introduced to
improve the policies, which respect to the local culture, climate, and context. This
includes more opportunities for migrants to own their housing in Doha towards a
livable housing market.

Fig. 7. Comparative summary of the existing housing conditions and the surveyed housing
preferences in Doha metropolitan. Source Based on the statistical analysis and housing
preferences analysis
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Abstract. Prefab modular construction approach is a well-established volu-
metric structural product through off-site prefabrication at factory. Modular
construction approach builds confidents to promote sustainability in construc-
tion industry development and is beneficial to the environment ecosystem. The
study explored and discussed on various non-structural perspective of IBS
modular construction in Malaysia. The study aims to investigate the importance
of the implementation of IBS modular construction in Malaysia as rapid efficient
construction process and poised to help the Malaysia construction industry grow
to solve the housing demand impacts. The study presented the definition, pre-
fabrication technology, history, benefits, barriers and issues, application and
characteristics of modular construction in the Malaysian construction industry
through literature review. Based on the literature reviewed, the existing IBS
practices in Malaysia is still low in application and modular construction
practice currently had gained popularity worldwide and been proven as rapid
and efficient construction method in IBS trend. Therefore, the existing IBS
practices in Malaysia must be strategized towards more efficient and rapid
construction method due to its numerous benefits and characteristics. The
findings of this study will contribute to the transformation of existing con-
struction practices to modern modular construction approach and proposed the
future study on modular construction in structural perspectives.
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1 Introduction

Prefab is an architecture in building construction industry which had gained its pop-
ularity worldwide. Prefab is an evolutionary process but not revolutionary that was
based on the successful and unsuccessful experiences [1]. The prefab history started in
1624 which first prefab house was completed and transported from England to Cape
Ann [2, 3]. Modular construction is defined as off-site prefabrication in three-
dimensional volumetric construction and modular building system where the structural
components prefabricated by manufacturer and transported to site in ready-cut building
components for erection [4–9]. Modular construction was used as the soldier’s portable
shelter solution during World War II and as intensive demand of housing after World
War II in the United State since it was developed in 1940s [6, 8, 9]. Modular con-
struction is based on rapid construction concept comprised of various technologies in
two orders namely 2D frame system and volumetric elements in 3D [8].

IBS is Malaysia’s local term to describe the use of automation, mechanisation and
prefabrication of components for the local building industry [9]. IBS is characterized by
its higher quality, faster jobs, increased profitability and the construction process which
adopt prefab concept using standardised building components that aremass-produced in a
factory ready for installation, transported and erected at site using suitable machinery and
equipment with minimal workers with proper connection system [9–13]. The imple-
mentation of modular construction is proven to improve productivity, quality, efficiency,
safety and health, speed up project duration, flexible, economically and promotes sus-
tainable construction industry [5]. Prefabrication, pre-assembly, modularization and IBS
are terms used to describe technologies advancement for rapid building construction [10].

This study aims to outline the importance of the implementation of IBS modular
construction in Malaysia through the literature review. As the researcher’s concern, the
current implementation of IBS status in Malaysia construction project is low, despite its
numerous benefits [9, 14]. The current IBS practices in Malaysia are more focused on
piece-by-piece erection method for precast building components and then followed by
services installation at site. Moreover, the revolution in building construction industry
nowadays has transformed to the precast 2D or 3D volumetric rapid modern con-
struction method which consists of various technologies. Due to this, the industry’s
mindset towards IBS modular construction in Malaysia must be changed [14]. The
Malaysia government had driven the strategic planning in providing training and skills
to the stakeholders. It is hoped that this will help to improve the workers knowledge,
productivity and skill in modular construction adoption and thus benefits the stake-
holders eventually. The rapid construction ignores the manufacturer time while site
erection time is counted into construction period. The erection period of precast
modules in complete volumetric unit is highly subjected to the joint design and erection
principle. It is hoped that the current construction industry practices can be strategized
and improved towards the government expectation with rapid, efficient and sustainable
delivery construction environment.

This paper is expected to benefit the Malaysia construction industry in facing the
housing demands issue within a short period at urban areas. This will help in improving
the existing practice at construction site. The study will also contribute the new idea in
precast IBS modular construction as sustainable delivery construction approach since
this construction method is getting popular and capable to speed up the construction
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project completion period. Recent researchers’ had come out with supporting fact that
modular construction is an efficient construction process and poised to help the growth
of construction industry [15]. This will help in transforming the existing IBS practice to
the more efficient and rapid modular construction practice which will benefit the
community and stakeholders.

2 Prefabrication Technology in Malaysia Construction
Industry

IBS is the construction technologies, either offsite or onsite, involving the process of
planning, designing, fabricating, transporting and assembling of building components,
elements or modules for rapid assemble faster than traditional on-site construction with
reasonable cost and quality [16–19]. This is an integration approach within the con-
struction process which includes the production of prefabricated components, trans-
portation of components and site erection techniques [20]. The IBS characteristics refer
to open system, closed system, modular coordination, standardisation and tolerances,
mass production, specialisation, stakeholders integrated coordination, production
facility development, transportation, machineries and site erection equipment [10, 21].
The final products include componentized, panelised, and modularized elements [17].
Constructability, site logistics and fabrication process are the design concerned for off-
site construction [19]. Offsite construction is that the prefabrication elements or parts of
structures constructed in factory, then transported and assembled on-site while onsite
construction is that the building blocks and parts of structures takes place directly on
site [16]. There are two main IBS classes namely open system which standardized
components, flexibility and design diversity, and closed system, which the element
need specific made in factory [13]. In structural aspect, it can be divided into five key
aspects namely precast concrete framing, panel and box systems, formwork systems,
steel framing systems, prefabricated timber framing systems and block work systems
[13]. The IBS classes, identification, structural aspects, systems definition and utili-
sation of IBS is summarised in Table 1.

The IBS implementation since early 1960s unfortunately found to be inappropriate
for Malaysia’s climate due to imported materials and method used will cause leakage
and gaps in walls that came to light and currently the construction using IBS is slower
than expected [9, 14, 22, 23]. Thus, in 1990s, prefabricated components had been
applied to IBS as new approach and recently followed by sustainable green materials
after Paris climate summit 2016 as specified in second IBS roadmap for sustainability,
quality, efficiency and competency achievement [9, 24]. The Industrialised House
Technologies was launched to lay down the scene of Modular IBS in Malaysia [5]. Due
to the numerous benefits, Malaysian IBS suppliers and construction companies have
created their own project teams for this industry, investment and innovation work [9].
Recent developments in modular volumetric or 3D printing have transformed to precise
customisation of components as ideal construction industry with cheaper price and big
size volume [9]. In September 2015, the Construction Industry Transformation Pro-
gramme (Year 2016–2020) was launched in Malaysia with four strategic thrusts in
which productivity was highlighted as significance key component of IBS [9, 25].
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2.1 Characteristics of Modular Construction

Modular construction currently is the most capable construction technique, by com-
bining various technologies to achieve, rapid construction and automation in con-
struction industry development worldwide [10]. Modular construction is an off-site
fabricated modules process in three dimensional volumetric units, modular building or
system under controlled environment, same materials and design codes as conventional
built facilities in modules form for site built facility when integrated on site [2, 6, 10,
15, 18, 26]. Modules involve three dimensional volumetric or box sections, multi
section units, and stack-on units by using light gauge steel frame, timber frame, con-
crete, and composites materials that are commonly referred to pre-assembled pods, and
been designed to be easily disassembled, moved and repositioned, where the module
size is a factor of module location in the building, manufacturing constraints, and
transportation limitations [2, 18].

Modularity concept consists of three different perspectives that are product, pro-
cess, and supply chain between construction and manufacturing [15]. In construction
industry, product refers to mix of components and spatial voids, module not complex
and the supply chain is temporary multi-organizations for specific purpose of delivering
a construction project [15]. Modular construction is widely used in low-rise buildings
and recently multi-storey and even in high-rise construction with reinforced concrete or
metal frame [10]. Modular high-rise buildings require a central structural core with
three types of structural solutions, which are fabricated modular structure similar to
ordinary modulus, fabricated reinforced concrete and composite system [10]. Modu-
larity products is the key elements of mass customisation strategies as it uses a set of
similar components modules to build a wide range of dwellings to improve the house
building industry performance [15].

The application of modular construction can be either in permanent or relocate-able
construction. Moreover, it is an innovative, offsite, lean manufacturing techniques,
higher quality control, single or multi-story modules section, integrated or stand alone
system as turn-key solution with the delivered forms in mechanical, electrical and
plumbing fixtures and interior finishes [15]. This construction method produces less
waste, faster completion time and sustainable construction delivery [6, 15]. Modular
buildings are relocate-able, moveable and flexible building which is a partially or
completely assembled building complies with applicable codes or state regulations that
constructed in a building manufacturing facility by modular construction process [6,
15]. It is designed to be reused or repurposed multiple times and transported to different
building sites and utilized for temporary space need [6, 15]. Thus, the raw materials
demand and energy created to meet new need was reduced.

There is a need for early consideration for logistic transportation, storage and
erection planning due to the size and weight of modular unit. The modular unit is not
practical for storage and but must be installed immediately to the designated location
[6]. Modular construction eases renovation work by just selecting and adding suitable
modular units for the renovation project, and then installing the selected units into the
existing building [6]. Besides, the well coordination, planning, and communication at
the project early stage between the stakeholders must be developed to obtain good
result for the final project. This is because any amendment in the middle stage of the
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project including services, mechanical and electrical parts will cause problem to the
modular construction and will be costly.

Beside, the connections system between the modular units must be carefully
considered by the parties that are involved the project at the early stage in design [6].
This is because the overall stability of the modular unit is subjected to the joint design.
Due to this, the joint rigidity and their performance in structural perspective must be
inspected both in the factory and on-site for safety. As engineer concerned, the ease of
joint method used will influence the construction completion time where the erection
time at site is encountered for rapid modular construction nowadays in construction
industry worldwide. The modular construction significantly reduces site disruption, and
vehicular traffic, and improves overall safety and security due to approximately 80% of
the building construction activity done in factory [2, 15]. Construction of modular
buildings occurs simultaneously with building site work, allowing projects to be
completed in half of the time required by traditional construction method [6]. The
comparison between modular construction and conventional construction schedule was
shown in Fig. 1 [6, 15].

Structurally, the modular buildings are stronger than site-built construction because
each module is engineered to independently withstand the rigors of transportation and
craning onto foundations [15]. Manufacturing facilities have strict quality control
programs with independent inspection and testing protocols that promote superior
quality of construction [6]. The modules become one integrated wall, floor, and roof
assembly once been put together and sealed [15]. Building offsite method ensures

TIME 
SAVINGS 

Modular Construction 
Time Frame

Site-Built Construction 
Time Frame

Design & 
Engineering

Site Devel-
opment & 
Foundation 

Plant Con-
struction

Install & 
Site Res-
toration 

Site restoration Building Con-
struction

Site Devel-
opment & 
Foundation

Permits 
& Ap-
provals

Fig. 1. Comparison between modular construction and conventional construction schedule [6,
15]
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better construction quality management. There are three types of modular construction
methods applied in high rise building construction namely core method, combination of
core and podium method and modular in-fill method [27].

2.2 Prefab IBS Modular Construction Benefits, Issues and Challenges
in Malaysia

Nowadays, modular construction naturally achieves the sustainability in the built
environment with numerous applications of modular building solutions which benefits
from the ease of use and flexibility [16, 28]. Beyond quality management and improved
completion time, modular construction offers numerous other benefits to owners which
include removing approximately 80% of the building construction activity from the site
location [22]. The benefits of modular construction as mentioned by previous
researchers are speed assembled [2, 6, 10, 17, 22, 29], enhanced productivity [6, 16,
29], high quality and safe working environment [2, 10, 16, 17, 22, 29, 30], better
architectural appearance [16], vehicular traffic [22], new technologies testing [10, 30],
innovative [22], efficient and cost-effective [16, 17, 22], rapid construction [10, 16],
reduce overall cost [2, 16, 29], greater flexibility and reuse [22], enhanced durability
[16], better engineered building and Building Information Modelling [22], economies
[27], customization [27], environmental friendly and sustainability [2, 6, 10, 17, 22,
29, 30].

The adoption of prefabricated components has faced barriers such as the
unattractive perception from the public, unstable and difficulty of coordinating delivery
system, lack of integration into the design process and the use of shipping containers in
modular construction has led to the misconception of modular construction [9]. The
prefabricated modular structural components will be influenced by control distortion
and buckling, transportation and manufacturing [19]. The lack of consensus on the
conceptualization of product modularity and the differences between the construction
and manufacturing industries were two main difficulties identified in the dissemination
of modularity concept in the building construction sector [15]. This issue indicated that
the importance of coordination, communication and planning in the early stage
between the stakeholders to avoid amendment in the middle stage and reduce the
project cost and hence convince the stakeholders adopt modular construction.

The implementation of prefabrication technology in Malaysia housing sector must
be enhanced and strategized due to the low level of application in construction industry
which was 42% of government projects and 70% of private projects in 2015, 69%
government projects and 14% private sector [23–26, 31]. High initial cost, low profit
margin, leakages, low quality, production delay, logistic problem, coordination,
unskilled workforce and components erection problem were the barriers identified for
Industrialised Building System modular construction implementation [31]. Modulari-
sation and standardisation in building processes is currently keen promoted by
Malaysia Construction Industry Development Board [9]. The education, training,
computerisation and robotics currently play important roles in construction industry.
According to A. Idris, the Industrialised Building System adoption issues and barriers
revolve around the lack of expertise, transitional shift, financial, limited enforcement
and industrialization objective [23]. Due to this, tax incentive, introduce quality
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control, research and development, and training programmes to increase uptake were
introduced [9].

The challenges faced by the communities worldwide are more on the quality
housing. According to Elena, there are 26 out of 34 megacities worldwide facing
urbanisation wave, slums and unplanned development [10]. The Malaysian govern-
ment has targeted 4,964,560 units of houses to be built between the years 1995 and
2020 [26]. In year 2005, the statistics showed that every third habitant of a city lived in
unfavourable conditions and projected about 35 million apartments a year to be built to
fulfil the urban housing demand [10]. In Malaysia, the population growth and urban-
isation will lead to high demand of affordable housing issues [32]. Based on these facts,
there is a need to change the existing IBS practices to the proven efficient and rapid
modular construction as proved by China to construct fifty-seven story skyscrapers
apartment within 19 days in 2015 [2].

The urban population growth in Malaysia is projected approximately to be 74.3%
of total population in 2015 which will lead to an increase in demand for housing,
infrastructure, education, and health facilities at urban area [33]. Moreover, the
Department of Statistics Malaysia in 2016 has projected that the Malaysia population
growth will achieve 41.5 million in year 2040 with 37 million and 87% Malaysian live
in urban areas by 2050 [34, 35]. This statistics projection figures show the impact on
housing demand and rapid construction method is needed to overcome it. The
demographic research analysis carried out by the Malaysia Central Bank annual report
in 2015 mentioned on the unaffordable housing price increase in all major cities in
Malaysia [36, 37]. Therefore, prefab modular construction will serve as the new
direction of construction technology to produce houses within short period.

