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Materials

Green Roofs (GR) are still not widely known in Thailand due to their complex
construction process. Typically, the base layer supporting green roof materials uses
normal concrete (NC) as the load-bearing structure, resulting in green roofs having
heavy weight and high thermal conductivity. This research presents a new construction
technique for green roofs using Lightweight Cellular Concrete (LCC) as the base support
for green roof materials. LCC is a type of non-load-bearing concrete.

The study examined the physical properties of Lightweight Cellular Concrete
with densities of 1200 kg/m? (LCC 12) and 1400 kg/m? (LCC 14). The test results
confirmed to ACI standards, with thermal conductivity (k) values of 0.40 and 0.65
W/mK;, respectively, lower than NC's. The use of LCC as a base support for green roof
materials (GR-LCC) in GR-LCC 12 effectively reduced the temperature difference
between the outside and inside by 4.62 - 11.34 °C and had the lowest thermal transfer
value (Q) of 0.69 W/m? when compared to LCC 14 and NC.

The thermal conductivity of LCC 12 is influenced by the volume of air voids,
creating air pores within the material. Analysis using Synchrotron Radiation X-ray
Tomography Microscopy (SRXTM) revealed that the air void volume of LCC 12 was
39.74% of the total volume, higher than that of LCC 14. The air pores were relatively
spherical, non-continuous (closed cell), and well-distributed, enhancing the insulating
properties of LCC by hindering heat radiation. The mix design of LCC 12 set the air void
volume at 45% of the total volume. Analysis using SRXTM and the OCTOPUS program
found that the air pore volume was 39.74%, with pore diameters ranging from 147 to
264 pm (from D50 to D90), in accordance with ACI standards.

Field experiments using LCC 12 in actual construction sites confirmed its
applicability as a green roof technique. It helps reduce construction steps, weight, low
thermal conductivity, strong, and has low water absorption. However, the use of LCC

12 in green roofs requires consideration of dry density, pore diameter, air void volume,
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and pore characteristics to align with this research, providing guidance for the future
application of this construction technique.
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CHAPTER |
INTRODUCTION

1.1  Background and Rationale

The global temperature has risen yearly, contributing to significant climatic
changes worldwide (IPCC, 2014). Thailand, for example, reached the second-highest
temperature in Asia in 2024, with a peak of 44.6°C, as reported by crisis24 (in press).
Consequently, Beckstead et al. (2023) reported that Thailand's energy consumption

increases by 10% annually.

Green building solutions are needed to avoid more severe impacts. As
highlighted by B. J. He (2022), it offers a multifaceted approach to urban heat mitigation
by energy conservation, which can avoid extreme heat conditions and improve indoor
quality. The Ministry of Energy's Notification emphasizes the importance of such
measures in reducing overall energy consumption as stated in the recommendation
code of the Building Energy Code (BEC), the energy-saving rating code for buildings in
Thailand (Department of Alternative Energy Development and Efficiency, 2009). These
conservation energy practices for well-being goals align with the United Nations

Sustainable Development Goals (SDGs) (Wen et al., 2020).

The building facade is crucial in shielding the interior from external thermal
transfer to prevent heat gain in a building. The roof, in particular, is responsible for the
most significant portion of heat transfer, accounting for approximately 25-35% of the
total facade. The phenomenon is due to its direct exposure to sunlight for over 12
hours each day. Therefore, utilizing roofing materials with low thermal transfer values
is highly recommended to minimize heat absorption in the building (Shandilya et al,,
2020).

Green roofs in developed countries are commonly used and recommended as
an energy-efficient roof material. However, using green roofs in Thailand is still limited
and not growing due to several factors, such as high installation cost, heavy structure

load, complicated installation, and lack of expertise and knowledge (Pratama et al,,



2023). Therefore, developing material innovation to promote green roofs in Southeast

Asia, especially Thailand, is essential.

Chica and Alzate (2019) described lightweight cellular concrete (LCCO) as
lightweight concrete with a density ranging from 300 — 1,800 kg/m’, which can be
applied in various construction works. LCC has many benefits, such as being lightweight,
heat resistant, water resistant, and porous stable, which has the potential to be used
as an alternative to using a concrete roof deck on a green roof layer. So, it can add
value to the green roof and increase its thermal resistance performance from good to
very good. Research on the use of LCC in green roofs is still very limited. This research
aims to study the potential for using LCC in green roof systems to improve temperature
and energy performance and use it as a new efficient green roof construction

technique.

1.2  Research Questions
1.2.1 Do Green Roof LCC properties have a beneficial impact on reducing
temperature and improving energy performance?
1.22 How is the LCC microstructure impacting the green roof LCC

performance?

1.3 Research Hypothesis

1.3.1 Different layer properties in green roof material layers are associated
with changes in green roof performance, which can lead to temperature
and energy performance variations.

1.3.2 A stable foam porosity of LCC optimizes physical property performance

and is beneficial for use as a construction material.
1.4  Research Objectives

1.4.1 To study the properties of LCC materials to use in green roofs

1.4.2 To compare the thermal performance of green roofs LCC and other
selected roofs using a green roof experimental box in an open-air space.

1.4.3  To study the microstructure of porosity in LCC, which can influence the
behavior of green roofs

1.4.4 To compare the energy performance of green roofs LCC and other

selected roofs by RTTV calculation.



1.5

Scope of Research

1.5.1

1.5.2

1.53

1.5.4

1.55

This study covers the following topic:

1) Obtaining physical properties data of LCC and its correlation as a
potential to be used for roof deck layer on green roof

2) An open-air experiment of green roof boxes to obtain thermal data
for temperature and energy performance analysis.

3) Microstructure LCC studies are needed to validate the foam stabilize
quality as a potential use for the roof deck layer on green roofs.
The research used the LCC in various densities range 1000 — 1800 kg/m?,

consisting of:

1) LCC density 1000 kg/m? (LCC 10)

2) LCC density 1200 kg/m?® (LCC 12)

3) LCC density 1400 kg/m? (LCC 14)

4) LCC density 1600 kg/m? (LCC 16)

5) LCC density 1800 kg/m?® (LCC 18)

The LCC is used from the innovation LCC product developed by the
Center of Excellence on Sustainable Innovative and Energy-efficient
Construction  Material ~ (SIECON-SUT),  Suranaree  University — of
Technology. The latest version of the LCC SUT mix incorporates fibers
to prevent crackins.

The test of physical properties LCC:

1) - Compressive Strength

N

Dry Density

&N

Water Absorption

(2 =Y

Flexural Strength

@)

)

)

)

) Thermal Conductivity
)

) Tensile Strength

)

7) Elastic Modulus

The microstructure analysis was conducted using Synchrotron Radiation
X-ray Tomographic Microscopy (SRXTM). The test is located at
Synchrotron Light Research Institute (SLRI), Suranaree University of

Technology. The microscopic test examined the LCC 1200 and LCC



1400, which will be utilized for GR-LCC to evaluate the pore structure
and the stability of porosity.

1.5.6 LCC 12 and LCC 14 were used in the open-air experiment. The data on
thermal temperature were collected for three consecutive days. The
open-air experiment was conducted in Nakhon Ratchasima, Thailand,
during summer weather (no rain). The research carried out consisted of
four variations of roof samples, including:

1) Normal Concrete Roof (Non GR)
2) Green Roof Concrete (GR-NC)
) Green Roof LCC 1200 (GR-LCC 12)
) Green Roof LCC 1400 (GR-LCC 14)

N

a

1.6  Anticipated Outcomes

The expected benefit of this study lies in providing valuable performance that
can enhance green roofs in the construction industry. The findings serve as a new
knowledge base, particularly in understanding the advantages of LCC in green roof
systems. By utilizing the microstructure-level parameters as indicators, this research
offers practical guidelines for implementing and optimizing green roof systems using

LCC.

1.7 Structure of Dissertation
This thesis consists of three main chapters and is divided according to the

following outlines:

Chapter [ is the introduction part that presents the objective and scope of the

study.

Chapter Il presents the literature review of the recent research papers on green
roof types and benefits, an overview of lightweight cellular concrete, energy efficiency

in buildings, and the microstructure porosity in lightweight cellular concrete.
Chapter Il presents the methodology of the research.

Chapter IV presents the results and discussion of the performance of various

roof variables, the microstructure analysis, and the carbon footprint impacts of GR-LCC.



Chapter V shows the recent project that has been done by applying GR-LCC.
This chapter also shows the potential of GR-LCC to be commercialized on real

construction sites.

Chapter IV concludes the research work and presents the innovative prediction
equation useful for the green building assessment of roofs, as well as provides

suggestions and recommendations on the development of GR-LCC.



CHAPTER Il
LITERATURE REVIEW

2.1  Green Roofs: Concepts and Benefits

2.1.1 Definition and Types of Green Roofs

Green roofs, also known as vegetated or living roofs, are innovative roofing
systems that consist of a vegetation layer and growing medium placed on top of roof
deck structures. These systems serve multiple functions, offering environmental,
economic, and social benefits. Green roofs have become increasingly popular as a
sustainable solution for urban development. (Castleton et al., 2010). Green roofs are
classified into three primary types: extensive, semi-intensive, and intensive, as

illustrated in Figure 2.1.

-
N e ?:{, ™" ' 1l
B - /"* » \ D
; i 4 o
EXTENSIVE GREEN ROOF SEMI-INTENSIVE GREEN ROOF INTENSIVE GREEN ROOF
Height: 6- 20cm Height: 12 - 25cm Height: 15cm > 1m
Weight: 60 - 150 kg/m? Weight : 120 - 200 kg/m? Weight : 180 - 500 kg/m?
Vegetation: mosses, Vegetation : grasses, herbs |Vegetation : lawn, perennials,
sedums, herbs and grasses | and shrubs shrubs and small trees
Cost: low Cost: middle Cost: high
Maintenance: low Maintenance : periodically [ Maintenance : regularly

Figure 2.1 The various green roof types (Fernandez-Canero et al., 2013)



Extensive green roofs are characterized by their lightweight construction,
typically consisting of a thin growing medium layer measuring between 6 and 20 cm.
This type of green roof supports resilient, low-maintenance vegetation, such as grasses,
sedums, and mosses, which are well-adapted to the challenging rooftop environment,
requiring minimal watering and maintenance. Extensive green roofs are primarily
designed to offer environmental benefits, including enhanced stormwater
management through rainfall absorption, improved thermal insulation, reduced energy
consumption for heating and cooling, and the creation of habitats for urban wildlife.
Their lower installation and maintenance costs make them a cost-effective option for

retrofitting existing buildings

Semi-intensive green roofs represent a middle ground between extensive
and intensive systems, with a growing medium depth typically ranging from 12 to 25
cm. Compared to extensive green roofs, this type allows for a greater variety of plant
species, including perennials, grasses, and small shrubs, promoting increased
biodiversity and aesthetic appeal. Semi-intensive green roofs require moderate
maintenance and watering while offering balanced benefits, such as enhanced
stormwater management, improved thermal performance, and opportunities for urban
greening and recreational use. These roofs are suitable for both new constructions and

retrofitting projects, providing a versatile option for a wide range of building types.

Intensive green roofs are distinguished by their complexity and
resemblance to traditional gardens or parks. They feature deeper soil layers, typically
ranging from 25 cm to 100 cm, allowing for the growth of a diverse range of plant
species, including shrubs, trees, and even small water features. These roofs have a
significantly higher weight and require additional structural reinforcement, leading to
increased installation and maintenance costs. However, intensive green roofs offer
substantial aesthetic and recreational benefits by creating vibrant green spaces that
can be enjoyed by building occupants and the general public. They can serve as
communal spaces, enhance property values, and provide opportunities for urban

farming and community gardening

Each of the three categories of green roofs—extensive, semi-intensive,
and intensive—contributes to urban biodiversity by providing habitats for various

species. Additionally, they help mitigate the urban heat island effect by cooling the



surrounding air and improving air quality by filtering pollutants. Furthermore, green
roofs can extend the lifespan of the underlying roof membrane by offering protection
against UV radiation, extreme temperatures, and physical damage. The economic
feasibility of green roofs is further enhanced by energy savings resulting from improved
insulation and reduced cooling demands.

In summary, green roofs offer a versatile and multifaceted solution to
various urban challenges. Whether through low-maintenance, environmentally friendly
extensive systems, balanced semi-intensive designs, or complex and aesthetically
pleasing intensive green roofs, these systems provide a sustainable approach to
enhancing urban environments, improving building performance, and fostering

healthier, more resilient cities.
2.1.2 Material Used in Green Roofs

Green roofs are complex systems that require a variety of materials to
function effectively and sustainably. They help mitigate the urban heat island effect
by replacing heat-absorbing surfaces with vegetation and specialized supporting layers,

resulting in cooler urban environments.

Niachou et al. (2001) stated that the benefits of green roofs in retrofitting
existing buildings demonstrate significant energy savings. In buildings without insulation
(U-value up to 1.99 W/m2K) or with moderate insulation (U-value up to 0.8 W/m?2K),
green roofs can reduce annual energy consumption by up to 48% and 7%, respectively.
The combination of each green roof layer contributes to improving the U-value,

resulting in a roof with higher thermal resistance.

> Vegetation
Crowth substrate

Filter fabric
Dramage element

Protection layer
Root barmier

Insulstion layer

Water proofing membrane
Roof deck

Figure 2.2 Green roof layers (Vijayaraghavan, 2016)



Pianella et al. (2017) described four key components of a green roof
system are the vegetation layer, growth substrate, irrigation system, and protection

layer, as shown in Figure 2.2 and described below:
1) Vegetation

The choice of vegetation is crucial for successfully implementing a
green roof. Hardy and water-efficient plants such as sedums, grasses, and mosses are
typically selected for extensive green roofs due to their minimal maintenance
requirements. In contrast, intensive green roofs, with their deeper soil layers, can

support a broader range of plant species, including shrubs, trees, and flowering plants
2) Growth substrate

The growing substrate is a carefully formulated soil mixture designed
to support plant growth. It is lishtweight and provides adequate drainage. Typical
components include mineral aggregates such as expanded clay and pumice, along with
organic materials like compost. An optimal growing medium must strike a balance
between water retention and drainage to promote plant health while preventing

waterlogging.
3) Irrigation

The irrigation system of a green roof is composed of multiple layers,
including filter fabric geotextile, a drainage layer, and a root barrier, each serving a
specific function. The filtration fabric, typically made of non-woven geotextile, prevents
the erosion of the growing medium into the drainage layer by allowing water to pass
through while retaining soil particles. The drainage layer is essential for managing
excess water, ensuring proper drainage, and preventing root rot and structural damage.
It may be constructed using materials such as plastic or polystyrene panels, gravel, or
specialized drainage mats, which help channel water toward drainage outlets and
prevent water accumulation in the growing medium. The root barrier, made from
durable and non-porous materials like thick plastic or rubber sheets, is installed to
protect the roof membrane by preventing root infiltration, thus extending the roof's

lifespan.
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4) Protection layer

The structure of a green roof includes two critical layers: the
waterproof membrane and insulation. These layers are installed on the roof deck to
prevent leaks and enhance the roof’s thermal resistance. Common materials for roof
decks include concrete, wood, metal, and structural panels, all of which require both
layers to ensure the long-term durability of the green roof system. The waterproof
membrane is a key element that prevents water infiltration into the roof deck.
Typically constructed from materials such as bitumen, PVC, EPDM rubber, or modified
asphalts, the membrane must be strong enough to resist root penetration and support

the weight of the green roof system.

The addition of insulation improves the building’s thermal regulation.
Extruded polystyrene (XPS) and expanded polystyrene (EPS) are commonly used
insulation materials for green roofs, offering thermal resistance and contributing to
energy efficiency. Each component is crucial to a green roof's overall performance and
long-term viability. Careful planning is essential to selecting and integrating materials
that align with the building's specific requirements, local climate, and the intended use

of the green roof.

As research and technology continue to advance, it is important to
further enhance the performance of green roofs by developing new materials and
methods. These improvements will increase their value for sustainable urban
development. Table 2.1 outlines the typical layers of green roofs and their respective

properties.