3 Discussions

Based on the reviewed findings, previous Malaysia researcher’s was more focused on
the non-structural perceptive of IBS construction. The adoption of IBS approach in
Malaysia is still low even though it has numerous benefits to the construction industry.
Because of this, the implementation need to be enhanced and strategized to be sub-
jected to local climate and issues identified. The Malaysia population growth facts
indicate that the high demand of housing trend at urban areas will be the challenges for
local construction industry. The existing construction practices cannot afford the high
housing demand based on current construction ability trend. Due to this, the existing
IBS practices need to be transformed toward a more efficient and rapid construction
approach by using modular construction and Malaysia government had launched the
Industrialised House Technologies to lay down the scene of IBS modular construction
in Malaysia. China had adopted the modular construction and proved to complete the
fifty-seven storeys, 800 unit skyscraper apartments within 19 days [2]. This will be the
efficient and rapid construction model in precast construction industry worldwide.

The prefabrication technology with modularity and standardisation in building
processes will be superior in providing the safe and quality houses within the short
period and this method is flexible, sustainable delivery environment and relocate-able.
Modular construction is a proven IBS new technology with the prefab modules done
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approximately 80% in factory with services attached and erect at site to the specific
location with crane. The rapid completion of the project is encountered by the erection
time at site while the prefab time in factory is normally ignored. The prefab modular
construction must have efficient connection system to allow ease erection between the
modules. Therefore, the joint of the precast modules must be carefully designed to
produce safe and withstand modular unit totally. Due to this concern, there is a need to
conduct the future study on the modular construction joint in structural perspective.

4 Conclusion

Based on the literature review findings, these are the conclusions drawn for the studies
as stated below;

1. Prefab IBS modular construction technique was proven efficient, rapid and sus-
tainable construction delivery.

2. The existing IBS practice adoption in Malaysia has to be im proved, transformed
and strategized to achieve better construction project outcome.

3. Communication, planning and coordination between the stake holders in project
early stage is the key success factor for project success.

4. Structural perspective study needed to provide safe, withstand and more compre-
hensive modular construction system in future.
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Abstract. The earthquake stroke Sabah in 2015 have given an alarm to
structural engineers on the importance of ensure concrete structures to resist
seismic load. The damaged column due to the seismic load needed to be
repaired. Research and development of rapid repair techniques have emerged as
one of the most critical researches globally as the money spent on repairing
damaged structures are more than the cost of building new structures. Con-
finement is one of the popular and effective rapid repairing of damaged concrete
under cyclic loading. This paper reviewed the uses of confinement as a repairing
technique to facilitate the research development in this field. The findings have
proven that confinement repair techniques are effective and can restore the
original capacities of damaged concrete members.

1 Introduction

Nowadays, sustainable development has attracted public attentions in conjunction to
save the environment [1]. Sustainable development is the development which fulfils the
needs of the present generation without compromising the future generations to meet
their needs. This is because the increasing of world population makes severe and
excessive demands on the limiting available resources on the earth. Sustainable
development is the effort to reduce the environment impact while being still able to
achieve social and economic growth simultaneously.

Earthquakes all around the world have shown the vulnerability of existing rein-
forced concrete structures to moderate and strong ground motions [2]. The earthquake
stroke Sabah on 2015 with Richter scale of 6.0 have alarmed the public about the
importance of all the buildings and structures to resist seismic load. Bridge piers and
building columns may experience complex axial, shear, bending, and torsional loads
during an earthquake. The aftermath of the previous earthquakes was terrible and most
of the building columns and bridge piers were damaged to different degree of damage
condition as shown in Fig. 1.
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The damaged columns or bridge piers need to be assessed to ensure the service-
ability of the structures after earthquake events. The columns or bridge piers were
mostly going to be demolished due to the severity of damage conditions after an
earthquake. However, it is not a sustainable way and it incurs huge cost to demolish
every damaged column and bridge pier. In accordance with the sustainability devel-
opment goals, some alternatives are needed to repair the structures so that the structures
are safe to be used.

2 Literature Review

In recent decades,more researches aimed to repair damaged column under cyclic loading.
There are several available techniques of repairing damaged structures including concrete
jacketing, steel jacketing, fibre reinforced polymer (FRP) and steel strapping which have
proven to be effective to restore the strength and ductility of the columns or bridge piers
and make the structure back to service after damaged by cyclic loading.

The researches on cyclic loading usually carried out on column size specimens with
a footing which demonstrates as a column with a fixed support in the laboratory with
set up as shown in Fig. 2. The specimens were tested under lateral cyclic loading
scheme to resemble seismic load. A constant axial load was applied to assemble the
dead load from the superstructure.

An overview of existing studies on repairing damaged concrete column under cyclic
loading using confinement is shown in Table 1. As early as 1997, Ghobarah et al. [2]
carried out the researches on 3 full scale rectangular columns by using steel jacketing to

Fig. 1. The damaged column under seismic loading [4]
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Fig. 2. The example of experimental set up [3]

repair the columns after damaged. They have gained positive results after rehabilitation.
In 2000, K. Fukuyama et al. (2000) extended their studies by using two more different
methods of repairing, namely RC jacket and carbon fibre sheets jacket to repair the
columns after cyclic lateral load had been induced. They altered the damage degree and
cross section size and successfully restore ductility even though the damaged concrete
remains untreated [5]. Cheng et al. (2003) used FRP with dog bone shaped bar to repair
one full-scale square and three full scale circular bridge piers after loaded under constant
axial load and cyclic lateral load. The fractured bars were repaired, and the deformability
of the columns were enhanced by FRP wraps [6]. In 2006, Nesheli and Meguro (2006)
extended the studies by using pre-tensioned carbon or aramid FRP belts with different
shear-span to depth ratios. The result shown that the repaired columns indicated better
seismic performance [7]. Li and Sung [8] furthered their researches by repairing col-
umns using epoxy and non-shrinkage mortar and rehabilitated by CFRP in 2003 which
showed that repaired columns have improved hysteretic responses at high displacement
ductility significantly. Sun et al. (2011) used CFRP to repair six circular piers to enhance
shear strength and lateral displacement [9]. In 2013, He et al. [3] altered the torque-to-
moment ratios of the columns with different loading combinations, they restored the
strength of the columns without fractured bars but they were only partially successful for
the column with fractured bars located near the base using CFRP. Li et al. (2017) in-
vestigated the effect of column heights and repairing processes, either with or without
axial loads to the load-carrying capacity and ductility of the repaired columns. The
results showed that the performances of the repaired columns are better than those of the
original columns [10]. Truong et al. [11] researched on the retrofitting strategies either

24 J.-Y. Tan et al.



T
ab

le
1

A
n
ov

er
vi
ew

of
pr
ev
io
us

st
ud

ie
s
on

re
pa
ir
of

da
m
ag
ed

co
nc
re
te

co
lu
m
n
un

de
r
cy
cl
ic

lo
ad
in
g
us
in
g
co
nfi

ne
m
en
t

R
ef
er
en
ce
s

L
oa
di
ng

sc
he
m
e

T
yp
e
of

co
nfi

ne
m
en
t

C
on

fi
ni
ng

m
at
er
ia
l

N
um

be
r

Sa
m
pl
e

sc
al
e

Sh
ap
e

T
es
tin

g
pa
ra
m
et
er

Fi
nd
in
gs

G
ho
ba
ra
h

et
al
.
[2
]

C
on
st
an
t

ax
ia
l
lo
ad

+
cy
cl
ic

la
te
ra
l

lo
ad

St
ee
l

Ja
ck
et
in
g

C
or
ru
ga
te
d
st
ee
l

3
Fu

ll
sc
al
e

R
ec
ta
ng
ul
ar

T
ra
ns
ve
rs
e
re
in
fo
rc
em

en
t
an
d

Ja
ck
et
in
g
of

th
e
co
lu
m
n

C
ap
ab
le

to
re
ha
bi
lit
at
e
th
e
or
ig
in
al

un
de
r
de
si
gn
ed

co
lu
m
n

Fu
ku
ya
m
a

et
al
.
[5
]

C
on
st
an
t

ax
ia
l

co
m
pr
es
si
ve

lo
ad

+
cy
cl
ic

sh
ea
r
fo
rc
es

R
C

ja
ck
et
in
g,

st
ee
l
pl
at
es

ja
ck
et
in
g,

ca
rb
on

fi
br
e

sh
ee
ts

ja
ck
et
in
g

R
ei
nf
or
ce
d
co
nc
re
te

(R
C
),
st
ee
l
pl
at
es
,

ca
rb
on

fi
br
e

(C
F)

sh
ee
ts

8
1/
2

Sq
ua
re

C
ro
ss

se
ct
io
n
si
ze
,d

am
ag
e
de
gr
ee

Sh
ea
r
st
re
ng
th

an
d
du
ct
ili
ty

of
th
e

re
pa
ir
ed

co
lu
m
ns
,i
n
w
hi
ch

th
e
co
nc
re
te

re
m
ai
ne
d
cr
us
he
d
an
d
th
e
lo
ng
itu

di
na
l

ba
rs

re
m
ai
ne
d
bu
ck
le
d,

ca
n
be

re
st
or
ed

ov
er

th
e
pr
e-
da
m
ag
ed

le
ve
l

C
he
ng

et
al
.
[6
]

C
on
st
an
t

ax
ia
l
lo
ad

+
cy
cl
ic

la
te
ra
l

lo
ad

FR
P

D
og
-b
on
e
sh
ap
e
ba
rs

to
re
pl
ac
e
th
e

fr
ac
tu
re
d
lo
ng
itu

di
na
l

ba
rs

in
pl
as
tic

hi
ng
es

an
d
us
in
g
FR

P
w
ra
ps

4
Fu

ll
sc
al
e

1
Sq

ua
re

an
d
3

ci
rc
ul
ar

C
ol
um

n
cr
os
s
se
ct
io
n
sh
ap
e,

he
ig
ht

of
co
lu
m
n

T
he

fr
ac
tu
re
d
lo
ng
itu

di
na
l
ba
rs

ca
n
be

co
m
pl
et
el
y
re
pa
ir
ed

an
d
th
e

de
fo
rm

at
io
n
ca
pa
ci
tie
s
of

th
e
co
lu
m
ns

w
er
e
en
ha
nc
ed

by
FR

P
w
ra
ps
.
T
he

re
su
lts

al
so

in
di
ca
te

th
e
re
pa
ir
ed

co
lu
m
n
st
re
ng
th
s
ar
e
le
ss

th
an

an
tic
ip
at
ed

du
e
to

co
nc
re
te

de
te
ri
or
at
io
n
an
d
th
e
bu
ck
lin

g
of

th
e

lo
ng
itu

di
na
l
ba
rs

N
es
he
li

an
d

M
eg
ur
o
[7
]

C
yc
lic

la
te
ra
l

lo
ad
in
g
an
d

co
ns
ta
nt

ax
ia
l

co
m
pr
es
si
on

FR
P

Pr
e-
te
ns
io
ne
d
ca
rb
on

or
ar
am

id
FR

P
B
el
ts

5
1/
2

Sq
ua
re

Sh
ea
r
sp
an
-t
o-
de
pt
h
ra
tio

s,
ty
pe

of
FR

P
be
lt

W
he
n
th
e
da
m
ag
ed

co
lu
m
ns

w
er
e

re
tr
ofi

tte
d
by

pr
e-
te
ns
io
ne
d
FR

P
be
lts
,

th
e
la
te
ra
l
st
re
ng
th

co
ul
d
be

re
st
or
ed

an
d
th
e
dr
op

in
sh
ea
r
ca
pa
ci
ty

co
ul
d
be

pr
ev
en
te
d
up

to
la
rg
e
dr
if
ts
,i
nd
ic
at
in
g
a

be
tte
r
se
is
m
ic

pe
rf
or
m
an
ce

L
i
an
d

Su
ng

[8
]

C
on
st
an
t

ax
ia
l
lo
ad

+
cy
cl
ic

lo
ad

FR
P

E
po
xy

an
d
no
n-

sh
ri
nk
ag
e
m
or
ta
r
an
d

re
ha
bi
lit
at
ed

by
C
FR

P

1
40
%

C
ir
cu
la
r

Ja
ck
et
ed
/u
nj
ac
ke
te
d

R
ep
ai
re
d
an
d
re
ha
bi
lit
at
ed

co
lu
m
n

de
ve
lo
ps

si
gn
ifi
ca
nt
ly

im
pr
ov
ed

hy
st
er
et
ic

re
sp
on
se
s
at

hi
gh

di
sp
la
ce
m
en
t
du
ct
ili
ty

(c
on

tin
ue
d)

A Review on Repair of Damaged Concrete Column Under Cyclic … 25



T
ab

le
1

(c
on

tin
ue
d)

R
ef
er
en
ce
s

L
oa
di
ng

sc
he
m
e

T
yp
e
of

co
nfi

ne
m
en
t

C
on

fi
ni
ng

m
at
er
ia
l

N
um

be
r

Sa
m
pl
e

sc
al
e

Sh
ap
e

T
es
tin

g
pa
ra
m
et
er

Fi
nd
in
gs

Z
hi
gu
o

et
al
.
[9
]

C
on
st
an
t

ax
ia
l
lo
ad

+
la
te
ra
l
cy
cl
ic

lo
ad

FR
P

C
FR

P
6

1/
3

C
ir
cu
la
r

H
ei
gh
t
of

th
e
pi
er
,
lo
ng
itu

di
na
l

ba
r
ra
tio

,
sp
ir
al

ba
r
sp
ac
in
g

Sh
ea
r
st
re
ng
th

an
d
la
te
ra
l
di
sp
la
ce
m
en
t

of
th
e
re
pa
ir
ed

pi
er
s
in
cr
ea
se
d

H
e
et

al
.

[3
]

In
cr
ea
si
ng

cy
cl
ic

la
te
ra
l

lo
ad
in
g
+

co
ns
ta
nt

ax
ia
l
lo
ad

FR
P

C
FR

P
5

1/
2

Sq
ua
re

D
am

ag
e
co
nd
iti
on
,
lo
ad
in
g

co
m
bi
na
tio

n
(t
or
qu
e-
to
-m

om
en
t

ra
tio

)

Su
cc
es
sf
ul

in
re
st
or
in
g
th
e
st
re
ng
th

of
th
e
co
lu
m
ns

w
ith

ou
t
fr
ac
tu
re
d
ba
rs
,b

ut
pa
rt
ia
lly

su
cc
es
sf
ul

fo
r
th
e
co
lu
m
n
w
ith

fr
ac
tu
re
d
ba
rs

ne
ar

th
e
ba
se

L
i
et

al
.

[1
0]

A
m
pl
itu

de
-

in
cr
ea
si
ng

la
te
ra
l
lo
ad
s

an
d
co
ns
ta
nt

ax
ia
l
lo
ad

C
on
cr
et
e

ja
ck
et
in
g

H
ig
h-
pe
rf
or
m
an
ce

Fi
br
e-
R
ei
nf
or
ce
d

ce
m
en
tit
io
us

C
om

po
si
te

4
–

Sq
ua
re

R
ep
ai
r
co
lu
m
n
he
ig
ht
s
an
d

re
pa
ir
in
g
pr
oc
es
se
s
(w

ith
an
d

w
ith

ou
t
ax
ia
l
lo
ad
s)

L
oa
d-
ca
rr
yi
ng

ca
pa
ci
ty

an
d
du
ct
ili
ty

of
th
e
re
pa
ir
ed

co
lu
m
ns

hi
gh
er

th
an

th
os
e

of
th
e
or
ig
in
al

co
lu
m
ns
.
W
ith

ax
ia
l

lo
ad
s
du
ri
ng

re
pa
ir
in
g,

th
e
re
pa
ir
ed

co
lu
m
ns

di
sp
la
ye
d
be
tte
r
cy
cl
ic

pe
rf
or
m
an
ce

T
ru
on
g

et
al
.
[1
1]

C
yc
lic

lo
ad
in
g

co
m
bi
ne
d

w
ith

ax
ia
l

lo
ad
in
g

St
ee
l
an
d

co
nc
re
te

ja
ck
et
in
g,

C
FR

P

N
on
-s
hr
in
ka
ge

m
or
ta
r

an
d
ne
w

co
nc
re
te

ja
ck
et
in
g
w
ith

am
or
ph
ou
s
m
et
al
lic

fi
br
e
re
in
fo
rc
ed

co
nc
re
te

20
1/
2

Sq
ua
re

R
et
ro
fi
t
st
ra
te
gi
es

(p
ar
tia
l
re
tr
ofi

t
in

th
e
pl
as
tic

hi
ng
e
zo
ne
,
an
d
fu
ll

re
tr
ofi

t
in

th
e
en
tir
e
ra
ng
e
of

co
lu
m
ns
)

R
et
ro
fi
tte
d
sp
ec
im

en
s
pr
es
en
te
d
du
ct
ile

fa
ilu

re
m
od
e
an
d
en
ha
nc
em

en
t
in

th
e

di
ss
ip
at
ed

en
er
gy

an
d
th
e
da
m
pi
ng

ra
tio

,
bu
t
th
e
ef
fe
ct

di
ff
er
ed

fo
r
ea
ch

re
tr
ofi

t
m
et
ho
d

Pa
rg
hi

an
d

A
la
m

[1
2]

C
yc
lic

la
te
ra
l

lo
ad
in
g
an
d

ax
ia
l
lo
ad
in
g

C
FR

P
C
FR

P
12

–
C
ir
cu
la
r

St
re
ng
th

of
co
nc
re
te
,
yi
el
d

st
re
ng
th

an
d
am

ou
nt

of
lo
ng
itu

di
na
l
st
ee
l
re
ba
r,
le
ve
l
of

ax
ia
l
lo
ad
,
sh
ea
r
sp
an
-t
o
-d
ep
th

ra
tio

,
an
d
C
FR

P
co
nfi

ne
m
en
t

la
ye
r

It
w
as

ob
se
rv
ed

th
at

th
e
am

ou
nt

of
re
in
fo
rc
em

en
t,
sh
ea
r
sp
an
-d
ep
th

ra
tio

,
an
d
le
ve
l
of

th
e
ax
ia
l
lo
ad

co
ul
d

si
gn
ifi
ca
nt
ly

af
fe
ct

th
e
co
lla
ps
e
fr
ag
ili
ty

cu
rv
e
of

th
e
re
tr
ofi

tte
d
br
id
ge

pi
er
s

26 J.-Y. Tan et al.



partial retrofitting in the plastic hinge zone to increase the deformability, or full retro-
fitting in of columns. Parghi and Alam [12] used CFRP to repair the circular piers
damaged under cyclic lateral loading and axial loading. It was observed that the amount
of reinforcement, shear span-depth ratio, and level of the axial load could significantly
affect the collapse fragility curve of the retrofitted bridge piers.

3 Implemented Approaches for the Development
of Confinement Repairing Techniques

The literature reviews have clearly indicated that the confinement repairing techniques
can be roughly categorized into 3 main groups, which are concrete jacketing, steel
jacketing and FRP. The most famous method is FRP confinement as there are many
research works focused on it. In these researches, the column or bridge piers were
damaged first and then repaired by confinement to check the effectiveness of these
materials as confining agents through their restorability on the capacity, deformability,
ductility and the stiffness of the structure members. The taxonomy of the research in
this area is presented in Fig. 3.

Fig. 3. Taxonomy of confinement repair technique researches on cyclic loading
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4 Conclusion

This paper reviewed some of the methods and tests conducted to evaluate the efficiency
of confinement repairing technique in repairing damaged concrete columns or bridge
piers under cyclic loading. Several conclusions can be made from this review:

(a) The efficiencies of the proposed methods were evaluated by comparing the
restored capacities of the damaged columns or piers. Normally the specimens
were compared by assessment in ultimate strength, deformability, ductility and
stiffness of repaired members.

(b) Past studies have covered a wide range of variables including cross section shape
and size, damage degree, repair column height, repair process, transverse rein-
forcement ratio, shear-span-to-depth ratio, type and layer of FRP, spiral bar
spacing, level of axial load, longitudinal bar ratio and yield strength. Most of the
past studies have focused on testing the efficiency of several types of confining
materials as repair techniques. In cyclic load tests, the pre-damaged condition
level and slenderness ratio were quite critical.
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Abstract. This investigation delved into the effect of micro bauxite powder
(MBP) on the physical and rheological characteristics of asphalt binder. A high-
shear mixer set at 4000 rpm was used to blend three varying percentages of
MBP (3, 5 and 7% by weight of asphalt binder) with the asphalt binder. The
base asphalt binder was left devoid of MBP. The physical properties of the
asphalt binder merged with MBP were assessed through standard tests (to
ascertain penetration, ductility and the softening point), and its rheological
properties were gauged by means of a dynamic shear rheometer (DSR). While
the standard tests revealed that the physical properties of the asphalt binder were
improved by the MPB modifier, the DSR outcomes disclosed an upgrading in its
(G*) and (d) values at raised temperatures. These are indications that the vis-
coelastic features of the asphalt binders were enhanced by the modification. In
comparison to the base asphalt binder, the modified binders exhibited an ele-
vated degree of elasticity, stiffness and resistance against rutting deformation.
Thus, the modification of asphalt binders using MBP can serve to improve the
performance of pavements.

Keywords: Physical properties � Micro bauxite powder and dynamic shear
rheometer

1 Introduction

Asphalt pavement is the most commonly used material around the world for the paving
of roads. The performance and resilience of asphalt pavements are affected by several
issues. Among them are service circumstances (including drastic temperature changes
and recurring extreme axle loading) and the quality of raw materials used [1]. Road
pavements are fabricated to withstand external loads (including mechanical loading
deriving from heavy traffic) and thermal loading arising from thermal alterations [2]. To
realize good performance, highway authorities constantly harp on the use of specific
materials for the construction of pavements. Asphalt modifiers have been used to
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enhance the performance of asphalt pavements since the 1950s. The focus of efforts in
this field is mainly directed at raising the resistance level against pavement distresses
[3]. The results from previous studies indicate that bitumen modifiers such as fillers,
extended polymers, fibres, oxidants, and nanoclay can be used for improving the
properties of asphalt binders. Over the years, the use of mineral fillers for asphalt
binding has been on the rise. The inclusion of fillers has been observed to not only
enhance the features of the binder, but also raise the level of resistance against irre-
versible deformation.

Bauxite, a natural material resembling clay, varies in colour from white to dark
brown or red. This variation in colour is dependent on the make-up and extent of its
constituents. Bauxite comprises mainly one or more aluminium hydroxide minerals and
a variety of combinations involving silica (SiO2), titanium (TiO2), iron oxide (Fe2O3),
aluminosilicates (clay etc.), and several other barely detectable impurities [4].

Berthier, a Frenchman, discovered bauxite in 1821 while scrutinizing specimens
uncovered close to Les Baux in the south of France. However, it was many years later
that the term ‘bauxite’ came into being [5].

Bauxite mining in Peninsular Malaysia has been going on since 1936. During
World War II, several small bauxite deposits were exhausted from mining operations in
some parts of Johor and near the coast of Malacca [6]. According to a survey [7],
Malaysia ranked third among the world’s bauxite producers for the year 2015 (Fig. 1).
However, the detrimental environmental effects linked to bauxite extraction, led to a
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Fig. 1. Global bauxite production for 2015
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cessation of its mining activities and export since the 15th of January, 2016. While the
demand for aluminium is growing by leaps and bounds, the acknowledged reserves of
its bauxite ore are deemed adequate for meeting global needs over the long term.

2 Experimental

This section explains activities on each of materials selection, laboratory equipment,
standards and testing procedures that applied to accomplish the objectives of this study.

2.1 Materials

The control asphalt binder employed was bitumen with a penetration standing of
80/100. The binder, which was sourced from Petronas Company (Malaysia), met all the
conditions set by Jabatan Kerja Raya (Malaysian standard). Malaysian bauxite, pro-
cured from KK Best Metal Sdn. Bhd. Kuantan, Pahang, Malaysia, was used to modify
the bitumen binder.

2.2 Sample Preparation

The bauxite was first dried at a temperature of 155 °C to get rid of the moisture. Then it
was ground into a specific powder size and sieved using a 75 µm sieve. Three levels of
bauxite powder content (3, 5 and 7% by weight of bitumen) were used. The binder base
was left devoid of bauxite powder.

A stainless steel container (600 ml) was filled with 400 g of 80/100 grade base
bitumen and placed in a thermoelectric heater. When the temperature of bitumen
reached 150 °C, a high-shear mixer was dipped into the container and set to 4000 rpm.
3, 5 and 7% of Malaysian bauxite (by weight of the asphalt) was added into the
container with 0% MBP representing the control. This is illustrated in Table 1. Mixing
was continued for approximately 60 min, during which the temperature was main-
tained within the range of 150 ± 5 °C.

Table 1. Blending procedure parameters

Binder Total weight
(gm)

Mixing speed
(rpm)

Mixing temperature
(°C)

Mixing time
(min)

Control 400 4000 150 60
MBP
3%

412.4 4000 150 60

MBP
5%

421 4000 150 60

MBP
7%

430 4000 150 60
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2.3 Physical Properties

The physical properties of a MBP modified asphalt binder is a significant factor during
efforts to determine its performance level [8]. The characterization of the altered and
unaltered asphalt binders was achieved through the conducting of standard tests to
ascertain penetration, the softening point and ductility. All the specifications adhered to
the ASTM standards. This is portrayed Table 2.

2.4 Rheological Properties

The dynamic shear rheometer (DSR) test was carried out for the purpose of establishing
the rheological characteristics of the asphalt binders. This test was run from temper-
atures ranging from transitional to elevated. In order to determine the rheological
properties of asphalt binders, the Dynamic Shear Rheometer (DSR) test was performed
from intermediate to high temperatures. The DSR test serves to provide an approxi-
mation on the capacity of the asphalt binder to defy irreversible deformation. DSR test
can estimate the resistance of the asphalt binder to permanent deformation. Initially, the
complex modulus ‘G*’ and phase angle ‘d’ were ascertained. This facilitated an
examination of the asphalt binder’s resistance against irreversible deformation, and the
evaluation of its performance under transitional and elevated temperatures. The test was
conducted in accordance with AASHTO T315.

3 Results and Discussions

3.1 Physical Properties

The tests’ results for each of penetration, ductility and the softening point are discussed
in this section, to investigates the effect of the modifier on the physical characteristics
of asphalt binder.

3.1.1 Penetration
Penetration values are used to classify the material into grades. The higher the value,
the softer the binder, but a workable binder is recommended [9]. It was observed that
the penetration value of the modified asphalt binders with MBP was slightly lower than
the base asphalt. This indicates that the increase in binder stiffness was caused by the

Table 2. ASTM test specifications

Physical properties Specification Limits

Penetration @ 25 °C (mm) ASTM D5 80–100
Softening point (°C) ASTM D36 45–52
Ductility @ 25 °C (cm) ASTM D113 � 100
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addition of different percentages of MBP to the base asphalt binder. The average
penetration value for the base asphalt binder was 94 mm. This places it in the 80–100
grade. The modified asphalt binder with MBP 3% was 89 mm, followed by MBP 5%
with 87 mm and MBP 7% with 83 mm. This is displayed in Fig. 2.

3.1.2 Ductility
Due to its viscoelastic nature, the asphalt binder does not have a well-defined breaking
point. Instead, it gradually transforms into a soft form as the temperature rises [10]. The
purpose of the ductility test is to assess the flexibility of the asphalt binder at a
temperature of 25 °C. This paves the way for a prediction on the asphalt binder’s
degree of flexibility when exposed to raised and reduced temperatures. The ductility
test was carried out for the base and altered asphalt binders in compliance with ASTM
D113. While the ductility value for the base asphalt binder was observed to be 140 cm,
the values for the altered asphalt binders were 124 for MBP 3% 127 cm for MBP 5%
and 101 cm for MBP 7% as shown in Fig. 3. It was perceived that the asphalt binder’s
ductility value decreases as the percentage of MBP increases. This is attributed to the
progression in the rigidity of the asphalt binder.

3.1.3 Softening Point
The vulnerability of the asphalt binder to flow at an elevated temperature can be gauged
by way of the softening point test. Put plainly, this test establishes the temperature at
which the asphalt binder is altered from a solid to liquid state. The softening point test
was performed for the base and the modified asphalt binder according to ASTM D36.
The results revealed that the softening point of modified asphalt binders rose in tandem
with the increasing addition of MBP, while the base bitumen displayed the lowest value
in comparison to the blends. The softening point value for the base asphalt binder was
46 °C, while the modified asphalt binder with MBP 3% was 47 °C, MBP 5% was 48 °
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C and MBP 7% was 49 °C. Additionally, it was perceived that the softening point
value of the altered asphalt binder rose from 1 to 3 °C with an increase in the MPB
percentage from 3 to 7%. However, an increase in MBP of 7° led to a drop in the
softening point value. This is illustrated in Fig. 4.

3.2 Rheological Properties

The DSR was utilized to evaluate the rheological properties of asphalt binders under
transitional to raised temperatures. Complex modulus (G*) and phase angle (d) were
the two parameters used for assessing the rheology (or viscoelastic properties) of the
altered asphalt binders. G* represents the asphalt binder’s sum resistance to irreversible
deformation when frequently clipped. The higher the value of G*, the higher the
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asphalt binder’s resistance level against permanent deformation. d is defined as the
phase angle flanked by stress and strain. It is strongly influenced by the temperature
and frequency of traffic loading. This phase angle can also be utilized as a guide for
evaluations on the elasticity and viscosity of asphalt binders. The lower the value of d,
the higher the elasticity level of the asphalt binder and its resistance against rutting
deformation. In comparison to the asphalt binders modified by varying percentages of
MBP, the base asphalt binder recorded the least complex modulus G* value at the
temperatures tested. This is portrayed in Fig. 5. On the other hand, the phase angle
value of the base binder was the highest in comparison to the other percentages of MBP
modified asphalt binders. This is illustrated in Fig. 6. Thus, the MBP modified asphalt
binder exhibited higher elastic properties and more resistance to rutting deformation
than the base binder.
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4 Conclusion

The results attained from the physical properties tests (penetration, ductility and soft-
ening point) revealed that the stiffness of the asphalt binder was *12% enhanced.
The DSR results revealed a promotion in the (G*) and (d) values at elevated tem-
peratures. This is an indication that the viscoelasticity behaviour of the asphalt binders
was improved. In other words, when compared to the base asphalt binder, the MBP 5%
exhibited *31% enhancing, which improved the resistance towards rutting deforma-
tion. As such, the test results confirm that the introduction of MBP into the asphalt
binders served to enhance their properties, and thus their performance.
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Abstract. For the first time, this study assessed the rheological and physical
properties of asphalt binder combined with nano bauxite powder (NBP) derived
from raw Malaysian bauxite. The physical properties were evaluated via con-
ventional tests like softening point, penetration, rotational viscosity and ductil-
ity, while the impacts of NBP modified asphalt binders on rheological properties
were assessed via dynamic shear rheometer (DSR). In addition, the morphology
(nanoparticles size and shape) of the NBP was studied using transmission
electron microscopy (TEM). The results show that using of NBP as a modifier
increases the hardness of the asphalt binder and improves its physical properties.
Compared with unmodified asphalt binder, there was *11% enhancement in
softening point and *16% decrease in penetration of modified asphalt binders.
In a similar manner, compared with base asphalt binder, there was increase in
G* and G*/sin d values for the modified asphalt binders and decrease in d
values, which suggests that there was an enhancement in the resistant property
of the modified asphalt binders to permanent deformation (rutting). Therefore, to
alter asphalt binder’s properties, NBP is considered as an optimum additive.