Table 2.1 Typical layers in green roofs (D’Orazio, Di perna and Di giuseppe, 2012)

Layer Thickness Material Density | Thermal Conductivity
[m] [kg/m’] [W/mK]

Vegetation and soil 0.150 Grass and 582 0.170 (dry)
substrate compost 0.330 (saturated)
Filter sheet 0.001 Polypropylene 910 0.220
Drainage, storage, and 0.002 Polyethylene 950 0.380
ventilation element
Air (inside the drainage 0.023 Air - 0.160
system)
Insulation 0.120 EPS 25 0.035
Roof slab 0.100 Concrete 2400 2.25
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2.1.3 Benefits of Green Roof

Green roofs offer numerous advantages, contributing to various direct and
indirect environmental benefits. The following sections provide a detailed description

of these benefits:
1) Stormwater Management

Green roofs effectively mitigate stormwater runoff by absorbing and
retaining rainwater. This approach helps alleviate urban flooding, reduces the burden
on municipal drainage systems, and improves water quality by filtering out
contaminants. According to Talebi et al. (2019), implementing a green roof can result

in an average runoff retention rate of 40-80%.
2) Urban Heat Island Mitigation

Green roofs incorporating vegetation on traditional rooftops help
mitigate the urban heat island effect and reduce surface temperatures. This cooling
effect can lower ambient temperatures in metropolitan areas, creating a more
comfortable environment and reducing energy demands for air conditioning.
Santamouris (2014) compared several mitigation strategies to minimize the impact of
urban heat islands (UHI). It was proposed that the widespread implementation of green

roofs could reduce ambient temperatures ranging from 0.3 to 3 °C.
3) Air Quality Improvement

The vegetation on green roofs captures airborne pollutants and
particulate matter, thereby improving air quality. Additionally, plants absorb carbon
dioxide and release oxygen, further enhancing urban air quality. Lei et al. (2018)
conducted a study in Zhengzhou, China, revealing that trees absorb 87.0% of airborne
dust, while shrubs account for 11.3%, and grass contributes 1.7%. Additionally, it has
been demonstrated that the vegetation on green roofs can effectively purify air

contaminants.
4) Biodiversity and Habitat Creation

Green roofs support a wide variety of plant and animal species,
thereby enhancing urban biodiversity. They serve as sanctuaries for birds, insects, and

other fauna, promoting ecological balance in urban areas. Numerous studies have
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demonstrated the effectiveness of green roofs in mitigating habitat loss in densely built
environments. Additionally, green roofs increase opportunities for recreational activities
in urban settings and contribute to wildlife conservation by providing animals with

access to green spaces (Lei et al., 2018).
5) Energy Efficiency

The insulating properties of green roofs reduce energy consumption
for both heating and cooling. Green roofs help keep buildings cooler in summer by

providing shade and reducing heat transfer.
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Figure 2.3 The role of energy efficiency in green roofs compared to bare roof
(Lei et al., 2018)

Figure 2.3 illustrates one of the key advantages of green roofs,
specifically the energy efficiency benefits they provide compared to bare roofs. The
layers of vegetation in the green roof system help minimize energy transfer from the
exterior. Niachou et al. (2001) conducted a study in Greece, which found that green
roofs can significantly reduce energy consumption for cooling by 2% to 48%,
depending on the extent of green roof coverage. Additionally, these roofs can lower
indoor temperatures by up to 4°C. The improvement in thermal efficiency is primarily
attributed to increased shading, enhanced insulation, and the greater thermal mass

provided by the roof system.
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6) Carbon Sequestration

Green roofs contribute to climate change mitigation by sequestering
carbon dioxide through photosynthesis. Vegetation absorbs carbon dioxide (CO,) and
stores carbon in plant biomass and soil. The presence of plants on green roofs has
been shown to reduce a building's CO, emissions by approximately 28.16 kg/m?,
primarily through the absorption of carbon dioxide via photosynthesis. (Niachou et al.,
2001).

7) Economic Benefits

Green roofs shield the underlying roof membrane against UV
radiation, severe temperatures, and physical harm. This significantly prolongs the roof's
durability by up to 40 years, minimizing the need for frequent replacements and the
accompanying expenses. Furthermore, by enhancing thermal insulation, green roofs
effectively reduce energy expenses associated with heating and cooling. Buildings that
use green roofs can substantially decrease energy expenses, leading to long-term
financial savings. Green roofs offer both aesthetic and environmental advantages that
can increase home prices. Buildings featuring green roofs are more visually appealing
to potential purchasers or renters, increasing market prices and rental incomes. The
alternative roofs' Net Present Value (NPV) is around 30-40% lower than traditional roofs
(Niu et al.,, 2010).

8) Mental Health and Well-being

Creating a well-being world is one of the Sustainable Development
Goals (SDGs) objectives. Evidence shows that access to green areas enhances mental
health and general well-being. Green roofs help with this by connecting city people to
the natural world, lowering stress levels, and enhancing wellbeing (Niu et al., 2010). As
shown in Table 2.2, Pratama, Sinsiri, and Chapirom (2023) described green roofs in
tropical areas such as ASEAN countries can significantly improve building performance.
Green roofs have numerous advantages beyond their immediate use. To promote
healthier, more sustainable urban environments, green roof adoption must be
developed as cities grow and face environmental difficulties. Development can be

carried out to enhance benefit value by improving the green roof function.
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Table 2.2 Green roof performance in tropical countries (Pratama et al., 2023)

Parameter Green Roof Remarks
Performance
Energy consumption 11 -21% Singapore, Extensive Green Roof,
savings Comparison of rooftop garden with turfing, shrubs,
and tree

Outdoor surface 10 - 24 °C Malaysia, Extensive Green Roof,
temperature Green roof improving public environment
Indoor temperature 24 - 38 °C Thailand, EGR,

Local material Thailand (Green Mat) on green roofs

Temperature reduction Up to 10.2 °C Aceh, Indonesia,
Extensive Green Roof, Precast foamed concrete,

Combination of lightweight foamed concrete and

green roof
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Figure 2.4 The history of green roof research (Cascone, 2019)

The development of green roof construction has evolved significantly
over the past few decades, driven by technological advances, increasing environmental
awareness, and the growing need for sustainable urban solutions. Figure 2.4 depicts

the progression of research on green roofs, which commenced in 1960 and continues
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to develop until the present moment. This section outlines the historical progression

and technological innovations in green roof construction.
1) Historical Progression

Green roofs have been used on building rooftops for many centuries.
In ancient times, people created rooftop gardens for their insulating properties. One of
the most renowned ancient green roofs was the Hanging Gardens of Babylon, built
around 500 BCE (Abass et al., 2020). The application of green roofs on modern buildings
is becoming increasingly common. Figure 2.5 illustrates the difference between green

roofs in ancient and present times.

Figure 2.5 The Hanging Garden of Babylon in the Ancient and The Meera Sky Garden
House of Singapore in the present (Abass et al., 2020)

During an energy crisis, modern green roofs originated in Germany in
the early 1960s. By the early 1980s, the green roof market expanded rapidly, and many
green roofs were constructed in Germany following the Forschungsgesellschaft
Landschaftsentwicklung Landschaftsbau (FLL) guidelines, also known as the Guidelines
for the Planning, Construction, and Maintenance of Green Roofs (Landscape
Development and Landscaping Research Society, 2018). Due to their numerous
benefits, green roofs have gained popularity worldwide. Furthermore, ongoing research
into green roof guidelines, implementation, and maintenance continues to improve

the quality of green roofs for the future.
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2) Technological Innovations

A study investigated green roofs' guidelines, implementation, and
maintenance to promote their use worldwide. Countries like the United States, Canada,
Singapore, Australia, Japan, China, Hong Kong, and South Korea actively strive to
implement green roofs on new and existing structures to attain various advantages.
Niu studied the literature on green roofs and discovered that the United States
accounted for 34% of the overall papers, while Europe and Asia contributed 33% and
20% of the total publications, respectively (Niu et al., 2010). Nevertheless, the progress
of green roof development in Asia lags far behind that of the United States and Europe.
Adopting green roofs in Asia offers numerous advantages, mainly due to their
predominant location in tropical temperature regions, which receive more daylight

than temperate countries.

Nevertheless, as Figure 2.6 depicts, a comprehensive and efficient

strategy is a substantial barrier to developing green roofs in Thailand.
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Figure 2.6 The Green Roof Development Levels in ASEAN Countries
(Pratama et al., 2023)

Upon closer analysis, it becomes evident that research in Asia has
predominantly originated from a select few countries: China, Japan, South Korea, India,
Taiwan, and Iran. Despite the dominance of ASEAN countries in the tropical region of

Asia, published literature on green roofs has been scarce. Among the approximately
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ten member states of ASEAN, Singapore stands out as the sole leader in green building
technologies, including implementing green roofs (Pratama et al., 2023). Singapore has
enacted rules to encourage the adoption of green roofs and urban greenery, shown
by programs such as the Skyrise Greenery Incentive Scheme. Green roofs have become
increasingly popular in Malaysia, particularly in urban areas such as Kuala Lumpur. The
government has implemented criteria to encourage the adoption of environmentally
friendly construction methods, which include the certification known as the Green
Building Index (GBI). Pilot projects for green roofs are currently being implemented in
Bangkok, the capital of Thailand, as well as other cities. These projects aim to showcase

the advantages and viability of green roofs in urban environments.

A comprehensive analysis of data on the progress of green roofs in

ASEAN identified four key challenges hindering their development in the region:

1) High Initial Costs: The initial costs of building green roofs might be
substantial, hindering their wider adoption.

2) Increased Weight: Green roofs provide a substantial amount of weight
to structures due to the multiple layers of soil, vegetation, and water
retention systems they include. The added weight can vary between
50 and 300 kg/m? for extensive green roofs and maybe even greater
for intensive green roofs.

3) High Maintenance: Green roofs require regular maintenance to ensure
the vegetation's health and the roof's structural integrity.

4) Lack of Technical Expertise: Specialised knowledge and skills are

required to design, install, and maintain green roofs.

To successfully adopt green roofs in the ASEAN region, it is necessary
to tackle the structural obstacles related to significant weight. These difficulties can be
efficiently addressed using material innovations, engineering techniques, design

analytic approaches, and favorable legislation.

Lightweight cellular concrete (LCQ), a type of concrete that is lighter
in weight, provides a valuable chance to address the structural issues related to green
roof systems, especially in reducing weight and improving insulation. Through
harnessing its distinctive characteristics, including it in green roof designs, and

addressing practical problems, LCC has the potential to contribute significantly to the
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progress of sustainable urban development in the ASEAN region. By consistently
innovating and conducting research, utilizing LCC in green roofs can enhance their
value as an exceptional insulating material and effectively address the issue of
excessive weight. The following section will provide a more detailed description of
LCC.

2.2 Lightweight Cellular Concrete (LCC)

This section overviews lightweight cellular concrete (LCC), detailing its
characteristics and potential applications in various construction projects. Additionally,
it examines the key factors driving the advancement of LCC technologies, with
particular emphasis on its use as an alternative roof deck material in green roof

systems, enhancing overall green roof performance.
2.2.1 Overview of LCC

Lightweight cellular concrete (LCC), commonly called foamed concrete,
is a lighter concrete type that contains random air spaces created by
incorporating foam agents into the mortar. This foam is produced by utilizing a foaming
agent, which can either be pre-formed and combined with the base material or created
on-site during the mixing process. Figure 2.7 shows the material used in LCC. The
outcome is a type of concrete significantly lighter than conventional concrete, with
densities varying between 800 and 1800 kg/m? (Chica and Alzate, 2019).

Cement

Figure 2.7 Material of LCC (Raj et al., 2019)

The utilization of LCC has significantly increased in the construction field,
as it has many advantages, such as being easy to add the foam directly and pump,

workability, and self-leveling. Moreover, LCC can adjust the weight depending on its
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non-load-bearing or load-bearing function, enhance heat insulation by its low thermal

conductivity, and improve water and sound absorption.

LCC's decreased weight and enhanced workability make it a highly
suitable material for various building purposes, including void filling, thermal insulation
layers, precasting wall panels, slabs, and lightweight blocks. Table 2.3 explains several

uses of LCC in construction based on density.

Table 2.3 Summary of LCC applications based on density (Sari and Sani, 2017)

Density (kg/m?) Application

300 - 600 Replacement of existing soil, soil stabilization, geotechnical

rehabilitation, raft foundation

600 - 800 Widely used in void filling as an alternative to granular fill, some
such applications include filling old sewerage pipes, wells,

basements, and subways.

800 - 900 They are primarily used in producing blocks and other non-load
bearing building elements such as balcony railings, partitions,

parapets, etc.

1100 - 1600 Used in prefabrication and cast-in-place wall, either load bearing
or non-load bearing, and floor screeds house applications
1600 - 1800 Recommended for slabs and other load-bearing building

elements where higher strength is required

2.2.2 Materials of LCC

Lightweight Cellular Concrete (LCC) is a versatile construction material
composed of Portland cement, water, and a foaming agent that produces air bubbles
within the mixture, resulting in a lightweight and highly workable material. Additionally,
the porous nature of foamed concrete bestows it with excellent thermal insulation
properties, making it a suitable choice for energy-efficient building envelopes (Zhou et
al., 2022). The details below describe the materials used in LCC.

1) Portland Cement

As its leading binding agent, LCC is frequently utilized in Portland
cement type 1, also known as Ordinary Portland Cement (OPC). They use Portland

cement outcomes of compressive strength progression for 3 to 5 days. During this
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period, LCC undergoes frequent curing. To initiate the hydration reaction and will have
an impact on physical properties. Excessive use of cement can lead to thermal
accumulation in the concrete and will affect the air void, can fracture, and incur
elevated production expenses. Guidelines for utilizing cement are contingent upon the

intended density.
2) Fine Aggregates

Fine aggregate refers to the granular material used in the concrete
mixing process. The generally used range of particle sizes for sand includes river sand,
land sand, or sand, with sizes ranging from 0.075 millimeters to 4.75 millimeters, and
it should be free of any dust particles. The primary component utilized in the blending
of cellular concrete is predominantly sand. Concrete aggregates should conform to
ASTM. Specifications C 33, C 144, C 332, or C 330 with the provision that aggregates fail
to meet these specifications. Using foam in a stable blend of cement and sand can
enhance the uniformity of the mortar. Less dense foam will exhibit upward buoyancy,
causing air spaces to rise, whereas denser materials will experience downward
gravitational forces, causing them to sink. Thoroughly combining the ingredients can
stabilize the position of the air bubble, ensuring that it is equally distributed. Uniformly
distributed space helps optimize the characteristics of LCC, particularly its ability to
withstand high temperatures. Lighter substances (fillers) will probably substitute the
empty spaces, resulting in @ smoother foam surface. The strength of concrete has

diminished.
3) Water and Plasticizers

The water requirement in foamed concrete depends upon the
constituents and the use of admixtures. The desired mix's uniformity, consistency, and
stability also govern water content. Generally, the water-to-cement ratio range was
suggested to be from 0.4 to 1.25 or 6.5% to 14% of the target density. The amount of
water must be appropriate to guarantee that the workability of the premixed paste or
mortar is acceptable for foamed concrete fresh design mix. Otherwise, the cement
would absorb water from the foam and cause rapid degeneration of the foam. ASTM
standards suggest that the optimum water/cement ratio should be limited between
0.5 and 0.6 (ASTM €869, 1999). The plasticizers significantly improve workability and

stabilize foamed concrete's compatibility. They are practically defined as water-
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reducers used to increase the performance of fresh concrete by easing its mobility and
plasticity; however, no significant effects on concrete segregation were observed. The

plasticizer content is approximately 0.45% and 5% of foam agent volume.
4) Foam agent

Foam agents control the concrete density through a rate of air
bubbles created in the cement paste mixture. Foam bubbles are defined as enclosed
air voids formed by adding foam agents. The most common foam agents are synthetic
and protein-based. The protein-based foam agents result in a more robust and closed-
cell bubble structure, which permits the inclusion of more significant amounts of air
and provides a more stable air void network. In contrast, the synthetic ones yield more
significant expansion and thus lower density. It is reported that the excessive foam
volume results in a drop in flow. However, the flow is significantly affected by mixing
time. Chapirom et al. (2019) Reported that the greater the mixing time, the more
entrained air there is, albeit prolonged mixing may cause the loss of entrained air by
dropping the air content. The mixing rotation speed of the concrete mixer at 45 rpm
reported a higher compressive strength and water absorption in which the foam size
and spread are more even in the concrete than at all the other speeds. The air voids
range between 6% and 35% of the total volume of the final mix in most foamed
concrete applications. The foam introduced by ACI 523.3R-93 is produced by blending
the foam agent, water, and compressed air (generated by an air compressor) in pre-
calculated proportion ratios in a foam generator calibrated for a discharge rate. The
foam quality was vital because it represented the stability of foamed concrete and

affected the strength and stiffness of the resultant foamed concrete.
5) Fibers

Fibers used in the foamed concrete are synthetic or natural: alkali-
resistant glass, kenaf, steel, oil palm fiber, and polypropylene fiber. The volumetric
fraction of these fibers ranges between 0.25% and 0.4% of the total volume of mix
design constituents. Previously, it was reported that a significant improvement in
mechanical and impact properties was observed when the foamed concrete was

reinforced with polypropylene fibers.

2.2.3 Typical Properties of LCC
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The properties of LCC are subject to changes based on variations in mix
design. Every property possesses distinct features that are influenced by both the
production process and the level of performance. The following are the essential

properties of LCC:
1) Compressive strength

The compressive strength is directly proportional to the density,
meaning that a decrease in density will harm it. Compressive strength is generally
influenced by various factors, including the foam agent rate, water-to-cement ratio,
type of sand particles, ratio of cement to sand, and properties of other components
and their distribution. Jones and McCarthy (2005) They reported that the LCC, with a
density range of 280 — 1800 kg/m3, has compressive strengths at 28 days at 0.6 — 43
MPa. Applying the curing process and incorporating fiber also contribute to achieving
a high compressive strength. The unmolded LCC must be cured in a room with 100%
relative humidity (RH) for at least three days. The compressive strength of foamed
concrete can be improved by including fibers as they prevent micro-crack
formation and raise the energy absorption rate (Wan Ibrahim et al., 2014). Table 2.4
below shows the standard compressive strength in the Thai industry following TIS
2601-2556.

Table 2.4 Compressive strength of LCC (Thai Industrial Standard, 2018)

Density (kg/m?) Minimum of compressive strength (MPa)
600 - 800 2.0
900 - 1200 2.5
1400 - 1600 5.0

2) Dry density

The density of the mixture can be assessed in two distinct phases: wet
density and dry density. Wet density is measured during the mixing process to calibrate
the target density of the mortar. Meanwhile, dry density is measured when the sample
from LCC is dehydrated through oven drying. The allowable tolerance for wet and dry
density is limited to +50 kg/m?>. However, for high-density foamed concrete mixes (i.e.,
1600 kg/m? above), the variance may go up to +100 kg/m? following the TIS 2601-2556
(Thai Industrial Standard, 2018). Determining the wet density establishes the precise
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design mix and casting control volume. In contrast, dry density effectively regulates

hardened foamed concrete's mechanical, physical, and durability characteristics.
3) Water absorption

Water absorption is a precise measurement of a substance's capacity
to soak up a liquid into a capillary of LCC. This critical component, which affects the
longevity of LCC, is primarily affected by various parameters, including the foaming
agent, type of mineral admixtures, density, permeability characteristics, and curing
conditions. These properties influence the likelihood of water movement concerning
the size of bubbles (pore size), the degree of winding or twisting, and the consistency

of distribution and connection.