Keywords: Nano bauxite powder � Physical proprieties � Dynamic shear
rheometer and TEM

1 Introduction

With growing population worldwide, there has also been an increase in the number of
vehicles globally, particularly in developed countries, which has resulted in a lot of
pavement issues [1]. Asphalt pavement has to be able to withstand the loads in various
climatic conditions, existing heavy loads and expected future loads for an acceptable
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period. Therefore, to reduce the pavement distresses, the asphalt binder and asphalt
mixes need to be enhanced. As early as the 1950s, the application of asphalt modifiers
has been applied in the road structure industry to improve the performance of asphalt
pavement [2]. Modifiers such as fillers, fibres, extenders polymer, oxidants, and
nanocomposites materials had been applied for several years in asphalt binder to
improve its properties.

Nanotechnology is microscopic particles of material, it is new materials that
recently become popular and one of the large and important parts of research and
development worldwide. It has been lighted on and used to control the problems in the
design and construction of practical structures [3]. Nanotechnology is also defined as
micro-scale fillers which can make improvements in the performance of the asphalt
binder [4]. The asphalt pavement system can reap various benefits by employing
nanotechnology as a modifier in asphalt mixture and asphalt binder. Some of the
benefits include decrease in moisture damage, enhancement of asphalt properties
during high and low temperatures, durability improvement of the asphalt mixture,
energy saving and decrease in maintenance costs [3, 5–7].

In previous research studies, the performance of asphalt binder modified with
different types of nanomaterials have been described. In addition, various papers have
been published evaluating the performance of asphalt binder modified with polymers
like EVA, SBR or SBS. However, in the literature, there is limited information
regarding the NBP-modified asphalt binder’s characteristics. Various contents of
nanosilica were employed [8] to modify the asphalt binder. They found acceptable
performance at high temperature with modified asphalt binders, suggesting it is better
suited for high load traffic roads and high temperature regions. Additionally, [9]
employed nano ZnO with various sizes of nanoparticles (average diameter of 2, 80 and
350 nm) to examine the performance of mixture and asphalt binder. The results of
experimental evaluation show that the moisture susceptibility, flexural tensile strengths
and low temperature bending strains of asphalt mixtures are improved with decreasing
of ZnO particle size. Generally, an improvement in the performance grade leading to
higher resistance to rutting deformation was obvious. The performance of nano bauxite
powder-modified asphalt binder has been evaluated in this study considering modified
asphalt binders’ rheological and physical properties.

2 Experimental Design

2.1 Materials

We used asphalt binder 80/100 penetration grade as control asphalt binder, provided by
Petronas Company (Malaysia). The raw material Malaysian bauxite was obtained from
KK Best Metal Sdn. Bhd. Kuantan, Pahang, Malaysia, which is employed as a modifier
to the asphalt binder.
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2.2 Sample Preparation

2.2.1 Production of Nano Bauxite Powder (NBP)
The raw supplied bauxite was first ground into a specific powder size using LAAV
machine and then, it sieved using a 75 µm sieve. Subsequently, the powder was dried
at temperature 145 °C for getting rid of the moisture. After that, the bauxite powder
was heated at 125 °C in an oven for 30 min. Thereafter, using a bowl mill machine the
bauxite powder ground for 5, 10 and 15 h to measure the optimum grinding time.

2.2.2 Preparation of Modified Asphalt Binder
Into the base asphalt binder, addition of nano bauxite powder (NBP) was done in three
different concentrations, namely 3, 5 and 7% NBP by weight of the asphalt binder.
A high shear mixer at a speed of 3000 rpm was employed for mixing all modified
asphalt binders. During the mixing process (approximately 60 min), temperature within
the range of 160 ± 3 °C was maintained.

2.3 TEM

Transmission electron microscope (TEM, Hitachi HT7700) with high magnification
and image resolution (1 nm) was employed to investigate the morphology (nanopar-
ticles shape and size) of NBP.

2.4 Physical Properties

When evaluating the performance of the modified asphalt binder, the physical properties
are critical parameters. The property changes of the asphalt binder modifiedwith NBP, by
comparing with the original asphalt binder, were assessed through physical tests such as
ductility (ASTM D5), penetration (ASTM D5) and the softening point (ASTM D113).

2.5 Viscosity

The flow characteristics of the asphalt binder were assessed through the rotational
viscosity test to get an initial idea if it can be handled and pumped when performing hot
mixing. This study employed a Brookfield rotational viscometer to describe the
modified and unmodified asphalt binder viscosity. Based on Superpave test parameters
(Asphalt Institute 2007), the viscosity was measured by testing all samples with a
spindle No. 27 that has a constant rotational speed of 20 rpm and maintained under
temperatures of 135 and 165 °C.

2.6 Rheological Properties

The rheological properties of the unmodified and modified asphalt were determined by
employing Dynamic Shear Rheometer (DSR). For all binders, a plate with a diameter
of 25 mm and thickness of 1 mm was employed to characterise the viscous and elastic
behaviour of asphalt binder at intermediate and high service temperatures conforming
to AASHTO T315. Moreover, the impacts of employing NBP modified asphalt binders
were investigated by measuring the phase angle (d), complex modulus (G*) and rutting
resistance parameter (G*/sin d) of asphalt binder.

40 H. M. A. Elghatas et al.



3 Results and Discussions

3.1 TEM

Figure 1 shows the TEM images of the NBP, with ellipsoidal nanoparticles while, the
grain size distribution of the NBP during the grinding time which obtained from the
TEM images is shown in Fig. 2. The agglomeration of nanoparticles in the micrograph
attributed to the high surface energy and strong surface tension of ultrafine nanopar-
ticles. Moreover, the fine particle size resulted in a large surface area, which enhanced
the catalytic activity of the nanoparticle. The NBP grain sizes were 300–325, 125–150,
and 10–20 nm for the grinding time durations of 5, 10, and 15 h, respectively.
Grinding duration time of 15 h was selected as the optimum duration time to produce a
nano bauxite powder with major nanoparticles size ranging from 10 to 20 nm.

3.2 Physical Properties

The impact of employing NBP as an additive along with the asphalt binder was
recorded for the modified asphalt binder samples as physical properties. Figure 3
shows the relationship between the point values for ductility, penetration and softening
and the NBP concentration. Rise in the NBP concentration was seen to cause a
reduction in penetration values, which suggest that the modified asphalt binder has

Fig. 1. Transmission electron microscopy (TEM) images of the nano bauxite powder (NBP)
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become stiffer. Moreover, a reduction in the ductility values was seen due to increase in
MBP concentration, as a result of the modified asphalt binder becoming stiffer.
Moreover, the modified asphalt binders’ softening point was improved because of
increase in modified asphalt binder’s hardness.

3.3 Viscosity

Figure 4 presents the rotational viscosity values for the base as well as modified asphalt
binder. On adding NBP to the asphalt binder, the viscosity value was seen to increase at

Fig. 2. Particular size distribution of the NBP during grinding time obtained from TEM images
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test temperatures (135 and 165 °C). The hardening effect of NBP led to increase in
viscosity. Furthermore, the NBP layers’ better dispersion in the base binder could also
result in increase in viscosity value of the modified asphalt binder, which results in
strengthening the bonding by restricting the asphalt flow. All these ultimately lead to
increase in the hardness of the asphalt binder and enhancement of its physical properties.

3.4 Rheological Properties

Complex modulus (G*) is also referred to as the asphalt binder’s total resistance to
rutting deformation, where the higher the value of G*, the greater will be the resistance
to permanent deformation. Figure 5 shows the test temperature together with the
complex modulus (G*) for the base and modified asphalt binder with NBP. The
increase in G* value in the modified asphalt binder was observed. As seen in Fig. 5, it
is obviously that 5% NBP has the highest value of complex modulus G* among the
binders while the base binder has the lowest G* value, which means the modified
asphalt binder with NBP has higher resistance to permanent deformation compared
with the base asphalt binder.

The phase angle (d) represents the angle between the strain and stress under the
loading frequency, and it also relies on the temperature of the test. The phase angle (d)
is an indicator for defining viscous and elastic behaviours of the asphalt binder, in
which the greater the value of d, the higher the viscous behaviour it will display.
Meanwhile, the low d value represents higher elastic behaviour. Figure 6 presents the
phase angle (d) together with the test temperature for the unmodified and modified
asphalt binders. The d values for all modified asphalt concentrations reduced when
compared with the base asphalt binder, which suggests that the addition of NBP
improves the elastic behaviour. Also, as noted in Fig. 6, 5% NBP has the lowest value
of d compared to with the other percentages of the modified asphalt binder which
means it has the highest elastic properties and is more resistant to rutting deformation.
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Referring to the previous studies [10, 11], the rutting resistance of the asphalt
binder can be characterised with the value of G*/sin d at high temperatures. The
superpave technique requires the minimum value for G*/sin d to be 1 kPa for the
rutting parameter of unaged samples [12]. Also, enhanced permanent deformation
resistance pavement is confirmed with a higher value of G*/sin d. As displayed in
Fig. 7, the lowest value of G*/sin d was associated with the base asphalt binder while

Fig. 5. Test temperature alongside the complex modulus (G*)
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the highest value of G*/sin d was associated with the 5% NBP. Furthermore, for all the
modified asphalt binder concentrations associated with NBP, an increase in G*/sin
values was observed, which suggests enhanced permanent deformation resistance by
employing NBP modified asphalt binder.

4 Conclusion

The study included various tests for ductility, penetration and softening point, rota-
tional viscosity and dynamic shear rheometer (DSR) to assess nano bauxite powder
modified asphalt binder’s performance. The following conclusions have been derived
according to the obtained results:

i. NBP was successfully produced by grinding the raw bauxite for 15 h. TEM
images showed the existence of ellipsoidal nanoparticles with a grain size ranging
from 10 to 20 nm.

ii. As seen through conventional tests, employing NBP increased the stiffness of the
modified binders, which also suggests enhancement of their temperature sus-
ceptibility, and improved softening point for all modified binders than with the
base asphalt binder.

iii. There was an increase in viscosity values for all modified asphalt binders than
with the base asphalt binder, which also improved the physical properties of the
asphalt binder as well as increases its hardness.

iv. When compared with the base asphalt binder, there was an increase in the values
of G* and G*/sin d for the modified asphalt binders along with a decrease in d
values, which suggests enhanced resistance to permanent deformation (rutting).
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In general, enhancement in the rheological and physical properties of asphalt binder
was seen when the NBP-modified asphalt binder was employed. Further, the optimum
percentage that is considered for the modifier can therefore be 5% NBP.

References

1. Ismael Albrka, S., Ismail, A., Yahia, H.A.M., Azizul Ladin, M.: Application of transyt-7f on
signalized road junction networks in Shah Alam and Petaling Jaya. Jurnal Teknologi
(Sciences and Engineering), 69(2), 59–64 (2014). https://doi.org/10.11113/jt.v69.3108

2. Roberts, F.L., Kandhal, P.S., Brown, E.R., Lee, D.-Y., Kennedy, T.W.: Hot mix asphalt
materials, mixture design and construction (1991)

3. Yang, J., Tighe, S.:. A review of advances of nanotechnology in asphalt mixtures. Procedia—
Social Behav. Sci. 96(Cictp), 1269–1276 (2013). https://doi.org/10.1016/j.sbspro.2013.08.
144

4. Albrka Ali, S.I., Ismail, A., Md. Yusoff, N.I., Abdul Hassan, N., Ibrahim, A.N.H.:.
Characterization of the performance of aluminium oxide nanoparticles modified asphalt
binder. Jurnal Teknologi (Science & Engineering) 78(4), 91–96 (2016)

5. Hainin, M.R., Matori, M.Y., Akin, O.E.: Evaluation of factors influencing strength of foamed
bitumen stabilised mix. Jurnal Teknologi 70(4), 111–119 (2014). https://doi.org/10.11113/jt.
v70.3499

6. Hussein, A.A., Jaya, R.P., Abdul Hassan, N., Yaacob, H., Huseien, G.F., Ibrahim, M.H.W.:
Performance of nanoceramic powder on the chemical and physical properties of bitumen.
Constr. Build. Mater 156, 496–505 (2017). https://doi.org/10.1016/j.conbuildmat.2017.09.
014

7. Mubaraki, M., Ali, S.I.A., Ismail, A., Yusoff, N.I.M.: Rheological evaluation of asphalt
cements modified with ASA polymer and Al2O3 nanoparticles. Procedia Engineering 143
(Ictg), 1276–1284 (2016). https://doi.org/10.1016/j.proeng.2016.06.135

8. Abdullah, M., Zamhari, K., Nayan, N., Hainin, M., Hermadi, M.: Physical properties and
storage stability of asphalt binder modified with nanoclay and warm asphalt additives.
World J. Eng. 9(2), 155–160 (2012)

9. Zhang, H., Gao, Y., Guo, G., Zhao, B., Yu, J.: Effects of ZnO particle size on properties of
asphalt and asphalt mixture. Constr. Build. Mater. 159, 578–586 (2018)

10. Ali, S.I.A., Ismail, A.,Yusoff, N.I.M.,Karim,M.R.,Al-Mansob, R.A.,Alhamali, D.I.: Physical
and rheological properties of acrylate-styrene-acrylonitrile modified asphalt cement. Constr.
Build. Mater. 93, 326–334 (2015). https://doi.org/10.1016/j.conbuildmat.2015.05.016

11. Idrus, M., Masirin, M., Musbah, A., Allam, A., Suliman, A., Ali, B.: SCIENCE &
TECHNOLOGY Effect of Batu Pahat Soft Clay (BPSC) Concentrations on the Physical and
Rheological Properties of Asphalt Binder, 25, 101–108 (2017)

12. Khadivar, A., Kavussi, A.: Rheological characteristics of SBR and NR polymer modified
bitumen emulsions at average pavement temperatures. Constr. Build. Mater. 47, 1099–1105
(2013)

46 H. M. A. Elghatas et al.

http://dx.doi.org/10.11113/jt.v69.3108
http://dx.doi.org/10.1016/j.sbspro.2013.08.144
http://dx.doi.org/10.1016/j.sbspro.2013.08.144
http://dx.doi.org/10.11113/jt.v70.3499
http://dx.doi.org/10.11113/jt.v70.3499
http://dx.doi.org/10.1016/j.conbuildmat.2017.09.014
http://dx.doi.org/10.1016/j.conbuildmat.2017.09.014
http://dx.doi.org/10.1016/j.proeng.2016.06.135
http://dx.doi.org/10.1016/j.conbuildmat.2015.05.016


Behavior of Laminated-Timber Slab Using
Mechanical Connector

A. P. Yosafat(&), M. Roi, H. S. Jean, I. Y. Sarah, and T. L. Chris

Department of Civil Engineering, Universitas Kristen Maranatha,
Bandung, Indonesia

yosafat.ap@gmail.com, yosafat.ap@eng.maranatha.edu

Abstract. The behavior of the floor slab supports the function of the slab. In
high-rise residential buildings, the behavior that needs to be known is due to the
presence of static load and vibration load. Behavior due to static load is
the flexural behavior of the floor slab due to the loads that work on it is the
gravitational load. This study discussed the bending behavior of laminated
timber floor slab due to static load. The scope of the research is the wood used is
Mersawa wood (Anisoptera spp.), The test used three point loading test in
accordance with ASTM D143, the behavior discussed is flexural strength, the
laminate floor slab is arranged horizontally with the mechanical connector that is
bolt with 10 mm diameter. The test shows that the average bending capacity
(proportional limit load) is 25.65 kN. The failure mode occur is simple tension.
The result of the test indicated that, in general the proportional limit load is
higher than service load, so the floor slab can be used for residential building,
such as multistory buildings. The deflection of wooden floor slabs due to static
and vibration loads is smaller than the permit deflection limit. These results
indicate that the slab has sufficient stiffness and has adequate comfort to the
vibration.

Keywords: Slab � Timber � Laminated � Bolt � Flexural

1 Introduction

Indonesia is a tropical country which is rich in natural resources, such as timber.
Timber is one of the building materials that are widely used as supporting the structure
of the building. In Indonesia timber as a construction material is still widely used,
among others, used for midrise buildings, houses, bridges, train bearings, and others.
Especially in building buildings, timber construction is widely used to make trusses,
beams, columns, and slabs. In Indonesia, traditional wooden houses such as stage
houses mostly use wooden construction [8]. Along with the development of time,
timber construction is still widely used in modern buildings both regular houses and
multi-story buildings. One of the many wooden structure components is the floor slab.
The floor slab is the structure that first receives the load, both dead and live loads which
then channel to another frame structure system (Fig. 1).

© Springer Nature Singapore Pte Ltd. 2019
M. Awang and M. H. Isa (eds.), The Advances in Civil Engineering Materials,
Lecture Notes in Civil Engineering 19, https://doi.org/10.1007/978-981-13-2511-3_6

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_6&amp;domain=pdf


Timber is increasingly difficult to find especially solid wood with large dimensions
and long spans due to illegal logging that occurs more and more, especially in
Indonesia. The average available timber has a small diameter and short span whereas in
the construction of buildings used timber that has a large diameter and long span. This
scarcity of solid timber has resulted in consultants seeking solutions to this problem.
One solution is the method of timber engineering. One example of the method of
timber engineering is laminated timber. Laminated timber is processed wood consisting
of several layers of wood arranged in such a way as to form a unity of lamina. The use
of laminated timber is more advantageous from several sides. The advantages include:
stronger power three times or equivalent solid sawn timber, expanding very small wood
shrinkage, and varying wood dimensions. The use of laminated timber is highly rec-
ommended for earthquake prone buildings. So laminated timber is preferred by
consumers.

In addition, another problem faced is the application of laminated timber to the
structural system in an innovative and easy to implement in the field. Laminated timber
with a mechanical system (bolts) can be a solution to the problem. One example of
applying laminated timber to the structural system is the floor slab. Material selection
for floor slabs is an important thing to consider considering the floor slab is the
structure that first receives the load which then channeled to another truss system.

The aim of this research is to study behavior of the bending behavior of laminated
timber floor slab due to static load, which are strength both at proportional load and
ultimate limit load, stiffness or ductility of floor slab. The scope of the research is the
wood used, which is Mersawa wood (Anisoptera spp.), The test used is three point
loading test in accordance with ASTM D143 [2], the behavior discussed is flexural
strength, the laminate floor slab is arranged horizontally with the mechanical connector
that is bolt with 10 mm diameter and 200 mm spaces between bolts. Specimens used
for the study amounted to 3 (three) specimens.

(a) Beam and Colum System. (b) Beam setup for house-floor.

Fig. 1. Minangkabau traditional wooden house [8]
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2 Basic Theory

2.1 Bending Strength, Shear Strength, and Deformation

Basic theory used for design are bending strength, shear strength, and deformation in
accordance with SNI 7973:2013 [3]. The normal stress analysis of bending section
beams due to bending is used to calculate the flexural stress distribution at the cross
section in the middle of the span. From the calculation result that is the bending stress
on the tensile part, it can be known the magnitude of tensile force [5]. Flexural nominal
strength (for beam with rectangular cross section) in accordance with SNI 7973:2013
[3] which is the design method of LRFD (Load Resistance Factor Design),

fb �F0
b ð1Þ

where fb and Fb′ are,

fb ¼ M:y
Ix

ð2Þ

F0
b ¼ Fb:CM :Ct:CL:CF :Cfu:Cr:Ci:KF :/b:k ð3Þ

where fb is normal stress due to flexural, M is flexural moment, y is distance from
centroid axis to edge of beam, Fb′ is adjusted bending design, Fb is reference bending
design (flexural strength parallel to the grain), CM is wet service factor, Ct is temper-
ature factor, CL is stability correction factor, CF is size factor for sawn lumber, Cfu is
flat use factor, Cr is repetitive member factor for dimension lumber, Ci is incising factor
for dimension lumber, KF is format conversion factor, /b is resistance factor for
bending, k is time effect factor.

The design rules of shear strength used by the design method of LRFD (Load
Resistance Factor Design) are reviewed from SNI 7973: 2013 [3]. The following
equations of parallel shear strength requirements of parallel fiber on solid wood are,

fv �F0
v ð4Þ

where fv and Fv′ are,

fv ¼ V :Q
ðIx:bÞ ð5Þ

F0
v ¼ Fv:CM :Ct:Ci:KF :/v:k ð6Þ

where fv is actual shear stress parallel to the grain, Fv′ is adjusted shear stress parallel to
the grain, V is shear force, Fv is reference shear stress parallel to the grain, Q is static
moment of cross section, Ix is inertia moment of cross section, b and d are width and
height of beam, and /v is resistance factor for shear.

The design of the bending moment force used in the LRFD design method is
reviewed from SNI 7973: 2013. In addition, there are several provisions concerning the
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beam stability factor. The slenderness ratio (RB) for the bending structure component,
shall meet the requirements,

RB ¼ le:d
b2

� �0:5

� 50 ð7Þ

where le is effective length of beam and lu is actual length of beam. To review the
requirements analysis of structural deflection requirements,

D0 �Dallowed ð8Þ

where Δ′ is deflection of beam due to loads.

2.2 Methods for Determine Proportional and Ultimate Loads

Knowledge of the method of determining the proportional point and the ultimate limit
loads is very important. There are several methods that can be used to determine this
point, especially for wood materials [6] i.e. EEEP and Yasumura and Kawai methods.

The EEEP (Equivalent Energy Elastic-Plastic Curve) method is a commonly used
method of steel material and often wood material, i.e. curve modeling into a perfect
elastic-plastic behavior model (Fig. 2a). The extent of the empirical test result curve is
assumed to be equal to the area of the bilinier curve. In the Yasumura and Kawai
methods, initial rigidity (straight line) is calculated between the range of 10–40% of the
maximum load. Next is defined a straight line between two points where the value of
40 and 90% of the maximum load. The melting point is determined from the meeting of
the two lines (Fig. 2b). Figure 3 shows an example of load determination under pro-
portional load (Py) load conditions and loads on ultimate boundary conditions (Pu).
Thus it can also be determined by the deformation in term of proportional (dy) and
ultimate (du) limits.

(a). EEEP. (b). Yasumura and Kawai.

Fig. 2. EEEP and Yasumura and Kawai methods for determining the proportional [6]
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2.3 Effect of Vibration

Floor structure planning can not be separated from the influence of the vibration, both
temporary with short duration and long duration. The vibration serviceability condition
of the wood floor slab structure is related to the size of the floor span, the longer the
span the impact of the vibration will be greater. Some wood regulations govern the
requirements regarding the conditions of comfort limits to vibrations. In Indone-
sian SNI wood regulations SNI 7973: 2013 [3], specifically has not regulated this
matter. From the literary sources of Weckendorf et al. [9], it can be learned that
attenuation is an important characteristic of the vibration response of the structural
system. Damping can convert kinetic energy into heat, reducing the amplitude of the
force or free dynamic movement. In the timber regulation of Eurocode 5 [4] there are
design criteria related to vibration in the wood floor slab structure system. Criteria
designs include vibrations generated by mechanical or electronic machines placed on
floor systems, permissible serviceability requirements, and damping ratio estimation
calculations. The Eurocode 5 regulation recommends a 1% damping ratio. This
regulation recommends for one segment system structure, the fundamental capital
frequency is 11.5 Hz. The existence of vibration frequency resulted in the existence of
mass capital, according to the rules of Design Guide for Floor Vibrations [1] then
calculation of mass capital can be calculated by equation as follows,

f1 ¼ 18
d

ð9Þ

Mmod ¼ M:
d2x þ d2y
2:d2

þ 8
p2

dx þ dy
d2

" #
ð10Þ

Fig. 3. Example determines the proportional and ultimate limit loads using Yasumura and
Kawai method [7]

Behavior of Laminated-Timber Slab Using Mechanical Connector 51



with f1 being the first eigen frequency and d is the deflection due to the gravitational
load and Mmod is the mass capital. Mmod is further used as an additional mass due to
vibration. In this proposal, the deflection discussed is a deflection in the direction of
gravity (y-axis).

3 Case Study and Discussion

In this research, the specimens that were used (see Fig. 4), previously had preliminary
analysis, and from the results of the analysis that has been done, it can be concluded
that the mechanical laminate flooring slabs resulting from this research are mechanized
laminated timber flooring slabs (b) 450 mm � (d) 60 mm, 5 lamina, 90 mm thick
laminate, vertical laminate system. The length of each beam is 1050 mm. Total length
of beam span with connection 1200 mm. Mechanical lamination tool is a 10 mm bolt
diameter, and space distance per 20 cm. Specification of wood material and connection
material used in this research are Mersawa wooden rod (Anisoptera spp.) with cross-
sectional size (after 4 shades) 90 mm � 60 mm, used to make wooden floor slabs. The
length of the rod is 1200 mm. The number of logs required to make the specimen is 5
(five) laminae. Steel bolt with 10 mm diameter with flexural yield strength Fyb equal to
310 MPa (As per guidance of SNI 7973: 2013). Steel ring with an outer diameter of 26,
13 mm inner diameter, and 0.95 mm ring thickness. Figure 4 show the setup of the
specimens on Universal Testing Machine.

Figure 5 shows the results obtained from tests. Failure of the specimens after reach
the ultimate loads. The failure mode occur is simple tension. Table 1 show the results
of Proportional and Ultimate Limit, both for Loads and Displacements that obtained
from tests for all 3 (three) specimens. Methods used are Yasumura and Kawai
Methods [6].

(a). Universal Testing Machine (UTM).        (b). Specimen placed at UTM.

Fig. 4. Setup of the specimens on universal testing machine
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Figure 6 show the results obtained from tests which are load-displacement curves
of bending tests. The laminated wood floor slab is designed to withstand maximum
load (P) of 31.51 kN. This load is the maximum load limit based on the reference
strength of sawn timber E18 according to the reference of SNI 7973: 2013. These
results indicate that the beam has sufficient strength according to SNI regulations. The
deflection of the wooden floor slab (D) is smaller than the permit deflection limit
(allowed). These results indicate that the beams have sufficient stiffness according to
SNI regulations. Additional mass calculations due to the effect of vibration using
Eqs. 9 and 10,

f1 ¼ 18
0:35

¼ 51:43Hz

Mmod ¼ 293:46
02 þ 0:352

2 � 0:352
þ 0

� �
¼ 146:73 kg

Therefore, due to the additional mass due to vibration, the effect on the amount of
deflection. From the analysis of the structure of the floor slab to the effect of gravity and
vibration loads. From result of modeling SAP2000, got deflection result of floor slab
equal to 0.316 mm while the limit is 3.5 mm, so the deflection of the floor slab
D < Dallowed then the slab meets the comfort requirements of the vibration due to
the load.

(a) Simple tension failure of S20-B01.     (b) Simple tension failure of S20-B02.

Fig. 5. Failure of the specimens after reach the ultimate loads

Table 1. Proportional and ultimate limit load and displacement obtained from tests

Specimen Py (N) Dy (mm) Pu (N) Du (mm) l

S20-B01 31.21 6.78 41.11 12.54 1.85
S20-B02 21.34 8.23 26.05 12.40 1.51
S20-B03 24.39 10.73 29.18 23.69 2.21
Average 25.65 8.58 32.11 16.21 1.85
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4 Conclusion

The test shows that the average bending capacity (proportional limit load) is 25.65 kN.
The failure mode occur is simple tension. The result of the test indicated that, in general
the proportional limit load is higher than service load, so the floor slab can be used for
residential building, such as multi-story building. The deflection of wooden floor slabs
(D) is smaller than the permit deflection limit and indicate that the slab has sufficient
stiffness according to SNI regulations. Deflection due to vibration of wooden floor
slabs (D) is smaller than the permit deflection limit and indicate that the slab has
adequate comfort to the vibration of the load.
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Abstract. The number of natural hazards, defined as threats or risks of natu-
rally occurring disasters, has increased noticeably in recent years. Governments
on the local and international level have made enormous efforts to develop
systematic techniques and form agencies to deal with the occurrence of disas-
ters. Learning from sequences of past crises could significantly enhance the
awareness, preparedness, and response of people toward natural disasters.
Moreover, understanding human responsibility is key, as mistreatment of the
environment and poor planning in rapid community development impacts and
increases the occurrence of natural disasters. This paper discusses the issue of
culture in disaster management through an intensive analysis of the relevant
literature. Despite the framework of the Malaysian government to increase
public awareness of natural hazards leading to disasters, the Malaysian com-
munity still has little knowledge of risk reduction. Research reveals that the
integration of culture in disaster management has proven to be significant in
reducing the number of disaster-related deaths.

1 Introduction

Disasters can be defined as sudden occurrences in nature causing loss of life and
property as well as environmental effects that impact citizens’ daily activities, and such
disasters are often believed to be unavoidable [1]. However, natural disasters are also a
social phenomenon, and there is human agency involved in the prevention and man-
agement of disasters. Weakness of society awareness is an important factor in the
occurrence of natural disasters [2]. The first issue was the miscommunication between
the monitoring Centre’s departments regarding the eruption of the Indian Ocean tsu-
nami. The Pacific Tsunami Monitoring Centre (PTMC) in Honolulu, Hawaii, detected
two signals; the first came 18 min after the eruption of the tsunami which was believed
to be a false alarm. The second one was 65 min later which caused the Indian Ocean
tsunami tragedy. It was not required for government officials to communicate with the
Indian Ocean region as there was no such contract or commitment in place. Further-
more, it would not have made a difference if the disaster had been announced as the
region had no effective civil defense mechanism to distribute information to people.
This circumstance was unprecedented.