Several studies have investigated water absorption characteristics in
LCC and indicated that water flow into LCC is not just determined by porosity but is
influenced by factors such as pore distribution, diameter, continuity, and tortuosity. As
a result, the behavior of LCC is more intricate due to a greater volume of air voids. At
increased density, the ability of LCC to absorb declines, and this is also followed by a
decrease in the volume of air-void. The water absorption standard set by LCC complies

with the TIS 2601-2556 standard.

Table 2.5 Water absorption of LCC (Thai Industrial Standard, 2018)

Density (kg/m?) Maximum of water absorption (%)
600 - 800 25
900 - 1200 23
1400 - 1600 20

4) Thermal conductivity

The LCC is composed of a closed-cell structure with lower heat
conductivity than regular concrete. The thermal conductivity is directly related to the
density, and the thermal insulation diminishes as the volume density increases.
Ganesan et al. (2015) investigated the normal concrete exhibits a heat conductivity of
1.6 W/mK at a 2200 kg/m? density, 59% more efficient than the LCC. The low thermal
conductivity of LCC provides substantial advantages, especially in actual construction.
It offers superb insulation, which boosts energy efficiency by lowering heating and

cooling expenses and enhances thermal comfort for inhabitants. The thermal
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conductivity of LCC, with a density ranging from 800 to 1800 kg/m3, falls within the
range of 0.2 to 0.75 W/mK, as specified in detail below following the ACI 523.3R-93

(American Concrete Institute, 2014).

Table 2.6 Thermal conductivity of LCC (American Concrete Institute, 2014)

Density (kg/m?) Guideline of thermal conductivity (W/mK)
800 0.20
920 0.24
1120 0.30
1280 0.36
1340 0.43
1600 0.51
1760 0.61

5) Flexural strength

Flexural strength, sometimes referred to as modulus of rupture, bend
strength, or transverse rupture strength, is the capacity of a material to withstand
deformation when subjected to stress. Fracture stress is the highest level of stress that
a material can withstand at the point of breaking during a bending test. Narayanan and
Ramamurthy (2000) LCC's flexural and tensile strength is within 15% to 35% of its

compressive strength.
6) Tensile strength

The tensile strength can be defined as the maximum stress a material
can bear before breaking when it can be stretched or pulled. In foamed concrete, the
tensile strength is lower than that of normal concrete. In general, the ratio of tensile
strength to compressive strength of foamed concrete ranges between 0.2 and 0.4,
which is higher than that of normal concrete. Since low-density cellular concretes have
very low tensile strengths, adding fiber can increase the splitting tensile strength by

about 31.7% compared to non-PP fiber foamed concrete.

7) Modulus of Elasticity
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lts density and compressive strength determine LCC's modulus of
elasticity (E-value). (Yu et al,, 2020). The E-values of LCC are four times lower than
normal concrete's, possibly due to the absence of coarse material in the mix. The
British Concrete Association (BCA) states that the modulus of elasticity of LCC ranges
from 1 to 12 GPa. (Sari and Sani, 2017). Polypropylene fibers can be incorporated into

the mixture to enhance the E-value.
2.2.4 The potential of LCC to use as a roof deck for green roof

Lightweight cellular concrete (LCC) offers numerous advantages in
construction due to its adjustable density based on specific requirements. Leo A. (1960)
outlined four key applications of this material: floor fill, roof deck, engineered infill,
and precast elements. Using the right mix selection of the roof deck function, LCC can
be used as a sub-base for green roof construction. The roof deck is used for casting
over galvanized steel decking, which can be corrugated or fluted. This application
offers benefits such as fire ratings, enhanced seismic protection, thermal insulation,
and a sloped roof deck for efficient drainage. In previous research, a roof deck on a
green roof was carried out on LCC with a density of 1400 kg/m® by applying a precast
system with dimensions of 400 x 1800 mm. The maximum moment for all panel
specimens with the green roof load is assumed to be 60 - 150 kg/m? for an extensive
green roof, and the live load that works on the roof is 100 kg (the maximum moment
at mid-span). The test showed that the LCC roof deck has the maximum moment of

the green roof load, which is only 5% of the ultimate moment (Munir et al., 2020).

Apart from that, LCC is also often used because of its excellent properties,
which can reduce thermal transfer. The incorporation of LCC leads to a decrease in
the direct cost of an apartment by about 8.2%-13.9%, compared to one built with
conventional (Pan et al., 2007). Previous studies using an LCC density of 1400 kg/m’
were carried out to improve thermal performance. Using LCC on a green roof can
reduce the room temperature by 10 °C cooler than the outdoor temperature (Munir
et al.,, 2020). However, deeper learning about using LCC on green roofs is still limited,
especially concerning LCC's quality microstructure, which impacts thermal
performance. The alternative use of LCC on the roof deck on a green roof is needed
because using normal concrete poses various obstacles that may prevent the

successful installation of green roofs. An important concern is the substantial weight
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of the roof, which could cause tremendous pressure on the structure of the building.
The structure frequently requires significant and expensive strengthening, especially in
retrofitting projects where the original buildings were not intended to bear such loads.
In addition, concrete does not possess the necessary thermal insulating qualities for
achieving ideal energy efficiency, resulting in increased expenses for heating and

cooling.

As shown in Figure 2.8, an insulating layer is typically placed on top of
the concrete deck to enhance its thermal resistance. Nevertheless, including an

insulating layer will increase the weight and cost of the green roof.

Vegetation
Growth substrate

Filter fsbric
Drznage element

Protection layer
Root barrier

nsulstion layer

Watker proofing membrane
Roof deck

Insulation Layer

Figure 2.8 The insulation layer placed above the roof deck (Abass et al., 2020)

These issues emphasize the necessity for advanced and flexible materials,
such as using LCC material to substitute the concrete deck, to address the constraints
of conventional concrete in green roof installations. LCC can be used as a roof deck
material in green roof systems. It can help overcome structural issues and offers
improved thermal performance and durability. The low density of LCC, which varies
from 800 to 1800 kg/m3, effectively minimizes the extra burden caused by green roofs.
This characteristic makes it suitable for both new constructions and the process of
upgrading existing buildings. Table 2.7 explains several comparative reviews of normal

concrete and LCC properties.

The FLL Green Roof Guidelines are globally acknowledged benchmarks
for designing and constructing green roofs. These guidelines highlight the significance

of temperature reduction as a primary advantage of green roofs (Landscape
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Development and Landscaping Research Society, 2018). LCC plays a vital role in this
area by offering exceptional thermal insulation characteristics, decreasing the artificial

heating and cooling requirement.

Table 2.7 Comparative of properties of normal concrete and LCC
(Ahmad et al., 2017; American Concrete Institute, 2014; Chica and Alzate,
2019; Thai Industrial Standard, 2018)

Properties Normal Concrete LCC

Density 2400 kg/m? 800 — 1920 kg/m’
Compressive strength 31.2 MPa 1.7 - 24.7 MPa
Thermal conductivity 2.25 W/mK 0.2 - 13 W/mK
Water absorption 7.93% 7 - 25%
Tensile strength 2.07 MPa 0.34 — 4.94 MPa
Flexural strength 2.7 - 4.8 MPa 0.51 - 7.41 MPa
Modulus of elasticity 26300 MPa 4800 MPa
Total porosity 25.42% 62.50%*
Opened porosity 15.09% 20.40%*
Closed porosity 10.62% 42.10%*

*Porosity in LCC density 1000 kg/m?

The air-void composition of LCC traps air, generating an insulating stratum
that aids in preserving consistent indoor temperatures irrespective of external climatic
circumstances. LCC improves the energy efficiency of buildings by efficiently
controlling heat transfer, resulting in decreased energy usage. LCC's properties make it
a highly suitable material for green roofs. The following part will provide a more
comprehensive analysis of exploring the air void of LCC by microstructure analysis and

its relation to enhancing energy efficiency while applying it on green roofs.

2.3 Microstructure Porosity of LCC

Lightweight cellular concrete (LCC) is a porous material with numerous pores
inside it. The pore structure inside the material strongly affects the cell (solid) structure
and its characteristics and properties. Like other types of concrete, the material
properties of LCC are significantly affected by the pore characteristics, and many
studies have been reported about the pore characteristics of foamed concrete over

the past few years. Ramamurthy et al. (2009) found that concrete with uniform air-void
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sizes, circular air voids, and optimal spacing between voids can produce LCC with good
mechanical properties. Further, durability studies showed that the foam cell structure
and possible porosity do not make it less resistant to penetration of aggressive ions
than densely compacted normal-weight concrete. The ratio of connected pores to
total pores, which determines the durability, is lower in LCC. Hence, it has good

resistance to freeze and thaw, fire, thermal conductivity, and lower sorptivity.
2.3.1 Fundamental Observations of Foamed Concrete Stability

Porosity results from the use of injection foam into mortar, with pore
volumes reaching up to 62.5% at a LCC density of 1000 kg/m?, as presented in Table
2.7. As the density of LCC decreases, the volume of porosity increases, and each
change in density yields distinct property values. Therefore, the application of LCC in
construction must be carefully assessed for its structural strength, while also optimizing

other essential properties, such as thermal insulation and potential water resistance.

The pore structure properties of cementitious materials are commonly
assessed using various methods such as digital image processing, mercury intrusion
porosimetry, or scanning electron microscopy. However, most of these techniques rely
on the assumption of pore shape when interpreting results and are either invasive or
restricted to two-dimensional (2D) data. The use of 3D data-based analysis has been
very popular in recent decades. The method commonly used is using X-ray computed
tomography (XCT). The following are some explanations of imaging analysis techniques

of cementitious material:
1) Digital Image Processing (DIP)

Digital camera imaging involves capturing digital images of objects to
analyze their surface properties. A digital image is composed of pixels, and the image's
quality depends on the camera sensor's resolution. Digital image processing (DIP)
techniques extract meaningful information from these images, which can be
subdivided into homogeneous regions to identify objects of interest. Digital cameras
are widely used due to their simplicity, availability, and ability to produce high-quality
images cheaply. However, the DIP cameras capture 2D images, which do not provide
information about the sample's internal structure. The use of DIP limits the analysis to

surface characteristics (Douglass et al., 2017).
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2) Mercury Intrusion Porosimetry (MIP)

Mercury Intrusion Porosimetry (MIP) is a widely utilized technique in
concrete technology for investigating the pore structure of cement-based materials
such as mortar and concrete. MIP works by intruding mercury into the pores of a
sample under controlled pressure, allowing for the measurement of pore size
distribution, porosity, and other related parameters. The technique relies on the
Washburn equation, which assumes cylindrical pore shapes to calculate pore sizes
based on the applied pressure and the known properties of mercury, such as surface
tension and contact angle. However, the results of MIP are highly sensitive to sample
preparation methods, such as drying techniques, sampling methods, and sample size.

Variations in these factors can lead to discrepancies in the results (Ma, 2014).
3) Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful imaging technique
used to observe and analyze the microstructure of materials at a very high resolution,
ranging from micrometers to nanometers. SEM utilizes a focused beam of electrons to
scan the surface of a sample. The interaction of the electrons with the sample
produces various signals, such as secondary electrons (SEs) and backscattered
electrons (BSEs), which are collected to form detailed images of the sample's surface
and provide information about its composition. SEM requires the sample to be
conductive or coated with a conductive material, and it is usually conducted in a high-
vacuum environment. However, the sample can be altered or damaged because SEM
requires coated samples. SEM can only analyze a sample's surface or near-surface

regions, as the electron beam cannot penetrate deeply into the material.
4) X-Ray Computed Tomography (XCT) Scan

X-ray Computed Tomography (XCT) scanning is a non-destructive
imaging technique that uses X-rays to create detailed cross-sectional images of an
object, which can be reconstructed into three-dimensional (3D) models. It is widely
used in medical imaging, material science, and engineering to analyze the internal
structures of objects without altering or damaging them. XCT scanning involves rotating
an X-ray source around the object while detectors measure the intensity of X-rays that

pass through it. The collected data is processed using reconstruction algorithms to
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produce a series of cross-sectional images (slices) of the object. These slices can be
stacked to create a detailed 3D model, providing insights into the internal features and

composition of the sample.

There are two primary methods to produce X-rays used to obtain data
using X-ray CT: X-ray tubes or synchrotron radiation. X-ray tube-based CT systems use
an electron beam directed onto a metal target to produce X-rays and are known for
their flexibility, high resolution, and cost-effectiveness. These systems are widely used
in industrial applications, quality control, and laboratory environments due to their
accessibility and ability to handle various sample types and sizes. However, they have
lower photon flux and beam collimation than synchrotron sources. In contrast,
synchrotron radiation-based CT, known as Synchrotron Radiation X-ray Tomographic
Microscopy (SRXTM) systems, generates X-rays by deflecting high-speed electrons with
magnetic fields, producing highly collimated and monochromatic beams. These
systems offer superior spatial resolution and higher photon flux, making them ideal for
detailed internal structure analysis in scientific research fields such as materials science.
Synchrotron microtomography can attain resolutions of about 1 um to cement-based
materials (Gallucci et al,, 2007). According to Cebeci (1981), air-entraining agents
introduce large air voids without appreciably altering the characteristics of the fine pore
structure of hardened cement paste. Therefore, by knowing the solid density of matrix
paste (without foam), one can easily predict the porosity of LCC of any other density

using the following equation:

_ (Wsat —wdry)

a (Wsat — Wwat) x 100
Where,
P = vacuum saturation porosity (%);
Waat = weight in air of saturated sample
Woyat = weight in water of saturated sample
Wary = weight of oven-dried sample.

Prior research has mostly employed 2D image analysis techniques such
as optical and scanning electron microscopy (SEM) to characterize the pore structure
parameter. The optical microscopy observed a wider distribution of air voids and lower
strength for higher foam volume (Nambiar and Ramamurthy, 2007). For the detailed
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observation of microstructure and volume, the x-ray observation is necessary.
Synchrotron X-ray sources outperform conventional X-ray tubes in several significant
aspects. The superior collimation and parallelism of synchrotron beams, combined
with their higher photon flux, allow monochromators to achieve monochromatic
radiation at desired energy levels, reducing beam hardening artifacts and enhancing
contrast resolution, resulting in exceptional spatial resolution and high-quality imagins.
The synchrotron-based CT is ideal for applications requiring optimal contrast resolution
and artifact-free data, particularly in research projects where precision is paramount
(Brunke, 2010). Figures 2.9 - 2.11 demonstrate the different results of output images
between the X-ray CT and Synchrotron X-ray.

Upper section Middle section Bottom section

Figure 2.9 2D output image sample using X-ray CT (Kim et al., 2013)

Figure 2.9 shows the previous study, using X-ray CT to investigate how
high temperatures affect the discontinuity of pore structures and the formation and
spread of cracks in cement-based materials through the 2D output images. The X-EYE
System was employed for this test with a scanning voltage and current of 150 kV and
100 pA, allowing imaging at a resolution of 6.18 pm. The experiment validated the use
of CT technology for examining changes in pore structure and the propagation of cracks

in cement-based materials under high-temperature conditions.

Figure 2.10 3D output image sample using X-ray CT (Kim et al., 2012)
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Figure 2.10 shows CT images used to determine the air content in
hardened concrete. They quantified air content and void frequency to evaluate the
engineering properties of cement-based materials. The sample size was @12 mm x 10
mm. The CT equipment used in the study was the X-EYE CT, featuring an X-ray source
of 150 kV and 100 pA. A total of 1024 images were scanned longitudinally at 8.7 um

intervals, with each image measuring 1024 x 1024 pixels and a resolution of 10.8 um.

600 um

Figure 2.11 Output images of research using synchrotron X-ray microtomography
(Gallucdi et al., 2007)

Figure 2.11 illustrates the study of cementitious materials'
microstructural evolution and pore structure. Tomographic scans were conducted at
the Swiss Light Source (SLS) in Villigen, Switzerland, on the MS-X04SA-Tomo beamline.
Depending on the sample age, the beam energy ranged from 12.3 to 15 keV, with the
intensity maintained at 200 mA. One thousand projections were captured with an
angular step of 0.18° and an exposure time of 3 seconds each, using a 2048px CCD
camera with a 1400 mm field of view and a 10x magnification optical objective. Under
these conditions, the pixel resolution was 0.6835 pm. As the capabilities of
microtomography systems in synchrotron radiation facilities have improved, it is now
possible to achieve a complete three-dimensional representation with a resolution
better than 1 um. As a result, Synchrotron X-ray is gaining popularity because it offers
greater accuracy than X-ray tube analysis. Table 2.8 summarizes the comparison

features of imaging analysis techniques of cementitious material.



Table 2.8 Comparative features of imaging analysis techniques

(Gallucci et al., 2007; Brunke, 2010; Ma, 2014; Douglass et al., 2017,)

Imaging Techniques DIP MIP SEM XCT SRXTM
Sample size Destructive sample, Destructive sample, Destructive sample, Non-destructive sample, Non-destructive sample,
+ 50 mm + 50 mm + 10-50 mm + 50-100 mm +3-5mm

Sample penetration

Cannot penetrate the

Cannot penetrate the

Can penetrate up to

Can penetrate the

Can penetrate the

sample sample 3 um internal surface internal surface
Type of 2D image 2D image 2D image 2D & 3D image 2D & 3D image
output image
Source Light Liquid Mercury Electron beam X-ray beam Synchrotron beamline

Imaging Tools

A Digital camera with

image processing

SEM or ESEM; Image
processing software

X-ray CT scanning

machine; Image

Multipole wiggler, 2.18

Tesla, Image processing

Volumetric properties of
air voids

Cracks and changes due
to F-T cycles

6) Air void volumes
7) Cracks and changes due

to F-T cycles

size, and distribution

10) The volume of
air voids
11) Surface texture

12) Cracks and
changes due to F-T

cycles

software/code processing software software
Image Resolution up to 50.6 megapixels - up to 1 nm Up to 100-200 pm Upto1pum
(4 pm)
Produced Data - aggregate gradation, - size and distribution 5) Aggregate gradation, | 8) 3D simulation 13) 3D simulation
size, and distribution. - Air void volumes size, and distribution 9) Aggregate  gradation, | 14) Aggregate

gradation, size, and
distribution

15) The volume of
air voids

16) Surface texture

17) Cracks and

changes due to F-T

cycles

e¢
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2.3.2 Microstructure Analysis Using Synchrotron Radiation X-ray Tomographic
Microscopy (SRXTM)

Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM) is a
powerful, non-destructive imaging technique that utilizes the highly intense and
tunable X-ray beam generated by a synchrotron light source. A synchrotron is a type
of particle accelerator that uses a combination of magnetic and electric fields to
accelerate electrons to nearly the speed of light. These electrons travel in a circular
path and emit a powerful beam of electromagnetic radiation, including X-rays when
magnetic fields bend their path. This synchrotron radiation is millions of times brighter
than conventional X-ray sources, making it highly valuable for detailed imaging and
analysis. Synchrotron-based X-ray microtomography offers several benefits over
traditional X-ray systems, including higher resolution down to the micro- or nanometer
scale, rapid acquisition times, and using monochromatic light for optimal contrast.
These capabilities are crucial for various applications, such as studying multiphase flow
in porous media and characterizing biofilm architecture. The high photon flux and
tunable energy range of synchrotron radiation allow researchers to quickly capture
detailed, high-quality images, facilitating advanced research in soil science, hydrology,

environmental engineering, and beyond.
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Figure 2.12 Workflow of Synchrotron Radiation X-Ray Tomographic Microscopy
(Wildenschild et al., 2015)

As shown in Figure 2.12, CT images were used to determine the air

content in hardened concrete. They quantified air content and void frequency to
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evaluate the engineering properties of cement-based materials. The sample size was
@12 mm x 10 mm. The CT equipment used in the study was the X-EYE CT, featuring
an X-ray source of 150 kV and 100 pA. A total of 1024 images were scanned
longitudinally at 8.7 um intervals, with each image measuring 1024 x 1024 pixels and
a resolution of 10.8 pym. A sequence of calibration procedures follows the acquisition
of an image. Flat-field correction eliminates artifacts from optical path distortions and
camera sensitivity variations by employing bright and dark current photos. To optimize
image quality, noise reduction and beam intensity normalization are frequently

implemented during preprocessing.

Over the past few years, these methods for characterizing air voids in
lightweight concrete have been widely utilized using X-ray micro-computed
tomography (micro-CT). Several works focused on quantifying total macro porosity and
examined the physical measurements of capillary water absorption in concretes and
thermal characteristics of foamed concrete (Lu et al, 2017). However, The
microstructure of LCC can be analyzed using micro-CT; however, its level of detail is
inferior to that of SRXTM. Consequently, to accurately assess the volume and
distribution of void water, microstructure research of LCC utilizing SRXTM is required,
thereby supplying critical data for subsequent research. In this research, the SRXTM
method was used to analyze the microstructure of LCC, which is applied to green roofs

as an alternative to new green roof construction using LCC material.
2.3.3 Relation of Microstructure LCC and Thermal Performance

Porous materials have found essential applications as filters, catalyst
support, and thermal insulators. With present-day concerns of energy saving in high
temperature in industrial processes and buildings, developing new thermal insulators
has become the object of much recent research. Given the lower value of the thermal
conductivity of air compared with a solid phase, the incorporation of porosity into a
material significantly decreases its effective conductivity. The thermal conductivity of
lightweight cellular concrete (LCC) is closely related to its microstructure, particularly
its porosity and the distribution of air voids. The amount and distribution of pores
within the solid matrix affect thermal conductivity. Higher porosity generally reduces
thermal conductivity because air within the pores is a poor conductor of heat.

However, the connectivity and size of the pores also play a role.
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Before thermal conductivity measurement, pore volume fraction and
morphology of closed pores are essential parameters that must be carefully
determined. The information can be obtained through image analysis, such as MIP or
SEM. However, advanced analysis technology provides valuable information on the
morphology of pores using two- or three-dimensional images to determine the
accurate size and porosity of distribution. The study of air void correlation on cement-
based with thermal conductivity shows that the increase in median diameter value
(D50) reduces thermal conductivity. The study also proclaimed that the smaller pores
of 90™ percentiles (D90) for thermal conductivity showed that smaller pores
substantially influence the conductivity. The mixes with a narrower range of air-void
size distribution showed higher conductivity at lower density, larger voids, and wider
distribution of voids, resulting in reduced conductivity. The performance of LCC is
controlled by their microstructure, especially the pores structure. Figure 2.13 shows

two types of pores that can occur in LCC: open and closed pores.

'l //
b
Figure 2.13 Types of pores in LCC:

0 - open, ¢ - close, t — transportation, b - blind (Kurpinska and Ferenc, 2017)

Open pores are connected to the material surface and, thus, permeable
to liquids and gases. Closed pores are isolated and not connected. LCC containing only
closed pores is impermeable to liquids and gases and is thus commonly used as
thermal and acoustic insulation. The microstructure and porosity of LCC play a crucial

role in determining its stability, mechanical properties, and overall performance.
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The stability of LCC is significantly influenced by the uniformity and nature
of its pore structure. Stable foam concrete microstructure has the following

characteristics:

1) Uniform Pore Distribution: Stable foam concrete has a highly uniform pore
distribution, which means that the pores are evenly spread throughout
the matrix. This uniformity ensures consistent mechanical properties and
strength.

2) Cell Structure: The pores are mostly closed cells, contributing to the
material's lower permeability and higher strength. Closed cells trap air,
providing good insulation properties and making the material more
resistant to water absorption.

3) Consistent Pore Size: The pores are consistent, which helps maintain the
uniformity of the material's density and strength. This consistency

minimizes weak points within the structure, enhancing overall durability.

| Unstable foam concrete l
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Figure 2.14 Unstable and stable air void of LCC (Jones et al., 2016)

The consistent pore size further contributes to the material's uniform
density and strength, reducing weak points and enhancing durability. Consequently,
stable foam concrete exhibits higsher mechanical strength, excellent thermal insulation,
and resistance to environmental factors such as moisture and temperature variations,
making it suitable for structural applications. Figure 2.14 shows the difference between
the unstable and stable LCC.
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This study will use SRXTM to investigate the microstructure of LCC,
including the volume, distribution, and stability of air voids. High-quality and stable air
voids in LCC are expected to provide excellent thermal insulation, thereby enhancing
the performance of green roofs. The next section will discuss the energy efficiency of

green roofs in buildings.

2.4  Energy Efficiency in Buildings

Energy efficiency in buildings is essential as it decreases energy consumption,
resulting in substantial financial savings, reduced emissions of greenhouse gases, and
enhanced indoor comfort. Efficient buildings have a direct impact on reducing utility
bills and operational expenses, resulting in economic advantages. Energy-efficient
buildings improve occupant comfort by providing superior temperature regulation and

air quality.

With the growing significance of sustainability, energy-efficient buildings can
better meet requirements and obtain green certifications, leading to a rise in interest
in green buildings in the future. This section will provide an overview of building energy
efficiency rules, explicitly focusing on the Building Energy Code (BEC) regulations. These
regulations are established by the Ministry of Energy in Thailand and serve as standards
for assessing the energy efficiency of buildings. Furthermore, this text will explain the

function of the LCC roof deck inside a green roof system to enhance energy efficiency.
2.4.1 Standard of Energy Efficiency: Building Energy Code (BEC)

Thailand's. commitment to sustainable development and energy
efficiency has motivated the establishment of legislation governing energy
consumption in buildings. These regulations aim to decrease energy use in residential
and commercial buildings in response to the increasing worries about energy usage

and its environmental impact.

The Building Energy Code (BEC) is a set of regulations that establish the
minimum energy efficiency requirements for buildings seeking approval for
construction or renovation with the Department of Alternative Energy Development
and Efficiency (DEDE), as outlined in the Ministerial Regulation B.E. 2552 (Department
of Alternative Energy Development and Efficiency, 2009). The BEC is a crucial

instrument that ensures the design of a building focuses on conserving the highest
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amount of energy, enhancing energy efficiency in both new and refurbished structures,
and minimizing energy usage and greenhouse gas emissions.

As shown in Figure 2.15, the evaluation certificate of energy conservation
building design, as required by the Ministry of Energy's Notification B.E. 2564, must

comply with four main components under the BEC standard as follows:

1) Overall Thermal Transfer Value (OTTV): The value of thermal transfer
from the external wall of the building entering inside the building.

2) Roof Thermal Transfer Value (RTTV): The value of thermal transfer
from the roof passes into the inside of the building.

3) Lighting Power Density (LPD): Maximum value of lighting power
density for its average value per area

4) Coefficient of Performance (COP): Calculation of the coefficient of

performance shall focus only on the heating value

Thai Building Energy Code (BEC)

System Performance Whole Building
Compliance Energy Compliance

Overall Thermal Assesment Building
—>
Transfer Value (OTTV) Proposed Building

ROOF THERMAL < Reference Building
—~
Lighting P
~EE
Coefficient of
Figure 2.15 The assessment of the Thai Building Energy Code (BEC)
(Sudprasert and Klinsmith, 2014)

Ficure 2.16 shows every building energy criterion's benchmark energy
standard value in BEC. Details of the BEC standard requirement and the calculation
method are specified in the Ministry of Energy’s Notification B.E. 2564. Moreover, the
benchmark standard indicates that it will improve in the future years up to the
Economic Building level (ECON)
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Reference Building  High Performance Economic

r Y Building Energy Code Standards Building
2E

< Ref. BEC HEPS _ECON

URULAU (B.C) 2009 2019 2025 2031
OTTVow/my 50 50 40 30
RTTVw/m» 15 10 8 6
LPD (W/m*) 14 10 8 4
*Group 1 Academy and office
Split Type (EER) Reference : Number 5's label of EGAT* r"\
Air- cooled
Chiller (kW/ton) — L L5 e
Water- cooled
Chiller (lkW/ton) 124 088 06 S
Efficiency (%) 80 80 85 S0

*EGAT = Electricity Generating Authority of Thailand

Figure 2.16 The benchmark of the Thai Building Energy Code (BEC) (Department of
Alternative Energy Development and Efficiency, 2009)

2.4.2 Analysis of heat transfer of construction material

Lightweight Cellular Concrete (LCC) plays a significant role in enhancing

the energy efficiency of green roofs. The heat transfer mechanism is shown in Figure

2.17.
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Figure 2.17 Heat Transfer Mechanism in Building Roofs ( Jones et al., 2016)

1) Solar Radiation: Electromagnetic energy from the sun, including solar

light, ultraviolet light, and infrared radiation.
2) Heat Convection: Heat transfer through the movement of fluids

(liquids or gases), driven by temperature differences.
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3) Heat Conduction: Direct contact transfers heat through a material,

moving energy from warmer to cooler areas.

The main cause of thermal transfer is conduction, as it involves direct
contact between the material and the sun's rays, transmitting heat energy to the
material's layers. Materials possessing lower thermal conductivity may reduce the
transfer of heat energy into the structure. Prior research on LCC has demonstrated its
primary benefit is its exceptional thermal resistance, a crucial factor in reducing heat
transfer from the exterior to the interior of buildings. When LCC is utilized as a roofing
material, it reduces heat conduction due to its low thermal conductivity, improving
the thermal resistance and the ability to prevent heat across its thickness. Ganesan et
al. (2015) observed that the low thermal conductivity results from its lightweight
density, which falls between 700 and 1400 kg/m°, and its thermal conductivity, which
ranges from 0.24 to 0.74 W/mK. This indicates that LCC has high thermal resistance

due to low thermal conductivity.

The thermal performance of normal concrete and LCC under different
climatic conditions has been investigated by studying temperature differences in
outdoor trials. A study has indicated that normal concrete has a greater capacity to
absorb and retain heat than LCC, resulting in higher maximum temperatures during the
day and slower cooling at night. LCC, in contrast, exhibits reduced temperature
fluctuations and maintains a more consistent thermal performance due to its lower
thermal conductivity (Yang et al., 2023). Due to its numerous advantages, LCC is widely

utilized in various construction projects.
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Figure 2.18 The role of heat transfer in a material (Koenders et al., 2018)
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Heat transfer by conduction occurs when heat is generated within a
material that serves as an opaque medium. The rate of heat transfer by conduction,
denoted as (Q), is directly proportional to the temperature gradient (dT/dx) and the
material's thickness, as illustrated in Figure 2.18. The actual rate of heat transfer can
be calculated by knowing the thermal conductivity (k), a material-specific property that
describes how efficiently heat moves through the substance. This calculation follows
Fourier’s law of heat conduction, as represented by the equation below:

Q:—kA&

In recent years, there has been an increasing interest in utilizing multi-
layered materials to improve heat barriers in structural components. As shown in Figure
2.19, a multi-layered composite typically consists of multiple layers of different
materials with varying physical properties. The jointed composite combination results
in an increase in features that differ from those of the individual components. Altering
the layers' components or thicknesses can create unique characteristics for composite

materials or structures.
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Figure 2.19 The effectiveness of multi-layered material in preventing heat transfer

(Koenders et al., 2018)

Based on the graphical concept of multi-layered heat transfer, the

reduction of thermal transfer is affected by the thermal resistance. Thermal resistance
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is defined as a heat property and a temperature difference measurement by which an

object or material resists a heat flow. The thermal resistance for conduction in a plane

Re = () + () (o)
= — —_ —_
kA 1 kA ) kA 3
Where,

Ri is the thermal resistance (m?k/W)

k is the material conductivity (W/mK)

wall is defined as:

L is the plane thickness (m)

Ais the plane area (m?)

Consider a plane wall of thickness (L) and average thermal conductivity
(k). As shown in Figure 2.19, the wall's three-layer material is maintained at constant
temperatures of T; and Ts. For one-dimensional steady heat conduction through the
wall, we have T(x). Then Fourier’s law of heat conduction for the wall can be expressed
as:
dT T, — T;
Re  (L/kA) + (L/kA); + (L/kA)s

Q:

Where,

Q is the heat flux through plane (W)

k is the materials conductivity (W/mK)

T; is the most outside temperature surface (°C)
Ts is the most inside temperature surface (°C)
L is the plane thickness (m)

Ais the plane area (m?)

The calculation does not account for the plane area to determine the
heat transfer value per unit area (W/m2) for a multi-layered system. Based on this
consideration of the multilayer concept, green roofs significantly enhance thermal
resistance through their multi-layered structure, which optimizes their thermal
conductivity. The various layers, including vegetation, soil, drainage, and thermal
insulation above the concrete roof deck, reduce heat transfer into buildings. Numerous

investigations have demonstrated that concrete roofs have a thermal conductivity of
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0.8 W/mK compared to green roofs of 0.66 W/mK. The maximum daily temperature
compares up to 10 °C (Yang et al,, 2023). Further research indicates differences in
temperature across different layers. Specifically, the temperature in the vegetation
layer is measured at 33.8 °C, followed by a decrease to 25.8 °C in the substrate layer
and further dropping to 20.8 °C in the roof layer. The terminology employed for multi-
layered elements that enhance heat conduction is pivotal. Implementing the green
roof approach aims to only slightly reduce the roof thermal transfer value (RTTV),
aligning with the standards set forth by the Thai Building Energy Code (BEQ).

2.5 Case Studies

From reviewing research related to the use of lightweight cellular concrete on
green roofs, it was found that there is research both in the country and abroad who
have studied the LCC for use on green roof systems, RTTV performance on green roofs,
and air void characterization, which can be a guideline for research are reasonable as

follows.
2.5.1 Lightweight cellular concrete for use on green roof systems

Munir et al. (2020) explore the application of precast LCC panels for the
structural deck of green roof systems, aiming to address urban heat istand (UHI) effects
and high energy consumption in buildings. LCC, known for its low density and good
thermal insulation, is proposed to reduce the structural load and enhance the thermal

performance of buildings.
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Figure 2.20 Roof box model with and without green roof system (Munir et al., 2020)

The study involved testing three U-shaped LCC panels with a density of
1,400 kg/m? and different widths under load until failure. The mixtures with a density
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of 1,400 kg¢/m® had a compressive strength lower than 17 MPa, the minimum
requirement for compressive strength for structurally used concrete. The research is
continuously conducted to assess the thermal performance of green roofs using

foamed concrete decks.

Munir and Afifuddin (2020), The study involved constructing two
prototype rooms with precast foamed concrete panels as roofs—one with a green roof
and the other without. Over three days, the prototypes were exposed to direct
sunlight, and various thermal parameters were continuously measured. Results
indicated that green roofs significantly reduce heat gain from solar radiation during the
day, thus lowering the cooling load for air conditioning systems. Using lightweight
foamed concrete, with its low density and thermal conductivity, further benefits the

structural load and thermal performance when integrated with green roofs.