The International Federation of Red Cross and Red Crescent Societies (IFRCRCS)
define disaster management as the organization and oversight of resources and
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responsibilities for dealing with all humanitarian aspects of emergencies, particularly
preparedness, response, and recovery, in order to lessen the impact of disasters [3]. The
number of natural hazards has rapidly increased in recent years due to several factors,
such as climate change, new patterns of marginalization, and population growth. An
increased number of disasters has resulted in thousands of deaths, while the cost of
these disasters has reached over billions of dollars [3, 4]. The Center for Research on
the Epidemiology of Disasters (CRED) estimated the number of deaths by natural
disasters at 235,000, with 2.14 million people affected and over $190 billion spent in
2008 alone [5]. Many strategies have been applied for dealing with small-, medium-,
and large-scale disasters to help vulnerable people worldwide. It is essential to promote
a culture of safety and preparedness among people to reduce the risk of disaster.

Based on recent natural disasters incidents, undoubtedly, there is no country that
has not encountered the threat of disaster; however, there are several levels of disaster
that differ from country to country. Preparedness and prevention may not be adequate
sometimes because the risk of disaster is various and often based on geographic
location. The Asian-Pacific region, suffered from frequent natural hazards and disasters
from 1995 to 2004. China, Indonesia, Iran, and Pakistan have a high risk of earth-
quakes; small islands like the Maldives have risks from the sea; Bangladesh, parts of
China, and India have suffered from frequent floods [6].

Furthermore, risk reduction and disaster management have no standardized cycle.
Different agencies have different roles depending on their objectives. However, disaster
management is carried out by a framework of general principles: Mitigation, Risk
reduction, Prevention Preparedness, Response, and Recovery.

There are many key players in the disaster warning and management process [7]:
communities, local governments, national governments, regional institutions and
organizations, international bodies, non-governmental organizations, the private sector,
the media, and the scientific community. Research shows how different agencies,
governments, and communities have dealt with recent disastrous events, and specific
examples will be discussed further in this article.

2 The Role of Government and Agencies

The impact and aftermath of the Indian Ocean tsunami in December 2004, which
caused over 350 thousand deaths (with over 50 thousand missing), focusing on eco-
nomic issues [8]. Sri Lanka and Indonesia were among the countries that suffered the
most from this tragedy. The research also examines the role of the public, international
agencies, and organizations in disaster relief after the tsunami. While the Indian Ocean
tsunami is considered unique and one of the largest natural disasters in recent history, it
has been valuable for the study of disaster management, as it gained global attention
and numerous countries sent aid. The vast impact of the tsunami created difficulties for
agencies and international organizations in offering logistical help; therefore, estab-
lishing a disaster monitoring system that increased public awareness on a global level
was necessary. There were various roles needed to reduce workload and oversee
preparations. The major role of the agencies was to avoid duplication of tasks and
setting up procedures for translating aid pledges into actual aid flows; individual donors
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played their part in disaster relief by using informal private channels to gain funds and
to avoid untoward effects of massive aid inflows.

In response to the disaster, $6.3 billion was pledged by 2005 from 78 countries and
30 organizations and individuals [9]; another $1.6 billion was received from private
contributions, and in some donor countries, such as the United Kingdom, the United
States, and Italy, private contributions exceeded the sizable government contributions
by a wide margin [8]. Table 1 provides statistics from the 2004 tsunami and highlights
the various types of donors who contributed aid for recovery. Contributing organiza-
tions are listed: FAO (Food and Agriculture Organization), UNDP (United Nations
Development Programme), UNEP (United Nations Environment Programme),
American Red Cross, Arab Gulf Fund, Asian Development Bank, Disasters Emergency
Committee (UK), European Commission, European Commission, EuropeAid Co-
operation Office, European Commission Humanitarian Aid Office, ROLEX, UNICEF
NATCOMs, United Nations Fund for International Partnership, and Private sectors.
Commitments for aid were made after the tsunami occurred, and most aid was sent to
multilateral relief organizations, such as UNICEF, WHO, ILO, WFO, Red Cross, and
various NGOs.

A study from [10] highlights the agencies’ joint efforts to indicate on a map where
the tsunami would most likely hit in Indonesia and their approach to a systematic and
comprehensive monitoring system. Those agencies are the Meteorology and Geo-
physics Agency, Volcano and Geological Disaster Mitigation Directorate, The Ministry
of Energy and Mineral Resources, and Center of Geological Research and Develop-
ment. However, due to the fact that there was not enough funding, the program failed;
even with the existence of such a system, it is doubtful that it would have made a
difference in the 2004 tsunami as it was massive and reached land in such a short time

Table 1. The tsunami devastation summary (February 2005)

Country Areas affected Damage Displaced Deaths Missing
people

India 2200 km of costal land;
300 m to 3 km island, and
3 million people

897 villages, 157,393 dwelling
units, 11,827 ha of cropped area,
US$1.56 bn assets

647,556 10,872 5551

Indonesia Aceh, 14 out of 21
districts; 1 million people

172 sub-districts, 1550 villages,
and 21,659 houses

811,409 166,760 127,749

Malaysia North West states of
Penang and Kedah

8000 68 6

Maldives 20 atolls 100,000 people 10,578 82 26

Myanmar 23 villages 592 houses of 17 villages 2591 At least
2500

–

Sri
Lanka

1720 km of coastal land;
300 m to 3 km inland, 103
families.

78,529 fully damaged houses;
41,097 partly damaged houses

502,668 30,959 5644

Thailand 6 provinces on the west
coast

6.85 million baht have been
provided to assist victims

– 5392 3100

Somalia Puntland region worst hit,
650 km coast line

600 families have lost properties.
2600 fishing boats destroyed

4000 At least
150

N/A

Source www.economist.com
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(15 min). However, Disaster management in Indonesia has developed alternative
strategies to respond to the natural disaster. Disaster management involves the gov-
ernment’s response to a massive natural disaster in three phases [8]: emergency and
rescue operations, rehabilitation of basic socio-economic infrastructure, law, and order,
and rebuilding of the economy and governmental system.

A study published [11] discusses the 2004 tsunami, its impact on Thailand, and the
role of disaster management. The tragedy left 5395 dead and 2822 missing in Thailand.
The research promotes strengthening disaster mitigation and preparedness in order to
enhance the community’s resilience in such events. It is undeniable that earthquakes
and ensuing tsunamis cannot be prevented; however, it is possible to reduce the
destructive aftermath and keep the number of deaths to a minimum through an inte-
grated approach that includes prevention, preparedness, response, and recovery. In
Thailand, however, disaster management mostly focused on emergency response and
post-impact recovery, and after the 2004 tsunami, such approaches proved to be
insufficient to deal with this kind of disaster. The aforementioned research shows that
more attention should be given to awareness and preparedness among a community.
The Thai government, in response to the 2004 tsunami, established the National
Disaster Warning Center to receive, monitor, process, and relay critical information to
the public before and during natural disasters [12]. The program included several
actions to reduce current and future hazards. One of these was to develop educational
programs. The aim was to educate people and students on natural hazards and grow a
culture of understanding about surviving such events.

3 Disaster Management in Malaysia

The location of Malaysia near the equator and the climate influenced by the tropical
belt cause landslides and floods every year [4]. Table 2 shows the number of disasters
that hit Malaysia from 1993 to 2004. Several researchers [13] have indicated that major
factors causing serious incidents in Malaysia are the poor understanding of geo-hazard
phenomena, rapid development, and environmental degradation. Disaster preparedness
is a concern on the national agenda [1].

Moreover, the research of [14] explains the role of management systems in disaster
management. Their research was an early warning in Malaysia to understand recovery
management, disaster response, and collaboration among organizations and agencies
for humanitarian assistance in disaster relief. Furthermore, the researchers state that the
location of Malaysian involves several kinds of disasters, such as landslides and floods;
however, increasing a culture of awareness and prevention might help in managing
future incidents and increase safety in the community. There is an urgent need to
summarize, organize, and share knowledge of disasters in Malaysia [14].

Information and Communication Technologies (ICT) is a system used in Malaysia
to increase the level of preparedness among Malaysians in the occurrence of a natural
disaster [6]. The system has proven its effectiveness as it gathers important information
regarding natural disasters and contributes to better crises response. ICT has enhanced
disaster management efforts within organizations in the form of Knowledge Manage-
ment System (KMS). KMS has seven major categories which are: Expert Systems,
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artificial intelligence and knowledge based management system (KBMS), Groupware
(Computer Supported Collaborative Work), Document management systems, Decision
support systems (DSS). Semantic networks • Relational and Object oriented databases,
Simulation tools.

As part of legislation, the Malaysian government has set guidelines for disaster
response and the responsibilities of various agencies nationally and internationally [15].
Extra attention was given after learning from shortfalls in disaster management, which
gave awareness and spurred training initiatives that suited contemporary practice [16].
Research shed light on the role of developing knowledge and cultural values to resolve
crises. It can be concluded that restorative community,1 artificial community,2 unselfish
community,3 emergence4 in case of disaster, and emergence behavior5 to operate in an
environment are all part of effective disaster management [16]. Furthermore, a report
published suggests that stakeholder participation is essential in the occurrence of dis-
asters; a culture of prevention and reconstruction should be fostered in communities
because natural hazards and disasters might happen from several angles, and people
should be prepared for the threats [17]. It is essential to increase and promote com-
munity resilience in the case of disaster; therefore, holistic planning is needed to
minimize people’s vulnerability. Many have not considered the effectiveness of a
culture of preparedness in reducing disaster impact [18].

Table 2. Major disasters that hit Malaysia

Year Disaster Killed Injured Total affected Damage (m)

2008 Flood 10,210
2008 Landslide 11 15 1422
2007 Flood 33 158,000 225
2006 Flood 19 138,000 343
2005 Flood 17 100,000 66
2005 Mud flood 3 2793
2004 Flood 13 0 15,000
2005 Flash dlood 4 0 600
2004 Tsunami 80 767 5063 14.6
2005 Wild fires 0 0 0 –

2004 Storm 0 0 1000 –

2004 Storm 1 0 40,000 –

Source www.adrc.asia.com

1 Restorative community: a collaborative effort with a mission to build the capacity and sustainability
of organisations, initiatives and networks.

2 Artificial community: accidentally come together for short time.
3 Unselfish community: deliberate pursuit of the interests or welfare of others or the public interest.
4 Emergence: the act of emerging a disaster response structure.
5 Emergent behaviour: communities operate in an environment, forming more complex behaviours as
collective.
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Only after the collapse of the highland towers in December 11, 1993, did the
Malaysian government realize the weakness of disaster management in the country
[16]. A lack of responsibility and local expertise increased the tragedy of this landslide,
which revealed insufficient standardized rules and specialized rescue operations in
Malaysia. Since the tragedy of the condominiums, the Malaysian government has been
working to develop guidelines on the international and national level to promote better
disaster relief management among agencies and communities [16]. Policies and
mechanisms for national disaster and relief management have been formed. Malaysia’s
Disaster Assistance and Rescue Team (SMART) is responsible for natural and tech-
nological disasters as Directive 20 of their policy purposely states [19]. They are to
perform the following functions:

• Mitigate the effects of various hazards.
• Prepare for measures that will preserve life and minimize damage to the

environment.
• Respond during emergencies and provide assistance.
• Establish a recovery system to ensure the affected community’s return to normalcy.

Directive 20 is handled by the Standard Operating Procedure (SOP) that deals with
natural disasters that might occur suddenly, such as landslide and flood, or techno-
logical disasters, like factory explosion and fire. There are three levels of incidents [16]:

• Level 1 Disaster: local incidents within control.
• Level 2 Disaster: more serious incidents covering a wide area.
• Level 3 Disaster: any incident that is more complex and affects wider areas (more

than two provinces).

However, Malaysia is still in the stage of restructuring and reorganizing their
natural disaster management mechanism, it only adopted the Hyogo Framework of
Action HFA in November 2005 during a committee meeting that resulted from the
ASEAN Agreement on Disaster Management and Emergency Response (AADMER-
HFA input). The committee meeting chaired by the Deputy Prime Minister. According
to the statement by HFA; a country must consider acceding to ratifying the relevant
international legal instrument (e.g. the humanitarian Charter and Minimum Standards,
international human rights law, refugee law and the Code of Conduct for the Inter-
national Red Cross and Red Crescent Movement and Non-Governmental Organisa-
tions) [2].

4 Preparedness and Prevention

Disaster preparedness is a concern for the Malaysian government and citizens. As the
country develops, this concern continues to evolve among various stakeholders
regarding the risks of disasters and community readiness [13]. A report published
explains the types of disasters that are likely to occur based on location with an aim to
increase awareness and preparedness among the community; a culture of prevention is
an effective approach for a safer community [6].
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The United Nations Development Programme (UNDP) and Asia-Pacific Devel-
opment Information Programme (APPDI) in 2007 described the stages of a disaster
management cycle. The pre-disaster stage is an essential component of any framework
and refers to any disaster handled holistically rather than singularly. The during-
disaster stage covers implementation of safety measures and early warning systems.
The response phase is the implementation of the action plans [6]. Details of the stages
are laid out below in Table 3.

Another research [13] further examines the role of culture in disaster prevention
and preparedness among the Malaysian community. It states that lack of funds has
caused a crisis inadequate training for disaster preparedness. Therefore, these
researchers have proposed solutions to modulate and assess the effectiveness of training
programs. However, the question remains whether Malaysians have enough knowledge
to respond to any kind of disaster that might occur and to survive during disasters.
Along the same line, research based on a survey of 1000 questionnaires found that
although people claim to be prepared for a disaster, vulnerability still exists among the
majority of Malaysians. The questions were divided into three sections: General
information about respondents, Experience and Expectations on Disasters, Perceived
Disaster Preparedness. Majority of the respondents did not give an appropriate level of
concern. This reflects that they are unsure of risk posed by geo-hazard phenomena [13].

A study by [8] concludes several points about ways to reduce the number of deaths
during a disaster, relying on lessons from the experience of Indonesia and Sri Lanka
during the 2004 tsunami. Improving public awareness has to be taken into consider-
ation in the future; an early warning could have saved thousands of lives. Additionally,
environmental factors such as modern progress, ruthless destruction of natural defenses
such as coral forests and mangrove swamps, and building oceanfront hotels and villas
in violation of coastal conservation legislation; were not taken into consideration could
have saved many lives. Social preparedness for such a disaster was absent.

Table 3. The stages of a disaster management cycle

Pre-Disaster stage During-Disaster stage Post-Disaster stage

Mitigation: any activity that
reduces either the chance of
a hazard taking place or a
hazard turning into a disaster
Risk reduction: anticipatory
measures and actions that
seek to avoid future risks as a
result of a disaster
Prevention: avoiding a
disaster
Preparedness: plans and
preparations made to save
lives or property and response
and rescue service operations

Response: includes actions
taken to save lives, prevent
property damage, and
preserve the environment
during emergencies or
disasters

Recovery: includes actions
that assist a community in
returning to a sense of
normalcy after a disaster

Source Asia-Pacific Development Information Programme (APPDI)
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Furthermore, it is obvious from the 2004 tsunami that adequate funding does not
guarantee better disaster management. Local communities and governments should
take responsibility to engage and arrange proper education and planning for such
incidents.

5 A Culture of Survival

Disaster Risk Reduction (DRR) is a set of implementation measures that have been
used to decrease the risk of human and material loss that could otherwise be devas-
tating for a community in a natural disaster. Several disasters over recent years such as
the Indian Ocean Tsunami (2004), Hurricane Katrina (2005), Italy’s earthquake (2009),
and Pakistan’s floods (2010) have shown an increase in disasters resulting in the
damage of many lives, properties, economies, and facilities. The noticeable increase of
natural hazards and disasters also reveals an increase in human vulnerability [20]. The
vulnerability of communities in natural disasters depends on physical and social factors
[21]. Anthropologists argue that factors like religious beliefs, social values, traditions,
and attachment to a place are priorities to people during hazardous situations and affect
outcomes [20]. For example, Indigenous communities survived the 2004 tsunami who
had been familiar with the location and area; whereas, migrants and tourists did not fare
as well [20]. The Moken community in Thailand identified the signs of unusual bird
activity to indicate the arrival of the tsunami and moved away from the sea to a safer
area [22]. However, Sri Lanka is an example of a lack of knowledge of tsunamis. The
people moved toward the sea rather than moving away as they saw the low tide
indicating an impending tsunami. Evacuating the danger zone was unfamiliar to their
community.

Furthermore, the role of culture in risk of disaster was further explained [23]. There
is a strong link between livelihood and culture with a number of factors that impact
people’s vulnerability, such as access to resources, strategies of survival, and control of
resources. Also, gender roles and traditional politics influence group behavior and
disaster management. It was suggested that sometimes unsustainable and unproductive
livelihood patterns continue because of traditional and societal habits that are passed on
to future generations.

To illustrate the earlier claims, another case of disaster management worth men-
tioning is from Simeulue, a small island of Indonesia, which is located about 100 km
from the epicenter of the 2004 tsunami. Although about 5500 houses were destroyed in
the tsunami, only seven deaths were reported. This apparently happened because
seagrass, coral reefs, and mangrove forests softened the waves and also because the
cultural habit of the local people, transferred from generation to generation, was to
recognize indications of an impending tsunami and run to warn others to take the
highest hill. The rest would follow and warn others consequently. Wetlands
International-Indonesia Program 2005 proved this procedure to be very effective in a
tsunami; however, such a simple technique has never been used or might have been
forgotten by the people of the area of Aceh and North Sumatra [8].

The ways of dealing with disasters by using everyday products to promote
knowledge about how to handle natural disasters were discussed [24]. It was explained
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how products like movies, T-shirts, and stories like Noah and the ancient flood could
be part of disaster management. It is mass marketing for people’s benefit. The
researcher believes that sociologists and disaster researchers can brainstorm unique
ways to increase dialogue on the role of culture in disaster management.

6 Conclusions

By focusing on Malaysia as one of the Asian-Pacific countries that suffer from frequent
hazards, the role of culture in disaster management becomes clear. A review of case
studies from other regions was used in this discussion to compare the roles of key
players in the occurrence of natural disasters and to show different communities’
reactions to incidents. The research concludes that the Malaysian government has been
working to improve and structure a culture of disaster management to minimize the
number of deaths and property loss. Relying on examples from different natural dis-
asters in recent years, it has been realized that government action alone is not enough to
reduce loss and destruction; community and culture factors into disaster preparedness
and management. Statistics show that the Malaysian community has a lack of
knowledge in response to natural disasters, and knowledge has proven to be an
effective factor of survival in other studies. It is essential to educate people, especially
those who live in areas where future tragedies might happen, to be prepared and
knowledgeable, promoting a culture of prevention and survival. It is recommended for
future studies to share an awareness of disaster management among Malaysians to
create a responsive community prepared for any future hazard and disaster. The culture
of prevention and mitigation should be implanted in the community by suggesting
further studies on Malaysian’s behaviour, relying on the examples of previous tragedies
and other communities.
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Abstract. Long span reinforced concrete slabs results in heavy structures and
therefore technologies like waffle slabs are required to provide slabs with
smaller weight to span ratios. But in waffle slabs the complications in placing of
reinforcement as well as in installation of formwork leads to costly and difficult
to in construct slab systems. A new slab system, that is basically Inverted waffle
slab system with hollow core inside, can avoid this problem by placing per-
manent “waffle pods” in the empty spaces of the joist. Waffle pods should have
light weight, reasonable strength, fire resistance and economical. Gypsum as one
of the many possible solutions was used as a waffle pod to fill these spaces. In
this paper a comparative study of behavior of hollow core inverted waffle slab
(IWS) having RCC on top, conventional waffle slab (CWS) and conventional
solid slab (CS) has been carried out analytically. For this purpose these slabs
were modeled and analyzed using finite element application SAFE V.12, and the
output calculations were compared. In this study the dimension of the slabs
panel were chosen as 30 � 30 ft. and were modeled with same construction
material and loading conditions. Various parameters were studied using these
models such as maximum deflection, maximum bending moment, and maxi-
mum area of steel. This research shows that hollow core inverted waffle slab
system may overcome the problem of formwork for conventional waffle slab
system.

Keywords: Waffle core � Slab � Finite element modeling � Cost analysis
Reinforced concrete

1 Introduction

Slab is a horizontal structural component with top and bottom surfaces parallel or near
so, the depth of this structural element is very small compared to that of its span.

There are four major types of slab system, (a) Slab beam system, it is the most
economical system but it is not appealing to the people due to the beams hanging from
the slabs, requires more depth and hence there will be increase in storey height, (b) flat
plate and (c) flat slab both are appealing but they are uneconomical and less earthquake
resistant, by which they are not preferable in high seismic zone areas, the last system
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that is (d) waffle slab system is both appealing and economical as compared to other
slab systems but it has the disadvantage of complicated formwork. For all these sus-
pended slabs, there are a number of designs to improve the strength to weight ratio. In
all cases the top surface remains flat, and the underside is modified. According to
P. F. Schwetz, the behavior of reinforced concrete waffle slabs still raises some
questions due to their complexity which has led some researchers to undertake
numerical and experimental studies (Abdul-Wahab and Khalil 2000; Schwetz 2005,
2013; Selistre 2000; Soares 2003, Ajdukiewicz and Kliszczewicz 1986).

According to P. F. Schwetz, Highly developed and astute structural solutions are
going on an increasing demand in the daily work of structure designers due to the
evolution of architectural designs and new construction management concepts.
Therefore, it is requisite to evaluate a variety of structural systems, seeking to find the
solution that can best deliver economic viability, speed and versatility of application.

According to Dias R.H, the utmost part of concrete is consumed by slabs in multi-
storied reinforced concrete structures, This utilization reaches up to 67% of the total
volume of the structure in case of the solid slab. Therefore, it is impFor Conventional
two way slab systemortant to study different types of slab to be used in multi-story
buildings to find solutions that are both technically viable and less expensive.

The use of waffle slabs is proved to be an interesting option. This system can be
defined as a reinforced concrete slab with equally spaced ribs parallel to the sides,
having a waffle appearance from underside.

In fact, as the gradual development of numerical algorithms that allow the design of
this type of structure is quite recent, many questions still remain with regards to the
quantification of the slab stresses and their adequate modeling by the design methods
and the mathematical models currently used.

Conventional structural arrangements made of solid slabs and concrete frames
remain the preferred model for reinforced concrete structures due to the ease of its
formwork and its construction methods, but the main issue of this system is the short
span and also not aesthetically appealing not preferred by most architects, so a number
of research work has been done numerically and experimentally on analysis and design
of waffle slab system, various procedures and standards has been developed to guide
the use of waffle slabs construction system due to the increase demand of waffle slab
system.

So demand of waffle slab system is increasing to that of conventional slab systems,
due to its structural stability and architectural view, as some of the studies by Akshay
Kumar & Shilpa and Anjaly Somasekhar & Preetha Prabhakara shows the superiority
of waffle slab over solid slab which can be inferred from their study results, that in
waffle slabs bending moments, area of steel and deflection reduces up-to 22, 36 and
67% respectively, also studied by Kennedy and Nabil F. Grace shows that not only the
waffle slab has advantages over the conventional solid flat plate, but also the pre-
stressed waffle type bridge is found to be much more efficient in carrying load as
compare to that of pre-stressed bridge with uniform thickness slab, they studied the
effect of orientation of rib in the load carrying capacity of waffled slab. Their results
indicated that the orthogonal shaped waffle slab has a superior ultimate load carrying
capacity of 20% higher than the non-orthogonal (45°) waffle slab. But the complication
in formwork in waffle slab system create problems on the site. Temporary Waffle pods
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are being used in waffle slab system to fill the gaps between the joists which makes it
difficult for labors and becomes uneconomical due to high expense of formwork.

A new slab system known as hollow core Inverted waffle slab system may over-
come this formwork complication by placing permanent Waffle pods, in the vacant
spaces in between the joists. Now the pods to secure the empty spaces of slab system,
must have light weight, reasonable strength, fire resistance and economical. Gypsum as
one of the many possible solutions was used as a waffle pod to fill these spaces. This
work verifies through numerical analysis (Finite Element Method) of hollow core
inverted waffle slab stiffened with ribs, and comparative study of three slabs has been
carried out.

2 Finite Element Model

The modeling, analysis and design of all the three distinct slab system has been done by
using finite element software SAFE V.12. Slab ID’s, Slab types and the geometric
details of three different slabs are given in Table 1.

For Conventional two way slab system

According to ACI 318-14 (L/B < 2)
hmin = Perimeter/180 = 2(la + lb)/180
So hmin = 30 � 4/180 = 0.67 f = 8 in so minimum slab depth is 8 in.

3 Loadings

Only gravity loads are considered and the effect of lateral loads has not taken into
account. The loadings for three types of slab, are live load that of residential building
taken as 40 psf and the dead load due to floor finishing as 30 psf and unit weight of
reinforced concrete has been taken 150 lb/ft3 for calculating self-weight of slab. Load
of PCC on top of inverted waffle slab and load of gypsum block has been taken as 37.5
and 34 psf for Hollow core inverted waffle slab system only.

Table 1. Dimensions of three different Slab systems

Slab
ID

Slab type Slab
area
(ft2)

Slab
depth
(in)

Beam/Rib
length (ft.)

Beam/Rib
width (in)

Beam/Rib
depth (in)

Column
dimensions
(in)

CS Conventional solid slab 30 � 30 8 30 12 18 18 � 18
CWS Conventional waffle slab 30 � 30 3 30 6 12 18 � 18

IWS Hollow core inverted
waffle slab having PCC on
top

30 � 30 3 30 6 12 18 � 18
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3.1 Loading Combination

Two loading combination has been used during analysis of model, namely Factored
load and Service load.

(a) Factored Load
Factored load was used as according to ACI 318-14 Table 5.3.1—Load combi-
nations which is 1.2D.L + 1.6L.L and was used in calculating maximum bending
moment and maximum area of steel.

(b) Service Load
Service load has been used for calculating deflection only.

4 Material Properties

Two different construction materials, Concrete and Gypsum were used and steel was
also used as reinforcing material and each material properties are given in Table 2.

5 Output Result

The deflection values were taken at the mid-point of slab, Maximum moment and
Maximum area of steel values were taken from both the middle and column strip. The
numerical value of each Parameter (deflection, maximum moment and maximum area
of steel) for three different types of slabs and percent deviation in different parameter
between CS & IWS and CWS & IWS are shown in Table 3.

(a) Graphical representation of output result
The deflection, maximum moment and maximum area of steel parameters values
are plotted in Figs. 1, 2 and 3 respectively.

(b) Quantity Comparison
The quantity of concrete and total weight of steel used in different type of slabs are
shown in Table 4.

Table 2. Material properties

Material Property Value

Concrete Compressive strength 3 ksi
Young modulus 3200 ksi
Poisson ratio 0.2
Shear modulus 1300 ksi
Unit weight 150 psf

Reinforced steel Tensile strength 60 ksi
Gypsum Young modulus 29,000 ksi

Unit weight 49 Psf
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6 Result and Discussion

As long span reinforced concrete structures are not possible with CS system without
pre-stressing, so only considering CWS and IWS system. Overall, an increase in each
of parameter (deflection, maximum moment and maximum area of steel) has been
shown by the IWS system to that of CWS system, having 49% in deflection, 164 and
214% in maximum moment demand at middle and column strip, 166 and 191%
increase in maximum area of steel at middle and column strip. Results were also

Table 3. Comparison of results in CS, CWS and IWS system

Parameters Conventional
Slab system
CS

Waffle
Slab
system
CWS

Hollow core
inverted waffle
slab system IWS

Percent
deviation
between CS and
IWS

Percent deviation
between CWS
and IWS

Deflection (in) 1.03 0.59 0.88 14 −49
Maximum moment
(kip-ft.) at middle
strip

149.81 17.60 46.4 69 −164

Maximum moment
(kip-ft.) at column
strip

72.24 16.95 53.2 26 −214

Maximum area of
steel (in2/ft.) at
middle strip

0.33 0.192 0.51 −54 −166

Maximum area of
steel (in2/ft.) at
column strip

0.29 0.199 0.58 −100 −191
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1
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Deflec on (in)

Fig. 1. Demonstrates deflection parameter for three distinct type of slabs
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Fig. 2. Demonstrates maximum moment parameter for three distinct type of slabs

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

CS System CWS System IWS System

Maximum Area of steel
at middle strip(in^2/ft)

Maximum Area of steel
at column strip(in^2/ft)

Fig. 3. Demonstrates maximum area of steel parameter for three distinct type of slabs

Table 4. Comparison of cost in CS, CWS and IWS system

Slab type Concrete quantity (ft3) Total weight of steel (lbs.)

CS system 600 3610
CWS system 621 959
IWS system 846 3938
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obtained for quantities, including 36% increase in concrete quantity and 310% increase
in weight of steel of IWS system over that of CWS system.

7 Conclusions and Recommendation

It is concluded that long span reinforced concrete structures are not possible with CS
system. So CWS system is the one way to make such structures, but cost and difficulty
in formwork leads to another problem. So IWS system may avoid complication in
formwork (only with slight increase in moment demand and reinforcement) by placing
permanent waffle pods in between the joist.
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Abstract. The rapid growth of the population and overcrowded of urban areas
forced building construction sector to focus more on economic consideration
rather than climatic requirements. As a result, achieving comfortable living
spaces was fully dependent on mechanical systems, which caused more energy
consumption and greenhouse gas emissions. Passive design strategies become
an attractive alternative to tackle this problem and to reduce the negative impacts
on our planet. Phase Change Materials (PCMs) store superior amount of latent
heat when changing their phase compared to sensible heat. PCMs application in
buildings helps to lower indoor temperature and reduce temperature fluctuation
and total hours of overheating. Additionally, PCMs can also absorb the internal
heat dissipated by household equipment, lightings and occupants’ activities. All
this help to improve building indoor environment. This paper aims to review
PCM applications for building walls. It was found that PCMs might be incor-
porated to building walls as pre-fabricated PCM-enhanced elements such as
PCM-enhanced wallboards, panels, bricks and blocks. In addition, it might be
incorporated on the site to fresh mixtures such as concrete, plaster and mortar
and applied to buildings. The thermal performance of building walls was
improved in all cases resulting in heating and cooling load reductions. More-
over, many researchers found that applying night ventilation further improves
the thermal performance of PCMs in building walls.