Table 2.9 Peak temperature of green roof and non-green roof (Munir et al., 2020)

Non-green roof Green roof Diff.
Temperature
Day 1l | Day2 | Day 3 | Day 1 | Day 2 | Day 3
External surface 58.4 54.8 47.0 35.4 34.1 33.4 19.2
Internal surface 57.7 53.9 46.7 36.3 34.7 34.0 17.8
Indoor air 50.4 47.3 42.2 3788, 36.3 352 10.2

2.5.2 Green roof performance calculated by RTTV

Y. He et al. (2021) developed a model to predict the Roof Thermal
Transfer Value (RTTV) for green roofs in tropical climates. The RTTV metric estimates
the annual average heat gain through a building's roof, which is crucial for evaluating
the energy performance of green roofs. Figure 2.20 shows a field experiment that
validated the hygrothermal transfer model of green roofs against real-time data. Using
this model, the study simulated annual heat gain through four types of green roofs
and calculated their RTTV values, which ranged from 2.29 to 2.49 W/m?, showed in

Figure 2.21, significantly lower than those of bare roofs.

The study also calculated the equivalent thermal resistance of the plant
layer using the RTTV model and compared it with other simplified methods, discussing

the reasons for the differences. The RTTV model provides a reliable method for
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evaluating green roofs' energy performance, highlighting their cooling effects and

potential to reduce building energy consumption.
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Figure 2.21 Field experiment and sensor layout on green roofs (Y. He et al., 2021)

Furthermore, the study calculated the equivalent thermal resistance of
the plant layer using the RTTV. The research provides a methodology for quick thermal
performance evaluation of green roofs during the early design stages, facilitating better

design decisions for energy efficiency in tropical regions.
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Figure 2.22 Thermal performance of green roof calculated using RTTV
(Y. He et al., 2021)

2.5.3 X-ray Microtomography on LCC Microstructure Analysis

Chung et al. (2017) conducted a study to investigate the microstructure
of LCC using X-ray microtomography (micro-CT). In this study, foamed concrete

specimens with varying densities were prepared using a pre-foaming method. The
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micro-CT images were processed into binary and 3D models, with enhanced quality
achieved through watershed segmentation. Figure 2.22 shows the image output of X-
ray microtomography. Probabilistic functions like two-point correlation and lineal-path
functions were employed to describe pore distribution and connectivity, while

quantitative methods assessed local porosity and pore sphericity.
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Figure 2.23 3D micro-CT images of foamed concrete specimens (Chung et al., 2017)

This detailed analysis of pore characteristics is crucial for understanding
and predicting the thermal performance of foamed concrete. Larger and more
clustered pores, which increase air voids, tend to reduce thermal conductivity. By
combining micro-CT imaging with finite element (FE) simulations, researchers can
accurately compute thermal properties and validate these findings through
experimental measurements using tools like the Hot Disk instrument. This integrated
approach helps optimize the thermal performance of foamed concrete, supporting the

development of more efficient and sustainable building materials



CHAPTER IlI
RESEARCH METHODOLOGY

The study of the literature and relevant research in Chapter 2 related to the
potentiality to integrate lightweight cellular concrete (LCC) and green roofs (GR). It was
found that LCC has properties that can potentially support the green roof system,
including its lightweight material and good thermal insulation, which is related to
energy efficiency. This chapter's research methodology is structured into three sections

as follows:

1) LCC properties test: to study and develop the lightweight cellular concrete
mixture in the green roof system.

2) LCC microstructure analysis: to study the microstructure of porosity in LCC
using Synchrotron radiation X-ray tomographic microscopy (SRXTM)

3) Green roof experimental in open air: To validate the efficiency of using LCC
on green roof systems regarding thermal and energy performance, a green
roof experimental box in an open-air space and RTTV calculations were

used.

This research project aims to add value to green roofs by applying LCC as a
roof deck. It also encourages the promotion of green roofs with LCC for commercial

use, which has numerous advantages for customers.

3.1 Sample and Method 1: LCC Properties Test
3.1.1 Materials

Figure 3.1 illustrates the schematic representation of the LCC mixing
process. The components utilized in the mixing process of LCC include the following

materials:

1) Portland Cement Type-|, SG = 3.15
2) Fine Sand, SG = 2.60
3) Water
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4) Foam Agent SUT V2.1 foam agent (Suranaree University of Technology
foam agent version 2.1), made by a natural protein pH of 8.55, SG of
1-1.05, and foam density of 40 - 60 kg/m?, tested following the ASTM
C 796 standards.

5) Polypropylene Fiber (PPF) is used to improve the LCC strength, length
12 mm, diameter 60 pm, SG = 0.91. The mixture using the PPF is the
latest development of LCC SUT (LCC SUT Ver. 2)

Concentrate Water

£
-0z
Y

Water

Mixing Placement of
Concrete

Aggregate

Fiber

Figure 3.1 The production process of LCC

3.1.2 Equipment

The equipment utilized in the mixing process of LCC include the following

materials:

1) Horizontal lightweight cellular concrete mixer: The lightweight
concrete mixer is a horizontally rotating shaft type with a screw-type
agitator. It has a maximum mixing capacity of 0.8 m> and is driven by
a 5-horsepower electric motor. The agitator rotates at a pace of 45
rom developed by Chapirom (2017) through the patent in Thailand

industrial number 14175, as shown in Figure 3.2.
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Figure 3.2 Horizontal LCC mixer machine and stirring blades agitator type

2)

3)

4)

Time-controlled cellular concrete foam foaming machine: The foam
generator, also known as a foam generator, is a device that operates
on a timed mechanism and uses a pressure pump in conjunction with
an air compressor. Apply pressure to the air compressor regulator to
sustain a consistent pressure of 0.6 MPa. A device combining liquid
foam with air and water generates significant bubbles. Stir and gently
mix the air-foaming solution until it reaches a weight ratio 1:40, as

shown in Figure 3.3.

Air compressor: When employed alongside a pressure pump-type
bubble generator, an air compressor introduces air into the foam
generator. The pressure is regulated within the 1-1.2 MPa range with

a tolerance of + 0.007 MPa.

Foam weighing container: Conducting a test to determine the density
of air bubbles can be accomplished by introducing air foam into a

container of a predetermined volume. The density of liquid foam in



5)

51

lightweight concrete mixtures is determined by the ratio of the weight
of the foam in the tank to the volume of the tank. The density of

foam must range from 40 - 60 kg/m”.

Mix Design: All concrete should be mechanically mixed to produce a
uniform distribution of the materials with a suitable consistency and
the required wet unit weight. The mixing calculation refers to
American Concrete Institute (ACI) Guide 523.3R-14 guidelines. These
guidelines help determine the correct proportions of different
components to be used. The composition of the mix can be adjusted

to meet the LCC's specific density and weight requirements.

This study on LCC uses LCC with a density range between 1000 - 1800

kg/m>. The density range is based on using LCC in slab concrete construction with a

minimum density of 1000 ke/m>. The list of mix designs for the LCC experimental is

shown in Table 3.1. Moreover, the normal concrete mix will also be added as a

reference mix while testing the green roof comparison.

Table 3.1 Composition of normal concrete (control) and LCC (treatments)

W/C ratio = 0.5, Volume = 1 m?

Target
Sample Foam Admix Measured

Density | Cement | Sand | Gravel | Water Fiber
Name (k/m?) ko) (ko) ko) ko) Agent ture (ko) foam volume

5 ; . g (ke) (ke) ; (%)

NC 2400 320 480 960 144 = - - -
LCC 10 1000 410 400 = 171 24 i 0.4 52
LCC 12 1200 400 620 - 164 21 1.6 0.4 45
LCC 14 1400 390 840 - 160 17 1.9 0.4 38
LCC 16 1600 385 1050 - 155 14 2.7 0.4 32
LCC 18 1800 380 1258 - 151 11 2.9 0.4 24

Test properties on normal concrete were taken from secondary studies

because they are general properties carried out in many previous studies. The process

of LCC sample preparation is shown in Figure 3.4.




Figure 3.4 LCC sample preparation

3.1.3 Experimental Methods

Test properties for each LCC density and the number of test samples are

described in Table 3.2.

Table 3.2 List of test samples for each variable density

(LCC 10, LCC 12, LCC 14, LCC 16, LCC 18)

Number of samples/test age
Sample Size
No. Sample LCC (samples/days)
(cm)
3 7 14 28
1 Compressive strength 15x15x 15 3 3 3
2 Dry density Ik b 3 3 3
3 Water absorption 15x15x 15 - - - 3
al Thermal conductivity 30x30x 7.5 - - - 3
5 Flexural strength 50 x 15 x 15 - - - 3
6 Tensile strength d=15, h= 30 - - - 3
7 Modulus of elasticity d=15, h= 30 - - - 3

15x15%x15 cm. The process begins with preparing LCC samples, which can cure for a

1) Compressive strength test

Compressive strength test of LCC by casting a sample block of size
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specified age of 3, 7, 14, and 28 days. After curing, the samples are placed in a
compression testing machine, which gradually applies an increasing load until the
concrete fails. The maximum load applied before failure is recorded, and the
compressive strength is calculated by dividing this load by the cross-sectional area of
the sample. This value, expressed in pressure units such as megapascals (MPa),
indicates the concrete's ability to resist compressive forces. The result of the test must

pass the TIS 2601-2013 requirements.
2) Dry Density Test

The test was conducted to gauge the dry density of LCC by using
standard cube-shaped sample blocks, each measuring 15 x 15 x 15 cm. The samples
will be cured for 3, 7, 14, and 28 days. The test sample is dried in the oven for at least
24 hours at 105 + 5 °C until an even mass is achieved. Afterwards, allow it to cool to
ambient temperature for at least 4 hours. After that, measure the object's weight and
dimensions to determine its size. Volume is the amount of space an object occupies
and is measured in kg/m?, where density is mass per unit volume. The result of the

test must pass the TIS 2601-2013 requirements.
3) Water Absorption Test

A water absorption test on LCC was conducted on cubes measuring
15%x15%x15 cm cured to a 28-day aging process. The sample LCC were immersed in
water for 24 hours. After a day of immersion, remove them from the water and use a
cloth to soak up any remaining water on their surface. The samples are weighed within
30 seconds, ensuring the recorded result is the wet weight. Afterward, place the sample
cubes in an oven set at 105 + 5 °C for 24 hours. Remove the sample from the oven
and let the substance reach a lower temperature in its surrounding environment.
Finally, meticulously measure and document the precise numerical value. The result
value represents the weight of the sample after all moisture has been removed. The

result of the test must pass the TIS 2601-2013 requirements.
4) Thermal Conductivity Test

A thermal conductivity test of LCC measures the material's ability to
conduct heat. The process begins with preparing and curing LCC samples to the desired

specifications. These samples are placed in a thermal conductivity testing apparatus
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between a heat source and a heat sink. A known and steady temperature gradient is
established across the sample, and sensors measure the rate of heat flow through it.
The thermal conductivity is calculated using the formula,

_Q.d
k_A.AT

Where (k) represents thermal conductivity, (Q) is the heat flow, (d) is
the sample thickness, (A) is the cross-sectional area, and (4T) is the temperature
difference across the sample. This test is essential for understanding the concrete's
heat conduction properties, crucial for applications requiring effective temperature
regulation and insulation. The result value of thermal conductivity will be examined

to pass the ACI 523.3R-14
5) Flexural Strength Test

The flexural strength test, also known as the modulus of rupture test,
measures the tensile strength of concrete to determine its ability to withstand bending.
During this experiment, a specific type of beam specimen made of concrete, with
dimensions typically measuring 50 x 15 x 15 cm, is positioned in a testing apparatus
and subjected to a gradual increase in force until it ultimately fractures. The test can
utilize either third-point or centre-point loading arrangements. Using established
methods, the greatest load applied at the point of failure is measured and used to
compute the flexural strength. This test is crucial for assessing the performance of
concrete in structural components such as beams and slabs, suaranteeing its ability to

endure bending stresses.
6) Tensile strength test

The tensile strength test evaluates the LCC’s capacity to withstand
direct tensile forces. The split cylinder test is commonly used to execute this
procedure. It involves placing a cylindrical specimen horizontally in a testing machine,
typically with a diameter of 150 mm and a height of 300 mm. A vertical compressive
load is exerted on the cylinder's diameter, causing it to fracture and generate tensile
tension. Tensile strength is determined by measuring the highest load applied at the

failure point. This test is crucial for comprehending the behaviour of concrete when
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subjected to tensile loads and is indispensable for designing structures that experience

such forces.
7) Modulus of Elasticity

The modulus of elasticity of LCC, also known as elastic modulus,
measures the concrete's ability to deform elastically (i.e., non-permanently) under
load. It quantifies the relationship between stress (force per unit area) and strain
(deformation per unit length) in the linear elastic range of the concrete's stress-strain
curve. To determine this, a cylindrical concrete sample is subjected to a compressive
load in a testing machine. The stress and corresponding strain are recorded, and the
modulus of elasticity is calculated as the ratio of stress to strain in the initial, linear

portion of the curve.

3.2 Sample and Method 2: LCC Microstructure Analysis
3.2.1 Materials

The LCCs selected for application in the upcoming green roof research
are LCC 12 and LCC 14. Further analysis is required to examine the air-void
characteristics of LCC. Data on air voids will be utilized to validate the correlation
between physical properties and microstructure and their impact on enhancing the
thermal performance of the LCC green roof. The sample of LCC 12 and LCC 14 with a
2-3 mm diameter and a section thickness of 20 mm, were analyzed using Synchrotron
Radiation X-ray Tomographic Microscopy (SRXTM). The sampling of LCC 12 and LCC 14
is based on the same mortar used for the physical properties test. The samples must

then be affixed to the sample holder using various tools, as depicted in Figure 3.5.

Figure 3.5 LCC sample for SRXTM testing
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Other tools used to tidy up the sample and install the sample in the

holder are as follows:

1) Sample holder

2) Sharpening equipment

3) Capillary wax

4) Wax soldering pen

3.3.2 Equipment

The beamline at BL1.2W serves as a specialized facility at the Siam Photon

Source (SPS) for X-ray Tomographic Microscopy experiments. Utilizing the high-intensity

X-ray beam from a 2.2-Tesla multipole wiggler with X-ray energy 5 — 20 keV provides

researchers with advanced microtomography capabilities. This method allows for the

reconstruction of cross-sectional details and the creation of 3D visualizations of diverse

samples, with resolutions as fine as 1 pm (corresponding to a pixel size of 0.72 um).

Table 3.3 describes the details of SRXTM. The experimental station is designed using

microtomography geometry principles.

Table 3.3 Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM) specification

BL1.2W: X-ray Tomographic Microscopy
Source Multipole wiggler, 2.18 Tesla
X-ray Energy 5-20 keV
Operations 1. Monochromatic beam:
Ge (111), approx. 1012 ph/s/0.1% BW @8 keV
2. (Filtered) White beam
Beam Size Unfocused, (H) 10 mm x (V) 4 mm
Detection Scintillator-coupled X-ray microscope
(Optique Peter, France)
PCO edge camera, 2560x2160 pixels
Resolution 1.5 pm spatial resolution
0.72 pm pixel size
Imaging 1. Absorption-contrast microtomography
2. Propagation-based phase contrast microtomography
3. Laminography
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The XTM beamline machine is shown in Figure 3.6. As the X-ray beam
exits the transfer tube, it projects onto the rotating sample, and the detection system
captures the X-ray images. Following the sample, the detection system captures the
X-ray images, consisting of a YAG-Ce scintillator, a lens-coupled microscope, and a
PCO.edge 5.5 scientific CMOS camera (2560 x 2160 pixels chipset). Using a sliding guide,
the detector system can be adjusted along the Y-axis to fine-tune the distance

between the sample and detector from 0 to 100 cm. The experiment can be

monitored externally from the enclosure with two observation cameras.

Afterward, the outcomes of capturing photos will be analyzed. The
tomographic quantitative analysis utilizes binary pictures. A threshold is determined by
applying a threshold to the histogram of reconstructed slices. The process of
converting photos into binary format results in a binary image. Several purposes are
employed for the analysis of XTM:
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Figure 3.7 Quantitative analysis software
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1) Octopus Reconstruction Manual: This function involves the detailed
procedures and guidelines for reconstructing data using the Octopus
software. It provides step-by-step instructions for processing raw data
into a usable format, often focusing on creating 3D models from
imaging data.

2) Octopus Analysis Manual: This function outlines the methods and
techniques for analyzing data within the Octopus software. It covers
various analytical tools and approaches to interpret and quantify the
data, helping users to derive meaningful insights from the
reconstructed models.

3) Octopus Visualization: This function pertains to the visualization
capabilities of the Octopus software, enabling users to render and
display 3D models. It allows for exploring and examining complex
structures, facilitating a deeper understanding of the data through
visual representation.

4) Drishti 3D Software: Drishti is a 3D visualization software designed for
rendering and analyzing volumetric data. It provides tools for viewing,
manipulating, and interpreting 3D datasets, making it suitable for
applications in fields such as medical imaging, seology, and materials

science.
3.3.3 Experimental Methods

Figure 3.8 describes the experimental LCC flow using the SRXTM testing
method. The sample is mounted on a high-precision rotation stage, which allows it to
be rotated through a series of angles, typically 180 or 360 degrees. The stage's
movements are controlled with sub-micron precision to ensure accurate positioning

during image acquisition.
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Figure 3.8 Workflow SRXTM testing

A high-resolution detector system captures the X-rays that pass through
the sample. The detector converts X-rays into visible light, which is then recorded by
a high-resolution camera. The setup may use scintillators, lenses, and CCD or CMOS
cameras for optimal image capture. The acquired 2D projections are processed using
specialized software to reconstruct a 3D volumetric image of the sample. Algorithms
such as filtered back-projection or iterative reconstruction techniques are commonly
used. The 3D image data is analyzed to extract quantitative information about the
sample's internal features. SRXTM testing on LCC aims to investigate the porosity
stability in LCC.

3.3 Sample and Method 3: Open-air experiment of green roofs
3.3.1 Materials

The open-air experiments by implementing LCC as a roof base on the
extensive green roof are conducted to evaluate the green roof performance in an
outdoor atmospheric setting. LCC 12 and LCC 14 were selected based on their
recommendations for use as a structural slab. The dimensions of the experimental
roof box were 1.00 x 1.00 x 1.00 m with a roof area of 1 m? The box experimental

section is shown in Figure 3.9.
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Figure 3.9 Roof box experimental section
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The study evaluated the performance of green roofs by testing four

different types of roof decks, as follows:

1)
2)
3)

4)

Normal concrete roof (Non-GR)

Green roof with normal concrete base (GR-NC)

Green roof with LCC 12 base (GR-LCC 12)

Green roof with LCC 14 base (GR-LCC 14)

Table 3.4 provides detailed information about the layer arrangement of

each open-air experimental green roof variable.

Table 3.4 Characteristics layer of the open-air experiment green roofs

Non-GR GR-NC GR-LCC 12 GR-LCC 14
Layer Green Roof Normal Concrete Green Roof Green Roof Green Roof
Roof Normal Concrete LCC 1200 LCC 1400
Extension - General grass Zoysia matrella
Vegetation 2.5 cm thick
Substrate layer Sandy loam soil
i 5.0 cm thick
Roof deck Normal concrete Normal concrete LCC 12 LCC 14
7.5 cm 7.5 cm 7.5 cm 7.5cm

Interior room

Hardwood board wall 5 mm with structure frame

Roomsize I1x1x1m
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Figure 3.10 The view of the open-air experiment and green roof models

As explained in Section 2.1, conventional green roofs (GR-NR) consist of
various layers. In this green roof experiment, only the concrete deck is used as a
parameter for the green roof layer. Therefore, the study will not include other

supporting layers.
3.2.2 Equipment

The environmental factors (i.e., air temperature and air humidity) were
measured using the outdoor temperature and humidity sensor Modela AM2306 (RH
accuracy = 2%, temperature accuracy + 0.3 °C). The soil temperature and humidity
were measured using a needle probe sensor, Model SFPOO1 (RH accuracy + 2%,
temperature accuracy + 0.5 °C). At each of the depths, the probes were placed
horizontally. The outdoor and indoor roof deck surfaces were measured using a
thermal type (T) sensor from National Instruments. Indoor temperatures and humidity
were measured using a hanging temperature and humidity sensor, Model AM2305 (RH
accuracy + 2%, temperature accuracy + 0.3 °C). Figure 3.11 summarises the details of
the measurement points, and describes the sensor items used for the green roof

experiment.
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Figure 3.11 Section of sensor items and location

3.2.3 Experimental Methods

The study will compare the temperature profiles between the four roof
types performed during February 2024 for three days. The test boxes are located at
Suranaree University of Technology in Thailand (33° 55' 56.028" S, 18° 38' 23.46" E). In
these open-air experiments, the study will be divided into two parts. The first part will
be conducted to obtain the temperature data from every installed sensor, which will
be analyzed as a temperature profile. The second part, the temperature data, will
continue to calculate the thermal transfer value (Q-value) following the Thailand
Building Energy Code (BEQ).



CHAPTER IV
RESULTS AND DISCUSSIONS

This research focuses on studying the characteristics of lightweight cellular
concrete (LCC) to develop a database that can be used for various building purposes,
particularly for green roofs. Compressive strength, dry density, water absorption,
thermal conductivity, and other properties are evaluated following industry standards.

The analysis of the findings in this chapter will be divided into three sections:

The initial part (Section 4.1) presents the test outcomes of the LCC properties
across various density variations. The collected results will be used to determine the

two LCC densities to apply to the green roof.

The second part (Section 4.2) presents the results of LCC microscopy
observations applied to the green roof. Data and 3D images of porosity in LCC will be

presented to ensure the stability and quality of air voids in the LCC.

The last part (Section 4.3) involves conducting open-air experiments on several
green roof decks to compare their thermal qualities. The thermal characteristics data
will be examined and used to calculate the roof thermal transfer value (RTTV) in
compliance with BEC requirements. This value serves as an indicator of the energy

efficiency of roof materials.

4.1 Result and Discussion 1: LCC Properties Test

The physical property test of LCC was conducted to understand the properties
of various types of LCC. The samples of LCC 10, LCC 12, LCC 14, LCC 16, and LCC 18
were chosen to be investigated. The following section presents a detailed discussion

of the physical property of LCC.
4.1.1 Compressive strength

Figure 4.1 illustrates the compressive strength (MPa) of different

lightweight cellular concrete (LCC) densities over different curing periods (3, 7, 14, and
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28 days). The LCC mixes are categorized by their densities from 1000 - 1800 kg/m?: LCC

10, LCC 12, LCC 14, LCC 16, and LCC 18.
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Figure 4.1 Compressive strength results of LCC

Table 4.1 Compressive strength results of LCC

Age Compressive Strength (MPa)
LCC 10 LCC 12 LCC 14 LCC 16 LCC 18
Day-3 1.68 2.64 4.02 8.06 13.90
Day-7 1.74 3.69 5.07 9.97 15.78
Day-14 2.12 4.19 6.41 10.78 17.31
Day-28 2.47 4.63 8.80 11.56 20.78

The compressive strength continues to rise for all mixes at the highest

values by day 28. As reported in Table 4.1, the compressive strength of LCC 10 — 18
ranges between 2.47 - 20.78 MPa. As it compared to the standard, all LCC mixes

reported higher than the requirements of the Thailand industrial standard (Thai

Industrial Standard, 2018), where the standards require a minimum compressive
strength at LCC below 1,200 kg/m3 must be below 2.5 MPa, and LCC below 1,600
kg/m’ must no lower than 5.0 MPa. The results indicate that all types of LCC met the

standard requirements by the 28th day.

Likewise, a previous study by Othman et al. (2022) reported similar trends

in compressive strength development for LCC 16 at 10 MPa, while this current study
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resulted better at 11.56 MPa. The findings corroborate the current study, showing the
quality of compressive strength of LCC. That can applied to the construction work.
Moreover, mixing and curing time is also important in determining the compressive

strength of LCC to achieve the industrial standard.

In this newly developed mix, referred to as development mix LCC SUT
ver. 2, the inclusion of fiber enhances the compressive strength of the LCC mix by 10%
compared to the previous formulation, which did not incorporate fiber (Pratama et al.,
2022). Although normal concrete (NC) exhibits a higher compressive strength, ranging
from approximately 17 MPa to 24 MPa, LCC 10 - 16 demonstrates adequate
compressive strength and reduced weight, making it suitable for special use in both
non-bearing and load-bearing building constructions. Based on guidelines for using LCC
in construction, LCC 10 - 16 shows potential for application as a roof deck base in

green roof systems (Mohd Sari and Mohammed Sani, 2017).
4.1.2 Dry density

Figure 4.2 illustrates the dry density of different LCC mixes at various
curing periods (3, 7, 14, and 28 days). The result shows that the dry densities of all LCC
mixes showed stability over time, with only minor fluctuations no more than + 50

ke/m3 observed aligned with the target density.

2000+
1800+ Bl Day3
«E [ Day7
2 [ Day 14
2 [ ] Day?28
(7]
c Dry density
8 L standard refer to
> TIS 2601-2556
a + 50 kg/m?®

LCC10 LCC 12 LCC 14 LCC 16 LCC 18

Figure 4.2 Dry density results of LCC
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Table 4.2 Dry density results of LCC

Age Dry density (kg/m?)
LCC 10 LCC 12 LCC 14 LCC 16 LCC 18
3-Day 996 1232 1427 1596 1882
7-Day 964 1232 1405 1637 1844
14-Day 959 1250 1444 1606 1818
28-Day 980 1274 1436 1619 1894

A tolerance of + 50 kg/m3 on target density was adopted, aligning with
standard practices in the LCC production industry (Thai Industrial Standard, 2018). The
proportional relationship between the target density and dry density can be observed.
As shown in the previous result on the compressive strength test, the compressive

strength increases with the increasing density.

To achieve optimal LCC properties, deviations from the dry density must
align with the target density. Previous studies by Othman et al. (2021) have shown that
the compressive strength will not reach its maximum potential if the target density
does not achieve the appropriate dry density. With this minor tolerance range, the
stability of properties within the specified density category in LCC is anticipated to be

maintained.

Compared to normal concrete (NC), which has a density ranging from 2200
to 2400 kg/m?3, LCC offers numerous advantages, particularly in reducing structural
dead load, thereby lowering construction costs. An analysis of the feasibility of using
LCC as a substitute for NC is necessary, particularly regarding strength and other

specialized properties required to enhance building performance.

4.1.3 Water absorption

The water absorption properties of LCC at varying densities were assessed
to gauge their suitability for green roof applications. Figure 4.3 summarises the results:

as LCC density increases, water absorption percentage decreases.
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Figure 4.3 Water absorption results of LCC

Table 4.3 Water absorption results of LCC

Mix Water absorption (%)
LCC 10 12.42
LCC 12 11.86
LCC 14 10.06
LCC 16 7.30
LCC 18 7.19

LCC 10 exhibits the highest water absorption at 12.42%, whereas LCC 18
shows the lowest at 7.19%. All tested samples meet the required minimum water
absorption rates of less than 20% following the TIS 2601-2556 standard (Thai Industrial
Standard, 2018).

The current study also aligns with other related studies where the water
absorption of LCC was below 12% (Nurain Izzati et al., 2019). LCC samples with higher
density show lower water absorption, while LCC 10 slightly exceeds 12%. LCCs with
lower densities may need additional treatment or admixtures to reduce water
absorption to optimal levels. Higher LCC demonstrates superior performance in
reducing water absorption rates, lowering the risk of water leakage. Compared to
normal concrete (NC), which has a water absorption rate of 7.93%, LCC exhibits higher

water absorption, typically at or below 14%. However, the microstructure of NC reveals
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a total porosity of 25.42%, with an open porosity of 15.09% and a closed porosity of
10.62% (Cebeci, 1981). The interconnected nature of the open porosity suggests a
higher potential for water leakage in NC. In this study, the microstructure of the LCC
sample will be examined to obtain porosity data, which will be detailed in the results

and discussion section.

LCC 12 and LCC 14 are potentially adopted due to their water absorption
standard with the lower density. This enhances durability and minimizes the risk of

water leakage, making them preferable for sustainable building practices.
4.1.4 Thermal conductivity

The thermal conductivity of LCC with varying densities was measured to
assess its effectiveness in thermal performance for green roof applications. The results

are summarised in Figure 4.4.
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Figure 4.4 Thermal conductivity results of LCC

Table 4.4 Thermal conductivity results of LCC

Mix Thermal Conductivity (W/mK)
LCC 10 0.32
LCC 12 0.40
LCC 14 0.65
LCC 16 0.77
LCC 18 1.05
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As the density increases, its thermal conductivity also rises. LCC 10
exhibits the lowest thermal conductivity at 0.32 W/m-K, whereas LCC 18 demonstrates
the highest conductivity at 1.05 W/m-K. According to the ACI 523.3R-14 standard, LCC
10 — LCC 18 thermal conductivity should ideally range between 0.245 to 0.750 W/m-K
(American Concrete Institute, 1975). As shown in the result, LCC 10, LCC 12, and LCC
14 meet the requirement standard, while LCC 16 and LCC 18 exceed the standards.

Another related study revealed positive results, with the current study on
thermal conductivity of 0.1 and 0.7 W/mK for LCC 6 to LCC 16. There are very high
differences compared to normal concrete, which achieved 1.6 W/mK with 2200 kg/m?
density (Zahari et al.,, 2009). As the cast density increases, there is a reduction in the
median void diameter (D50). For a given density, thermal conductivity decreases as the
median void diameter increases. Further investigation at the microstructural level is
required to analyze the relationship between air voids in LCC and thermal conductivity
(Batool & Bindiganavile, 2017).

Compared to normal concrete (NC) with a thermal conductivity around
2.25 W/mK, LCC can achieve 2 to 3 times lower thermal conductivity than NC, thereby
enhancing its effectiveness in reducing heat transfer (Zahari et al., 2009). In conclusion,
the study underscores that LCC materials, particularly those with lower densities, are
highly suitable for green roof applications due to their superior thermal insulation
properties. This characteristic enables these materials to contribute significantly to

energy efficiency in buildings.
4.1.5 Flexural strength

The flexural strength of LCC with varying densities was evaluated to
understand its performance under bending stress. The results are summarised in Figure
4.5. The accompanying line graph illustrates the flexural strength values for LCC 10 to
LCC 18. LCC 10 exhibits the lowest flexural strength at 0.50 MPa, while LCC 18 shows
the highest strength at 1.76 MPa.
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Figure 4.5 Flexural strength results of LCC

Table 4.5 Flexural strength results of LCC

Mix Flexural Strength (MPa)
LCC 10 0.50
LCC 12 0.67
LCC 14 0.78
LCC 16 1.32
LCC 18 1.76

Higher-density LCC materials demonstrate superior flexural strength,
rendering them more suitable for structural applications where resistance to bending
stresses is critical. Theoretical guidelines suggest that flexural strength should ideally
range between 10% and 20% of the compressive strength (Lee & Lee, 2016). The
results align closely with these theoretical expectations, indicating the material's
balanced mechanical properties. The flexural strength properties database can be used

as data for structural design considerations in the future.
4.1.6 Tensile strength

The tensile strength of Lightweight Concrete (LCC) with varying densities
was measured to evaluate its resistance to pulling forces. The results are summarised
in Figure 4.6. The accompanying line graph illustrates the tensile strength values for
LCC 10 - LCC 16. As the density of LCC increases, so does its tensile strength. LCC 10
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exhibits the lowest tensile strength at 0.30 MPa, while LCC 18 shows the highest
strength at 1.52 MPa.
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Figure 4.6 Tensile strength results of LCC

Table 4.6 Tensile strength results of LCC

Mix Tensile Strength (MPa)
LCC 10 0.30
LCC 12 0.47
LCC 14 0.59
LCC 16 W2
LCC 18 1.52

The study concludes that higher-density LCC materials demonstrate
superior tensile strengths, making them highly suitable for structural applications
requiring resistance to pulling forces. Theoretical guidelines suggest that flexural
strength should ideally range between 6% to 8% of the compressive strength (Lee &
Lee, 2016)

4.1.7 Modulus of elasticity

The elastic modulus of LCC with varying densities was assessed to
determine its deformation characteristics under stress. The results are summarised in

Figure 4.7.
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Figure 4.7 Modulus of elasticity results of LCC

Table 4.7 Modulus of elasticity results of LCC

Mix Modulus elastic (MPa)
LCC 10 2023
LCC 12 3917
LCC 14 7512
LCC 16 12045
LCC 18 16865

As the density of LCC increases, so does its modulus of elasticity. LCC 10
exhibits the lowest modulus of elasticity at 2,023 MPa, while LCC 18 shows the highest
modulus at 16,865 MPa. According to the ACI 523.3R-14 standard, the modulus of
elasticity for LCC should ideally calculated between 2,000 and 14,000 MPa (American
Concrete Institute, 2014). Higher-density LCC materials exhibit a higher modulus of
elasticity, indicating enhanced stiffness and resistance to deformation under load. This
characteristic is essential for structural applications where material rigidity is crucial.
The studied LCC 10 to LCC 18 material properties align with the guideline range and
can be applied to building construction. The results obtained in the database can be

considered for any structural design calculation.
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4.1.8 Conclusion: LCC mixed consideration for use on the green roof based on

LCC properties test

The study aimed to obtain the physical properties of lightweight cellular
concrete (LCC) materials as used to consider the employment of the LCC as a roof
deck layer in green roof systems. Table 4.8 shows the overall result test on LCC

properties.

Table 4.8 Physical properties of LCC in various density

Types Compressive Dry Water Thermal Flexural Tensile Modulus of

Strength density absorption conductivity strength strength elasticity
(MPa) (kg/m?) (%) (W/mK) (MPa) (MPa) (MPa)
NC* 31.2 2400 7.93 2.25 2.70 2.07 26300
LCC 10 2.47 980 12.42 0.32 0.50 0.30 2023
LCC 12 4.63 1274 11.86 0.40 0.67 0.47 3917
LCC 14 8.80 1436 10.06 0.65 0.78 0.59 7512
LCC 16 11.56 1619 7.30 0.77 1.32 1.23 12045
LCC 18 20.78 1894 7.19 1.05 1.76 1.52 16865
*) data of properties NC is secondary data from Ashraf et al. (2015)

The results presented above demonstrate that density significantly
influences the physical properties of both NC and LCC. The LCC maintained consistent
stability at the target density, optimizing its properties. The properties tested, including
compressive strength, water absorption, thermal conductivity, flexural strength, tensile
strength, and modulus of elasticity, generally met the industrial standards set by the
Thai Industrial Standard (2018) and the American Concrete Institute (2014). However,
some samples in the LCC 16 and LCC 18 thermal conductivity tests exceeded the
standard values. The high thermal conductivity could result from an inadequate mixing
process, leading to an air-void structure that does not conform to the mix design.
Further microstructural analysis is necessary to assess the volume and characteristics

and establish the microstructural criteria of LCC.