Keywords: Phase change materials (PCM) � Building walls � Thermal energy
storage (TES) � Passive building materials

1 Introduction

Buildings accounted for 40% of global energy consumption and the largest use of
energy in buildings (i.e. 60%) is for heating and cooling. Hence, they offer a good
opportunity to reduce energy consumption through the utilizing of other alternatives
such as passive design strategies [1]. Thermal energy storage (TES) acts as a heat sink
by storing energy for later use. This technology helps to increase the effective use of
thermal energy equipment and systems and to improve heat exchange for energy
efficiency in buildings, hence reduce the energy consumption. In addition, it helps to
tackle the mismatch between the energy’s supply and demand [2]. Type of TES is
known as Phase Change Materials (PCMs) that is capable to utilize the latent heat

© Springer Nature Singapore Pte Ltd. 2019
M. Awang and M. H. Isa (eds.), The Advances in Civil Engineering Materials,
Lecture Notes in Civil Engineering 19, https://doi.org/10.1007/978-981-13-2511-3_9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-2511-3_9&amp;domain=pdf


absorbed or released during the phase change of the materials. PCMs can control the
ambient temperature within a specific range corresponds to the PCMs’ phase transition
temperature. If the phase transition temperature of the material matches the required
comfort temperature, it can help to absorb the extra heat leading to more stable and
comfortable indoor environment, hence reduce the required heating and cooling loads.
PCMs are attractive for many researchers and have been successfully implemented in
buildings for thermal management due to their wide range of categories, several
melting/frizzing temperature, relative steady melting/frizzing temperature, and high
thermal density with small temperature intervals and negligible volume change [3].
PCMs can be classified to organic PCMs, inorganic PCMs, and eutectic PCMs, which
further divided based on the several components of the PCMs (Fig. 1).

In addition, PCMs can be integrated into building materials by different strategies
such as; direct incorporation, immersion, encapsulation and stabilization. [1, 4]. In
buildings, walls and ceilings offer large areas in each zone for passive heat transfer [5]
in which PCMs can be incorporated. Therefore, the objective of this paper is to review
PCMs applications for building walls and the methods used for the incorporation of
PCMs into buildings.

2 PCM Application in Buildings Walls

Based on the literature, PCMs might be applied to building walls using different
methods including prefabricated elements or mixing on the site. These methods are
discussed below.

Organic PCM

Phase Change Materials 
(PCMs)

Inorganic PCM Eutectic PCM

Non-paraffinic
PCMs

Paraffinic PCMs

Metalics

Salt Hydrates

Inorganic-
Inorganic

Organic-
Organic

Organic-
InorganicFatty acids Esters Alcohols Glycols

Fig. 1. PCMs classification

74 Z. A. A. S. Al-Absi et al.



2.1 PCM-Enhanced Wallboard and Panels

PCM wallboards and panels are of the most common ways used to integrate PCM into
buildings due to their ease of installation. For example, liquid PCM was absorbed into
gypsum board by soaking [6], microencapsulated PCMs were incorporated into wood-
plastic composites to improve its thermal properties [7], two types of PCMs with
different melting temperatures were macro-encapsulated by aluminum panels and
tested for the summer and winter [8], PCM composite wall made by incorporation of
shape-stabilized PCM particles in a polymer matrix [9] and Shape-stabilized PCM
wallboard made of paraffin wax PCM and high-density polyethylene [10]. In all cases,
the addition of PCM have shown improvement in thermal behaviour of building
materials as well as the indoor thermal environment of buildings.

Zhu et al. [11] performed simulations to investigate the use of two different double-
layer shape-stabilized phase change materials (SSPCMs) wallboard to save energy in
five typical climate regions in China. The SSPCMs wallboards with the thickness of 30,
40 and 50 mm, were attached on the inner and outer surfaces of a common concrete
wall in the south of the simulated room, while the other three walls, floor and ceiling
were thermally isolated using insulation materials. The air-conditioner operated from
7:00 to 18:00 (i.e. office building) with set-point temperature of 26 °C for summer and
18 °C for winter in the regions that required heating or cooling. In this work, the
external PCM layer was used to reduce the cooling load in summer or to reduce heat
gain if there is no need for cooling. In contrast, the internal PCM layer was used to
reduce heating load in winter or to reduce heat loss if there is no need for heating. In
most cases, the maximum reduction is achieved with the highest thickness of SSPCM
wallboards. This might suggest the largest PCM content in the PCM-wallboard panel.
In addition, the optimal melting temperature of the external layer was mainly influ-
enced by the outdoor air temperature while the internal layer was mainly influenced by
the indoor air temperature. Furthermore, they stated that smaller average outdoor
temperature had better effects on energy savings in summer, while bigger average
outdoor temperature had better effects in winter.

Evola et al. [12] simulated a typical office building containing PCM wallboard in
the partition walls. The PCM wallboard, with the thickness of 20 mm, is made of
aluminium honeycomb matrix, which contains 60% of approximate 5 µm diameter
microencapsulated paraffin, and covered with two aluminium sheaths. The partition
walls are composed of 70 mm thick gypsum board to which the PCM wallboards are
fixed. The results show that PCM wallboard reduced the peak operative temperature by
about 1 °C. In addition, the surface temperature and the daily temperature swing for the
east wall were reduced by 1.7 – 2.8 °C respectively and the time for peak surface
temperature was shifted by 1.5 to 2 h.

Kong et al. [13] investigated the cold storage performance of PCMs in the summer
for the middle latitude region of China. Aluminium sheets, Fig. 2 were used to produce
macro-encapsulated PCM panels containing two types of PCM (i.e. capric acid used for
the external wall surface and a mixture of capric acid and 1-dodecanol used for the
internal wall surface to reduce the super-cooling effect of the capric acid and allow for
frizzing within small range in the internal environment). Internal fins were used in the
aluminium panels to increase the heat transfer into the PCM and to support the panels’
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structure. Three rooms (2000 � 2000 � 2400 mm) were constructed from perforated
bricks for the walls and insulation sandwich board for the roofs. PCM panels were
installed in the outer surfaces of one room (PCMOW) and the inner surfaces of the
second room (PCMIW), while the third room was the base case. A door and a window
were built in each room to allow night ventilation. They concluded that PCM panels
helped to reduce the temperature by more than 1 and 2 °C for PCMOW and PCMIW
respectively and to delay the time for peak temperature by 2–3 h. In addition, they
stated that the use of PCM in the outside surface has more effect of thermal insulation
than temperature regulator.

2.2 PCM-Enhanced Bricks and Blocks

PCM-enhanced bricks and blocks are subjected to investigate by many researchers.
They offer large volume to incorporate PCMs. Incorporation of PCMs might be done
by immersion, macro encapsulation or shape-stabilization. For example, macro-
encapsulated PCMs-bricks were produced by filling the PCM into the cavity of the
bricks [14–17], PCM macro-capsules made of steel were incorporated into brick
masonry wall [18] and shape-stabilized PCMs were incorporated into cement mortar to
produce PCMs-bricks [19–21].

In an experiment, Vicente and Silva [22] investigated the effect of PCM macro-
capsules incorporated into brick masonry wall and the addition of Extruded polystyrene
(XPS) insulation to the PCM-brick masonry wall. A metal steel macro-capsule (i.e.
300 � 170 � 28 mm with 0.75 mm thickness) were filled with paraffin and inserted in
fired clay bricks with horizontal hollow (Fig. 3). Two brick masonry walls were
constructed with PCM macro-capsules and one with normal brick as a base case. An
insulation layer, XPS 10 mm thick, was installed on the outer surface of one PCM-
brick masonry wall. The three walls were tested between two climatic chambers, for
imposed conditions and free float mode.

Fig. 2. PCM aluminum panels [13]
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The results showed a delay of 3 h for the maximum peak temperature achieved by
both PCM wall and insulated PCM wall compared to 1 h for the base case, which
indicates how PCM can improve the thermal inertia of the wall. In addition, the PCM
wall and insulated PCM wall reduced the temperature fluctuation by 5 and 8 °C (i.e.
50 and 80%) respectively. The insulated PCM-wall achieved the lowest maximum
temperature and the highest minimum temperature; even though, the PCM wall resulted
with superior improvements compared to the conventional wall. However, a compar-
ison with insulated base case wall should be done to find out the role of the PCM with
the insulation materials.

Wang et al. [23] investigated PCM bricks produced by incorporating shape-
stabilized PCM into cement mortar (i.e. mass ratio was 37.5, 22.5 and 40% for portland
cement, sand and shape-stabilized PCM respectively), which poured into
240 � 120 � 90 mm homemade wooden molds (Fig. 4). The PCM-bricks were used
in one side of a ful-scale room of 3250 � 3860 � 2910 mm and compared to wall
built with perforated vitrified bricks. The test were performed for the year-round. The
results showed a reduction of 24.32% of the cooling load during summer and 10–30%
of heating load during winter. In addition, when the air-conditioner was off, the heat
lost from the interior wall surface can be reduced by 9–72%. They summarized that
PCM-wall achieved better thermal behavior all the year round.

Fig. 3. a PCM macro-capsules; b wall specimen [22]

Fig. 4. a SSPCM; b SSPCM-bricks; c perforated vitrified bricks [23]
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2.3 PCM-Enhanced Plaster

PCMs can be incorporated into mortars and applied to buildings walls as a PCM-plaster
coating or casted to PCM-plaster wallboards. For example, PCM was incorporated into
aerial lime and gypsum based mortars and tested as a coating in laboratory-scale
prototypes [24], a novel PCM composite was integrated into ordinary cement mortar as
partial replacement for fine aggregate and evaluated the thermal behaviour as a plaster
in self-designed box [25], PCM-enhanced lime plasters were produced and evaluated to
be compatible for renovation and retrofitting of existing traditional buildings in
southern European climatic conditions [26] and a hybrid-PCM-plaster was developed
by incorporating three types of PCM into cement mortar and tested as a coating in
prototypes placed in a controlled climatic chamber [27]. This method makes it easy to
integrate PCM into new buildings as well as to renovate existing buildings.

Lachheb et al. [28] investigated the thermal behaviour of new PCM-plaster com-
posite as a component of passive solar walls. A sample with 10% microencapsulated
paraffin was prepared and experimentally tested using guarded hot plates method for its
thermo-physical properties. The results then used to validate the numerical investiga-
tion based on the enthalpy method using finite volume method. Both experimental and
numerical results exhibit a similar behaviour, which indicated a good agreement. Then
the numerical model was further used to investigate the effect of incorporation of PCM-
plaster wallboard in building walls. The use of 10% PCM fraction within the plaster
wallboard resulted in reduction of 2.7 °C and 11 Wm−2 in the wall inner surface
temperature and heat flux respectively. Furthermore, by increasing the fraction of PCM
to 15, 20 and 30%, they found that 20% of PCM greatly decreased the wall inner
surface temperature to 25.8 °C and the heat flux to 16 Wm−2 compared to 28 °C and
35 Wm−2 respectively for normal plaster, while the 30% PCM achieved just a small
reduction further to the 20% PCM. In addition, increasing the PCM-plaster wallboard
thickness from 10 to 30 mm resulted in further reduction of 1.2 °C.

Sarı et al. [29] developed a novel cement based-composite phase change material
(CB-CPCM) and tested its thermal performance as a plaster. The PCM was absorbed by
cement using vacuum embedding method to prepare a form-stable CB-CPCM with
maximum mass fraction of 28% without leakage. Thermal performance of the CB-
CPCM plaster was studied using two polystyrene cubes (250 � 200 � 140 mm) coated
internally with 5 mm-thickness of CB-CPCM plaster in one cube and ordinary cement
in the other as a control cube (Fig. 5). The cubes were subjected to heat source until the
indoor temperature raised 5 °C above the melting temperature then cooled until it was
decreased bellow the frizzing temperature. Results showed the inner surface temperature
of the cube with PCM plaster was lower and increased from 14.8 to 24 °C within
160 min compared to 125 min for the control cube. In addition, the time with com-
fortable temperature range (19–24 °C) was 100 min with PCM compared to 80 min
without PCM. On the other hand, during the cooling process, the time required for the
inner surface temperature to decrease from 24 to 19 °C was 90 and 65 min for the PCM
cube and control cube respectively, which linked to the latent heat discharge. Similarly,
the indoor temperature had a delay of 15 min with the PCM plaster to increase from 15
to 24 °C with an average temperature difference of 0.70 °C and a delay of 10 min to
decrease from 24 to 19 °C with average temperature difference of 0.58 °C.
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3 PCMs and Ventilation

PCMs’ performance and effectiveness are highly dependent on the surrounding envi-
ronment. In some cases, the temperature at night may stay higher or just below the
solidification temperature of the PCM for short period of time. Therefore, the PCM will
not be able to fully transform from liquid to solid and release all the stored heat, which
reduces its efficiency for the next day. Combining ventilation with PCM help to
increase the rate of heat released by the PCM during night time, especially when the
ambient temperature is close to the transition temperature of the PCM. Zhang et al. [30]
found that ventilation can improve the thermal performance and energy saving effi-
ciency of building utilizing PCM, though it is affected by ventilation periods. Fur-
thermore, night ventilation is more effective in improving indoor thermal environment
and reducing energy consumption for cooling. The optimum period for effective
ventilation was found to be between 00:00 and 09:00. In addition, the more ventilation
quantity used, the better performance of PCM can be achieved. However, the
improvement in PCM performance becomes insignificant when more than 2 ACH was
used. On the other hand, Ramakrishnan et al. [31] found that applying natural night
ventilation with 8 ACH rate further decreased the peak indoor operative temperature,
which indicates the role of night natural ventilation in discharging the stored heat in the
PCM and preparing it for the next day cycle. The discomfort index (DI) illustrated that
the sever discomfort hours (i.e. DI > 28 °C) for the five days were 36 h without the use
of PCM and decreased to 28 h with the use of PCM. However, the sever discomfort
hours further reduced to 25 h when applying natural night ventilation. The authors
concluded that the combination of the PCM (optimum transition temperature and
thickness of 29 °C and 30 mm respectively) and natural night ventilation resulted in
reduction of 65% in the sever discomfort period during the heat wave. Furthermore,
Barzin et al. [2] achieved 73% of weekly energy saving by applying cool night ven-
tilation to charge the PCM rather than using air conditioning.

Fig. 5. Polystyrene cubes for thermal performance test [29]
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4 Conclusion

PCMs are suitable to be applied in building walls using different methods, which have
shown improvement to thermal performance of building’s walls, delay in peak tem-
peratures and reduction in heating and cooling load. These methods are summarized
below.

– PCMs wallboards and panels are one of the most common methods of PCM
application on building walls due to their ease of installation in ether a new building
construction or a retrofitting and renovation of existing buildings. They can be
produced in mass quantities in controlled environment at the factories, which
reduces the waste materials and provide higher quality control.

– PCMs-plaster also can be applied in new buildings construction and existing
buildings retrofitting and renovation. However, this method required additional
work at the site to be prepared, which may require some expertise or may not
provide the quality of controlled environment production.

– PCMs-bricks and blocks can be produced at a controlled environment and trans-
ported to the site ready for construction. They can provide larger volume to
incorporate PCMs, which overcome the limited thickness of wallboards, panels and
plaster that may affect the amount of incorporated PCMs resulting in less thermal
energy storage. However, their use is limited for new buildings construction or a
major renovation of building’s walls.

Additionally, night ventilation has shown great influence in the efficiency of PCMs
products by increasing the rate of heat discharge, especially when ambient temperature
is close to PCMs transition temperature. Therefore, effective night ventilation must be
considered with any passive application of PCMs. To conclude, PCMs are promising as
a passive technology for buildings sector. This study has reviewed methods of PCMs
application into building walls. Each method was investigated separately in the liter-
ature. However, the effects of using multiple methods to introduce PCMs into building
walls still unknown. The most common wall system is consists of a core (e.g. masonry
and concrete walls) and two layers in both sides (e.g. wallboards and plaster). Incor-
porating PCMs to the whole wall system may perform better performance. The more
PCMs amount is added, the more heat storage we can get. Therefore, further research in
this point is required.
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