Green roofs represent an advanced innovation that offers numerous
benefits when integrated into buildings. The application of LCC on green roofs is
intended to enhance their performance and address some of the limitations of
conventional green roofs, particularly their excessive weight. Related studies have
explored the potential use of LCC 14 in Indonesia, revealing positive outcomes, such

as improved indoor temperatures compared to non-green roofs (Abdul Munir &
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Afifuddin, 2020). However, further research is needed on LCC-based green roofs to

understand the impact of using LCC as a green roof substrate better.

In the current study, the development of green roofs LCC focuses on
investigating LCC 12 and LCC 14 at the microstructural level and testing them in open-
air experiments. The literature review suggests that LCC 14 has the potential to replace
conventional concrete as a roof deck, as it is classified as moderate-strength concrete
(7-14 MPa). However, LCC 12 offers advantages in terms of lower thermal conductivity,
which can enhance the thermal performance of green roofs. Additionally, LCC 12
exhibits higher water absorption, which could improve green roofs' water and drainage

systems (Pratama et al., 2022).

In subsequent research, the microstructural characteristics of the air voids
in LCC 12 and LCC 14 will be examined. The relationship between mix design,
properties, and the quantity of air voids will be analyzed. Advanced technology will

be employed to provide a comprehensive understanding of LCC.

4.2  Result and Discussion 2: LCC Microstructure Analysis

The Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM) was
conducted to investigate the selected samples, LCC 12 and LCC 14 in air-void volume,
air-void distribution, and air-void stability structure. LCC 12 and LCC 14 were chosen to
be investigated due to their potential to improve thermal performance when applied
to green roofs. The following section presents a detailed discussion of the analysis

results of the LCC microstructure.
4.2.1 Volume of air voids

The air-void volume in LCC 12 and LCC 14 was determined using
Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM). This technique enables
precise measurement of the void water volume in LCC castings. Table 4.9 shows the
variation of air voids' percentage volume with the foam added volume computed from

mix design measurements and image analysis in LCC 12 and LCC 14.

Table 4.9 Variation of percentage volume of air voids with foam volume

Mix Foam volume in Percentage volume of air voids (%)
the mix (%) Total porosity Closed porosity Open porosity
LCC 12 45 39.23 38.74 0.49
LCC 14 38 29.82 29.47 0.35
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The percentage of volume voids measured in cast LCC is marginally
lower than the volume of voids calculated based on the mix design. The results
showed the percentage of foam volume from mix design and the percentage of total
porosity from SRXTM analysis. LCC 12 has 45% in a mix design and decreased by 5.77%
in cast LCC, which is 39.23%, while LCC 14 has 38% in a mix design and decreased by
8.53%, 29.82%. Closed porosity represents the air voids wholly enclosed within the
concrete matrix, contributing to thermal insulation and reduced permeability. The
reduction in porosity at LCC 14 happened compared to LCC 12. This distinction is
evident from the 2D and 3D visualizations generated by the SRXTM program. Figures

4.8 and 4.9 show the 2D section cut from three different area cuts of the sample.

Closed air-void

- .
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Figure 4.8 2D section layer cut samples of LCC 12
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Figure 4.9 2D section layer cut samples of LCC 14
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The section cuts of LCC 12 and LCC 14 reveal distinct differences in the
characteristics of air voids. LCC 12 exhibits a higher population of air voids compared
to LCC 14. Although the diameters of air voids in both LCC 12 and LCC 14 appear
similar, LCC 12 has a larger and more dominant diameter size. To understand the
correlation between these characteristics and thermal conductivity, measuring the air
void distribution in LCC 12 and LCC 14 is necessary. Analysis using the SRXTM technique
has a high accuracy of up to 1 pm and has a 3D image output that can visualize the

characteristics of the air void more clearly.

Figures 4.10 and 4.11 illustrate the separation of solid areas and air void
areas in LCC 12 and LCC 14, respectively. 3D images reveal that the air void
characteristics of LCC 12 are more uniform and predominant than LCC 14, consistent

with the 2D image outputs from the section cuts.
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Figure 4.10 3D output images SRXTM of LCC 12

1500.00 um)

(3D OVERALL IMAGE) (SOLID AREA) (AIR-VOID AREA)

Figure 4.11 3D output images SRXTM of LCC 14
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The observed decrease in porosity can be attributed to several factors,
including variations in dry density of +50 kg/m3, or approximately +5%, which may
influence the wet density. This aligns with related studies that report deviations in air
voids in LCC research (Chung et al., 2020). A 5% variation in mix volume is acceptable,
with a corresponding deviation in dry density, indicating the stability of air voids from
mixing to LCC casting according to the mix design. However, the decrease in porosity
for LCC 14 exceeding 5% could be due to heavier particles in the mix, potentially
disrupting more air voids. Ensuring the stability of LCC air void volume is crucial for

optimizing its properties.

The appropriate air void volume of LCC 12 indicates good insulation
properties and resistance to water infiltration, enhancing the material's durability. The
utilization of LCC 12 in green roofs holds significant potential for enhancing their

thermal performance.
4.2.2 Air-void size distribution parameters

Section samples of LCC 12 and LCC 14 were analyzed in SRXTM to
provide the data on air-void size distribution. The three cut sections were selected to
analyze the air void size and distribution (upper, middle, and bottom sections). Typical
binary images for the two mixes, LCC 12 and LCC 14 (cement-sand, and air-void), are
shown in Table 4.10.

Table 4.10 2D output images SRXTM between LCC 12 and LCC 14
LCC 12 LCC 14

Upper section LCC 12 Upper section LCC 14

Biggest pores size: 374 pym Biggest pores size: 228 um

Smalest pore size: 22 pm Smalest pore size: 20 pm
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Table 4.10 2D output images SRXTM between LCC 12 and LCC 14 (Cont.)

LCC 12

LCC 14

Middle section LCC 12

Biggest pores size: 383 um

Smalest pore size: 19 pm

Middle section LCC 14

Biggest pores size: 184 ym

Smalest pore size: 30 pm

Bottom section LCC 12

Biggest pores size: 352 ym

Smalest pore size: 25 pm

Bottom section LCC 14

Biggest pores size: 220 ym

Smalest pore size: 22 pm

Every image is digitized and converted into binary form, and a few

morphological operations were done to refine the form of objects. Simple operations

were only needed for this study as the air voids of white color contrast sharply with

the surrounding matrix of black color, producing almost similar to a binary image before

the microscopic examination. As observed from the binary images of LCC 12 and LCC

14, LCC 12 exhibits a denser form formation than LCC 14. Additionally, the diameter

of LCC 12 is predominantly larger than that of LCC 14. One significant factor is that a

greater number and size of air voids characterize the lower density of LCC. These

numerous air voids result in lower thermal conductivity values, reduced compressive

strength, and increased water absorption.

In addition, a few bigger air void diameter sizes ranging up to 383 pm

are observed in LCC 12, while the maximum void diameter observed reaches 228 pym.
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Figures 4.12 and 4.13 illustrate the air-void size distribution for LCC 12 and LCC 14,

respectively, across three different cut sections: upper, middle, and bottom.
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Figure 4.12 The frequency of air-void size distribution in LCC 12
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Figure 4.13 The frequency of air-void size distribution in LCC 14

The results indicated that the majority of voids in both LCC 12 and LCC
14 range between 50 and 150 pm. Specifically, air voids up to 150 um constitute



80

approximately 78% of the total in LCC 12, whereas in LCC 14, they account for about
95%. This demonstrates that LCC with lower density tends to have a higher proportion
of larger air voids. Consequently, LCC 12, which contains larger air voids, exhibits lower

compressive strength, reduced thermal conductivity, and increased water absorption.

Related research also investigates the frequency of air voids in LCC with
a density of 1,300 kg/m3. The results indicate that air voids up to 150 ym comprise
60% of the total, slightly different from the current study's findings. Various factors can
influence the size distribution of air voids, including the bubble size used and the
stirring process. However, a uniform distribution of micro air voids can enhance
compressive strength and reduce thermal conductivity. (Hilal et al,, 2015). In more

detail, Figures 4.14 and 4.15 quantify the air-void size distribution.
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Figure 4.14 The cumulative frequency of air-void size in LCC 12
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Figure 4.15 The cumulative frequency of air-void size in LCC 14

Table 4.11 Air-void size in D50 and D90 of LCC 12 and LCC 14

LCC 12 LCC 14
Mix Air-Void Air-Void Thermal Air-Void Air-Void Thermal
Sample Size (Dso) | Size (Dgo) | Conductivity | Size (Dso) | Size (Dgo) | Conductivity
(um) (um) (W/mK) (um) (um) (W/mK)
Upper
PP 127 280 83 150
Sample
Middle
176 274 84 135
Sample 0.40 0.65
Bottom
138 238 80 155
Sample
Mean 147 264 82 146

The cumulative distribution function is integral, which increases

monotonically from 0 to 100, resulting in 50" (D50) and 90th (D90) percentiles. The
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parameters used to quantify the air-void size distribution are D50 and D90 (Batool &
Bindiganavile, 2017). The value of D50 for LCC 12 examined here was in the 127 - 176
um range, and D50 for LCC 14 range of 80 — 84 um. It shows that the increase in D50
leads to a reduction in thermal conductivity. Moreover, the value of D90 for LCC 12
ranges from 238 - 280 ym, and LCC 14 ranges from 135 — 155 ym. The mixes with a
larger range of air-void size distribution showed higher conductivity, whereas, at higher
density, smaller size of voids and narrower distribution of voids resulted in reduced

thermal conductivity.

In conclusion, LCC 12 demonstrates favorable properties for reducing
thermal conductivity due to its broader range of air-void size distribution. The D50 and
D90 values for LCC 12 are between 147 and 264 um. Previous research suggests that
a higher D90 range in air-void distribution correlates with decreased thermal
conductivity. In contrast, a lower D50 range indicates an increase in the compressive

strength of LCC.
4.2.3  Stability of air-void

The stability of the air void is indicated by the form of the air void being
intact, even, and closed. The stability of air voids within LCC 12 and LCC 14 is observed
in Figures 4.16 and 4.17. The observation reveals a complex structure featuring intact
bubble voids, solid phases, closed pores, opened pores, and micropores. Both opened,
and closed pores indicate that while some air voids remain stable and intact pores.
Only minor porosity is mergely observed. Other air voids are seemly separated by the

solid phase, which gives LCC the advantages of low water absorption, high durability,

and effective insulation.

Figure 4.16 SRXTM projection images of LCC 12
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Figure 4.17 SRXTM projection images of LCC 14

The comparison between LCC 12 and LCC 14 reveals that the porosity
stability is similar in both, with the primary difference being that LCC 14 has a smaller
volume than LCC 12. Furthermore, SRXTM data indicate that LCC 14 has more open
pores than LCC 12. This suggests that LCC 12 exhibits better thermal conductivity

performance.

4.2.4 Conclusion: LCC microstructure analysis test to the thermal conductivity

of physical properties LCC

The microstructure analysis test revealed that the SRXTM analysis
provides accurate data about the volume, size, and structure of air voids in LCC
samples. This study allows for a more in-depth examination of the microstructural
characteristics and their relationship to the physical properties of LCC. Figure 4.18
illustrates the relationship between different types of porosity—total porosity, closed
porosity, and opened porosity—and their corresponding thermal conductivity values
across three roof types: NC, LCC 12, and LCC 14.

As observed, the increase in total porosity in LCC is associated with a
reduction in thermal conductivity. The porosity not only influences the dry density,
water absorption capacity, and compressive strength of LCC but also plays a critical
role in determining its overall performance, including thermal conductivity (Nambiar &
Ramamurthy, 2007). The LCC 12 and LCC 14 performed 0.40 and 0.65 W/mK of thermal
conductivity in 39.23% and 29.82% of porosity, respectively. At the same time, it aligns
with the observed report by Zhang et al. (2020) on the effects of increasing porosity

to reduce the thermal conductivity value. NC also exhibits porosity but extremely high



84

thermal conductivity. The key difference lies in the composition of closed porosity and

open porosity.
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Figure 4.18 Relationship between the porosity and thermal conductivity for
NC, LCC 12, and LCC 14

Relationship between the thermal conductivity and the air-void size
parameters (D50 and D90) for NC, LCC 12, and LCC 14

Table 4.12 Data set of porosity and thermal conductivity

Type Total Porosity Closed Porosity Opened Porosity | Thermal Conductivity
(%) (%) (%) (W/mK)

NC* 25.42 10.62 15.09 2.25

LCC 12 39.23 38.74 0.49 0.40

LCC 14 29.82 29.47 0.35 0.65

*) data of porosity NC is secondary data from Kumar and Bhattacharjee (2003)

As the proportion of closed porosity increases, the thermal conductivity
tends to decrease, particularly in the LCC 12 and LCC 14 roof types. This indicates a
negative correlation between closed porosity and thermal conductivity, suggesting that
closed pores effectively reduce heat transfer, thus lowering thermal conductivity. In

contrast, the opened porosity, represented in blue, is relatively low across all roof
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types and appears to have a less significant impact on thermal conductivity. This may
be because open pores are more likely to transfer heat through the material, increasing
thermal conductivity if their proportions are higher. However, their levels are low in

this dataset, so their influence is minimal.

The NC roof type shows a moderate level of total porosity with a
balanced contribution from closed and opened pores, resulting in a thermal
conductivity value lower than LCC 12 but higher than LCC 14. This suggests that while
total porosity is a factor, the type of porosity—particularly the presence of closed

pores—is more crucial in determining the material's thermal insulation properties.

Figure 4.19 shows the relationship between the Thermal Conductivity
and the Air-Void Size Parameters (D50 and D90). The plot shows the thermal
conductivity (W/mK) as a function of the air-void size parameters, D50 and D90 (in
microns, um), for three roof bases: NC, LCC 12, and LCC 14. D50 represents the median

air-void size, while D90 represents the size below 90% of the air-voids are found.
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Figure 4.19 Relationship between the air-void size parameters (D50 and D90) and
thermal conductivity for NC, LCC 12, and LCC 14
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Table 4.13 Data set of air-void size on D50 and D90 for thermal conductivity

Type Dso Doo Thermal Conductivity (W/mK)

NC* 94 139 2.25
LCC 12 147 264 0.54
LCC 14 82 146 0.65

*) data of porosity NC is secondary data from Kumar and Bhattacharjee (2003)

It is evident from the plot that an increase in D50 and D90 results in a
decrease in thermal conductivity. Larger air-void sizes and a broader distribution of
voids, particularly at lower densities, contribute to reduced thermal conductivity. This
trend aligns with observations Coquard and Baillis (2006) reported for cellular
polymeric solids and Nambiar and Ramamurthy (2007) for foam concrete, where larger

void sizes correspond to lower thermal conductivity.

Overall, the data underscores the importance of closed porosity in
reducing thermal conductivity, emphasizing its role in improving the insulating
properties of materials used in roofing applications. By analyzing the microstructure in
LCC, the quality of LCC 12, which has a high air void porosity, intact and closed pores,
and lighter than LCC 14, is expected to improve the quality performance of green
roofs. Section 4.3 reported the evaluation of the thermal transfer performance GR

system using LCC 12 and LCC 14 on the open-air experimental.

4.3 Result and Discussion 3: Green Roof Experimental Test

The open-air experimental test of the green roof was conducted. The
application of LCC 12 and LCC 14 on green roof samples will be conducted to assess
the thermal performance of the green roof system when LCC serves as the roof deck
base. Four samples will be utilized in this study: Normal concrete roof (Non GR), green
roof conventional using normal concrete (GR-NC), Green roof LCC 12 (GR-LCC 12), and
green roof LCC 14 (GR-LCC 14). The following section presents a detailed discussion of
the various green roof types.

The open-air experimental study on green roof boxes was conducted at
Suranaree University of Technology in February 2024 for 3 days respectively. Figure 4.8
shows Non GR, GR-NC, GR-LCC 12, and GR-LCC 14 roof experimental box. The sensors
are installed on each material layer in 4 different types of green roofs, and one sensor
outside to measure the outdoor temperature. As shown in Figure 4.20, the research

observed gradient temperature across different types of roofs, specifically analyzing
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temperatures at various times throughout the day: 6:00 AM, 9:00 AM, 12:00 PM, 3:00
PM, and 6:00 PM.

b ----» To, outdoor temperature

--=» Ts, s0il temperature
---» Tmat out, outside surface temperature
---% Tmat in, inside surface temperature

@----» Ti, indoor temperature

Figure 4.20 Open-air experimental green roofs

4.3.1 Gradient temperature

The results of the average gradient temperature of various roofs over
three days are shown in Figure 4.21 and Table 4.14. The gradient temperature data
indicates that GR-NC, GR-LCC 12, and GR-LCC 14 significantly reduce the external

surface temperature compared to NC.

Temperature (°C)
25° 35° 45° 25" 35 45° 25° 35° 45° 25° 35° 45° 25° 35° 45°
To
(outdoor temp.) ?{ f an 1
AN " i 7\ \
Vs o /" 1 o \
P~ n AL /A \
Ts | by A |y é;" i
1 )
(soil temp.) E ?‘f ?‘:‘? M ?'( i .':l \
Vo I i ! it . “
- N H ] L ' "
i i e oo i
Tmatout § 24 % &% S & 3 &
(material outside temp.) ~ } ?T : ' i / :.',: ," TI:“‘,
181 i it — i
H i oo v R
X i ] ! | \
Tmat in 'y*a'k K #* 4 i‘ ¢ ¢
(material inside temp) 1 / 8! 3 ! ] ! !
i/ 2 § o no Hi
' " W L - T
" " " H I‘I l, :' "
. H " 1 ' f 1
Ti &% &x ‘ éx o ke
(indoor temp.) 56 oo 09.00 12.00 15.00 18.00

--#-- NonGR =--x-- GR-NC --8~-- GR-LCC12 ~--+-- GR-LCC14

Figure 4.21 Result of gradient temperature on green roofs
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Table 4.14 Data of gradient temperature on green roofs

Time \ To | T, Trmat out Trmatn | 7| aram
Non GR

06:00 22.35 - 23.30 24.18 24.13 (-1.78)
09:00 30.45 - 27.34 26.66 25.17 5.28
12:00 43.85 - 4391 40.09 38.91 494
15:00 43.63 - 46.56 43.70 41.23 2.40
18:00 32.69 - 36.00 38.52 36.80 (-4.11)
GR-NC

06:00 22.35 27.87 28.11 28.21 25.90 (-3.55)
09:00 30.45 29.27 29.18 28.82 27.67 2.78
12:00 43.85 37.02 34.29 33.04 35.47 8.38
15:00 43.63 37.02 35.82 35.44 37.32 6.31
18:00 32.69 33.87 35.01 35.39 34.75 (-2.06)
GR-LCC 12

06:00 22.35 27.22 26.48 25.92 23.90 (-1.55)
09:00 30.45 27.39 27.28 27.21 25.83 4.62
12:00 43.85 33.47 32.70 32.05 32.51 11.34
15:00 43.63 35.53 34.55 34.98 35.57 8.06
18:00 32.69 33.73 3392 34.32 33.07 (-0.38)
GR-LCC 14

06:00 22.35 27.23 26.02 25.34 23.60 (-1.25)
09:00 30.45 27.33 27.13 26.81 25.73 472
12:00 43.85 33.43 32.85 31.94 32.06 10.99
15:00 43.63 35.53 35.17 35.07 35.73 7.90
18:00 32.69 33.75 33.94 34.19 33.31 (-0.62)

As described in Figure 4.19, the green roof layers prevent heat from solar
energy, so the indoor temperature does not accelerate sharply. The gradient
temperature in the layers from the outdoors to the indoor temperature captured in

the 3-hour interval to illustrate the different thermal behavior

In the morning, before being exposed to direct sunlight, the temperature
of the green roof system is higher than that of the base model. As for the green roof
model the surface temperature is still higher than the indoor air temperature, so heat
is released from the roof into the room. After receiving direct solar heat until noon,
the air temperature follows higher, which shows that the heat received indoors is more
through the roof. As observed in Table 4.14, the room temperature for all green roof
types (GR-NC, GR-LCC 12, and GR-LCC 14) is lower than that of the non-green roof. This

reduction in room temperature is attributed to the green roof layer, which diminishes
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solar heat absorption and subsequently lowers the temperature on the material's
outer surface (Trmat out). A reduced Tmat out IS correlated with a decrease in thermal
distribution to the inner surface of the material (Tatin), Ultimately contributing to the

reduction in indoor temperature (T).

The indoor temperature reduction is most notable at noon by 12:00 PM,
where the GR-LCC 12 and GR-LCC 14 show a higher temperature difference (AT) at
11.34 °C and 10.99 °C respectively, compared to the AT GR-NC at 4.94 °C. During 15:00
PM, GR-LCC 12 and GR-LCC 14 maintained a significant temperature gap, and GR LCC
12 resulted in slightly better performance at 8.06 °C and 7.90 °C, respectively.
Furthermore, when the temperature decreases in the evening, at 18:00 PM, the AT in
GR-LCC 12 shows the closest temperature to the T, which is only 0.38 °C different,
indicating a relatively stable temperature condition. However, as the day progresses,
the effectiveness of green roofs becomes more apparent. The GR-LCC 12, in particular,
exhibits the smallest temperature gap, suggesting that it retains less heat and cools

down faster than other roof types.

The gradient temperature comparison underscores the advantages of
green roofs, especially those with LCC 12 and LCC 14, in mitigating heat transfer and
improving energy efficiency in buildings. The application of GR-LCC 12 demonstrates
positive outcomes compared to various studies on green roofs in tropical regions. GR-
LCC 12 achieves an efficiency of up to 11.34 °C. Ahmed and Rumana (2009) conducted
a study on GR-NC in Malaysia; the efficiency ranged at 3 °C. Abdul Munir and Afifuddin
(2020) revealed that the GR-LCC 14 study in Indonesia reported an efficiency of
approximately 10.2 °C. The present study's findings provide insights into the basic layers
of the sub-base material, substrate, and vegetation. The performance of GR in this
study could be further enhanced with the incorporation of additional supporting layers

in future research.
4.3.2 Outdoor and Indoor Temperature

The temperature profiles of outdoor and indoor temperatures are shown
in the detailed analysis of temperature fluctuations throughout three days, as shown
in Figure 4.22.
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Figure 4.22 Result of outdoor and indoor temperature on green roof

Table 4.15 Data of outdoor and indoor temperature on green roofs

Data Temp. ‘ To ‘ Ti, Non GR ‘ Ti, GR-NC ‘ Ti, GR-LCC 12 ‘ Ti, GR-LCC 14
Day 1

06:00 22.02 24.80 24.00 22.80 22.89
09:00 29.56 26.00 25.90 2491 25.20
12:00 43.21 37.30 34.60 32.83 32.99
15:00 43.33 40.80 38.99 36.60 37.01
18.00 31.04 35.40 34.32 33.95 34.30
Day 2

06:00 21.66 23.00 25.00 24.10 23.80
09:00 30.56 25.20 27.20 26.40 26.40
12:00 40.55 36.94 34.40 32.29 32.50
15:00 46.08 41.40 38.08 35.10 35.40
18.00 36.94 38.53 35.09 32.50 32.70
Day 3

06:00 22.85 22.00 25.70 24.80 24.60
09:00 30.47 24.20 26.90 26.19 26.10
12:00 45.63 35.94 34.40 32.40 32.40
15:00 42.04 40.40 37.90 35.00 35.29
18.00 32.48 36.00 34.85 33.20 33.44

Table 4.15 revealed that outdoor temperatures fluctuate significantly,
with daily minimum temperatures averaging around 22.16°C and maximum

temperatures reaching up to 46.45°C. In contrast, the temperature profiles for different
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roof types exhibit varying degrees of thermal insulation performance. Non GR showed
the highest indoor temperature peaks, while the GR-LCC 12 had the lowest indoor

temperature.

The highest recorded indoor temperatures for Non-GR, GR-NC, GR-LCC
12, and GR-LCC 14 were 41.40 °C, 38.99 °C, 36.60 °C, and 37.01 °C, respectively, while
the lowest temperatures were 22.02 °C, 22.00 °C, 22.80 °C, and 22.89 °C. Green roofs
(GR) offer significant insulation benefits, leading to a notable reduction in indoor
temperatures. The application of LCC as a base material further higher the thermal
resistance (R; value) due to LCC's lower thermal conductivity (k value). The higher the

R: value, the lower the thermal transfer value (Q-value).

In green roof research conducted in tropical countries, the use of green
roofs (GR) has been shown to effectively maintain indoor temperatures between 23°C
and 38°C, a significant improvement compared to the higher indoor temperatures of
24°C to 51°C observed in buildings without green roofs (Pratama et al., 2023). The
variation in temperature outcomes is influenced by multiple factors, including weather
conditions, materials used, the composition of green roof layers, humidity, and more.
This study demonstrates that GR-LCC 12 and GR-LCC 14 exhibit superior performance
compared to conventional green roof systems. Notably, GR-LCC 12 performs slightly
better than GR-LCC 14, and its lower density offers an additional advantage by reducing

the structural load on the building.

The open-air experiment demonstrates that green roofs, especially those
incorporating LCC, effectively lower indoor temperatures, highlighting their potential
for energy savings in buildings. The implementation of such roofing systems is essential
for sustainable building practices, as they not only promote energy efficiency but also
help mitigate urban heat island effects. The recorded temperature data will be utilized

to estimate the roof's thermal transfer, as detailed in the subsequent section.
4.3.3 Thermal transfer value of green roofs

The evaluation of the thermal transfer of green roofs by calculating the roof
thermal transfer of four different roof types by using the real data of surface material.
The calculation of thermal transfer divided to be two parts, 1) the thermal transfer of

roof base concrete and LCC material and 2) the thermal transfer of green roof system.
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These calculations are intended to assess the effectiveness of the roof base as thermal
insulation, identifying areas that require enhancement. The calculations will be

elaborated upon in the following section:
1) Thermal transfer of roof base concrete and LCC material
The single material thermal transfer calculate based on the conduction
formula outlined in Section 2.4.2, utilizes the following formula:

dT_ Tl_TZ

C=R T Win),

Figure 4.23 shows the different sections of roof samples and the point of

the data temperature of surface material taken.

o Tl (Tmaf out) A=1m?
—— Normal Concrete
TZ (Tmat in) NC
e -El (Tmat out) A=1m? F
5 Te-oomm o——— LCC 1200

To (Thmatin)  LCC 12

1 (Tmar out) A=1m?2
IL =0.075m o——— LCC 1400

> ¢

e

(Tmatin)  LCC 14

Figure 4.23 Roof base material sections

Additionally, Table 4.18 records the temperature outside surface material
temperature (Ty), and inside surface material temperature (T,) surface on three roof

base material.

Table 4.16 Average temperature different (dT) of the three roof base material

Roof Types Time T1 (°C) T, (°C) dT (°0) Average dT (°C)
NC 06:00 23.20 24.18 -0.98

09:00 27.34 26.66 0.69

12:00 4391 38.09 5.83 1.17

15:00 46.56 43.70 2.86

18.00 36.00 38.52 -2.52
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Table 4.16 Average temperature different (dT) of the three roof base material

(Continued)
Roof Types Time T1 (°C) T, (°C) dT (°0) Average dT (°C)
LCC 12 06:00 27.48 25.92 1.56
09:00 28.28 27.21 1.07
12:00 34.00 33.05 0.95 0.71
15:00 36.05 35.48 0.57
18.00 33.73 34.32 -0.59
LCC 14 06:00 26.52 25.34 1.18
09:00 27.63 26.81 0.83
12:00 33.85 32.94 0.91 0.75
15:00 36.17 35.57 0.59
18.00 34.44 34.19 0.25

The surface temperature comparison (dT) highlights that LCC 12 effectively

creates a lower different temperature. This narrower temperature differential

contributes to minimizing thermal transfer into buildings.

Once the value of dT is determined, the subsequent step involves calculating

the thermal resistance (R-value). Table 4.17 provides the thermal conductivity (k-value)

of the roof base material, which will be utilized in the R-value calculation.

Table 4.17 Thermal conductivity (k-value) of different roof base material

No Material Thermal Conductivity, k (W/mK) Source
1| NC 2.25 Concrete Technology (Adam, Brooks)
2| LCC12 0.40 Lab Test (Section 4.1.4)
3| LCC14 0.65 Lab Test (Section 4.1.4)

The R-value in one unit area of single layer of roof base concrete, LCC 12., and

LCC 14 should be determined. Table 4.18 shows the calculation of R-value of roof

base material

Table 4.18 Thermal resistance (R-value) of different roof base material

No Roof Thickness Thermal Conductivity Thermal Resistance
L, (m) k, (W/mK) R, (m2K/W)

1 NC (Normal Concrete) 0.075 2.25 0.03

2 LCC 12 (LCC 1200 kg/m?) 0.075 0.40 0.19

3 LCC 14 (LCC 1200 kg/m?) 0.075 0.65 0.11
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The R-value calculation represents the heat resistance of transfer rate through
the roof material, shows significant differences between the NC, LC 12, and LCC 14. A
higher Ri-value indicates better insulating properties. The NC has the lowest R-value of
0.03 m2K/W, reflecting its poor thermal insulation capability. In contrast, the LCC 12
and LCC 14, significantly improve insulation with higher Ri-value of 0.19 and 0.11
m?2K/W, respectively.

With the values of d and R established, the thermal transfer (Q-value) can now
be calculated. Table 4.19 presents the results of the Q-value calculations for various

roof base materials.

Table 4.19 Q-value of different roof base material

Roof base Temperature different Total Thermal Resistance | Thermal Transfer Value
material dT, (°0) Rt, (M2K/W) Q, (W/m?)

NC 1.17 0.03 39.00

LCC 12 0.71 0.19 3.74

LCC 14 0.75 0.11 6.82

The Q-value for LCC 12 is the lowest, demonstrating its high effectiveness
in minimizing thermal transfer. Incorporating LCC 12 into the green roof system is
anticipated to further enhance its thermal insulation properties. The following section
presents calculations of the Q-value for the roof base material with the

implementation of the green roof system.
2) Thermal transfer of green roof system

The application of multilayer techniques with green roofs can effectively
reduce thermal transfer values. Consequently, the calculation of thermal transfer
values for roof base materials incorporating a green roof system is taken into
consideration. The multilayered material thermal transfer calculate based on the
conduction formula outlined in Section 2.4.2, utilizes the following formula:

_dT T, — T,
TR (L/kA) + (L/kA), + (L/kA)s

Figure 4.24 shows the different sections of roof samples and the point of

the data temperature of surface material taken.
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Figure 4.24 Green roof sections

Additionally, Table 4.20 records the temperature outside surface material

temperature (T,), and inside surface material temperature (T,) surface on three various

green roof with different roof base material.

Table 4.20 Average thermal different equivalent (TDeg) of different roof material

Roof Types Time T1 (°C) T, (°C) dT (°0) Average dT (°C)
GR-NC 06:00 27.87 28.21 -0.35
09:00 29.27 28.82 0.45
12:00 37.02 33.04 3.99 0.63
15:00 37.02 35.44 1.58
18.00 32.87 35.39 -2.52
GR-LCC 12 06:00 27.22 25.92 1.30
09:00 27.39 27.21 0.17
12:00 33.47 33.05 0.42 0.27
15:00 35.53 35.48 0.05
18.00 33.73 34.32 -0.59
GR-LCC 14 06:00 27.23 25.34 1.89
09:00 27.33 26.81 0.53
12:00 33.43 32.94 0.50 0.49
15:00 35.53 35.57 -0.04
18.00 33.75 34.19 -0.44

The surface temperature comparison (dT)

creates a lower gap beetwen the surface. Furthermore,

highlights that GR effectively
the GR-LCC 12 and GR-LCC 14

configurations exhibit consistently low and balanced dT values. This narrower

temperature differential contributes to minimizing thermal transfer into buildings.

Based on the data presented, it is evident that different roof types exhibit

varying degrees of thermal performance throughout the day, as measured by the

difference in temperature dT between T; and T».
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GR-NC shows the highest average dT of 0.63°C, indicating less effective
thermal regulation compared to the other roof types. This suggests that the GR-NC

roof allows more heat to pass through, making it less efficient in thermal insulation.

In contrast, GR-LCC 12 exhibits the lowest average dT of 0.27°C, signifying
superior thermal insulation properties. The small temperature differential indicates
that GR-LCC 12 is more effective at minimizing heat transfer, which is beneficial for

maintaining stable indoor temperatures.

GR-LCC 14 has an intermediate performance with an average dT of 0.49°C,
which is better than GR-NC but not as effective as GR-LCC 12. This indicates that while
GR-LCC 14 provides some thermal insulation benefits, it does not perform as well as

GR-LCC 12.

Once the value of dT is determined, the subsequent step involves
calculating the total of thermal resistance value (Ri-value). Table 4.21 provides the
thermal conductivity (k-value) of the roof base material, which will be utilized in the

R-value calculation.

Table 4.21 Thermal conductivity of green roof material

No Material Thermal Conductivity Source
1| NC 2.25 Concrete Technology (Adam, Brooks)
2| LCC12 0.40 Lab Test (Section 4.1.4)
3| LCC 14 0.65 Lab Test (Section 4.1.4)
4 | Substrate 0.44 Tetiana Nikiforova, et all (2013)
5 | Vegetation 1.10 Jan Kleissl, et all (2010)

The R-value in one unit area of single layer of roof base concrete, LCC
12., and LCC 14 should be determined. Table 4.22 shows the calculation of Ri-value

of roof base material.
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Table 4.22 Thermal resistance (Ri-value) of green roof with different roof base

Thermal Thermal Total Thermal
Material Thickness . ) )
No Roof Conductivity | Resistance Resistance
Configuration
L, (m) k, (W/mK) R, (M2K/W) Rt, (M2K/W)
Normal Concrete 0.075 2.25 0.03
1 GR-NC Substrate 0.050 0.44 0.11 0.16
Vegetation 0.025 1.1 0.02
LCC 1200 kg/m? 0.075 0.40 0.14
2 GR-LCC 12 Substrate 0.050 0.44 0.11 0.39
Vegetation 0.025 1.1 0.02
LCC 1400 kg/m? 0.075 0.65 0.12
3 GR-LCC 14 Substrate 0.050 0.44 0.11 0.25
Vegetation 0.025 1.1 0.02

The Ri-value calculation represents the heat resistance of transfer rate
through the roof material, shows significant differences between the roof types, and a

higher Rt-value indicates better insulating properties.

The NC without green roof which has Ri-value of 0.03 m2K/W, indicates
receive an improvement when install the green roof system, the GR-NC, which
incorporates a substrate and vegetation layer, significantly improves insulation with
higher Ri-value of 0.16 m2K/W.

The GR-LCC roofs demonstrate better thermal performance. The GR-LCC 12
roof achieves the highest Ri-value of 0.39 m2K/W, the excellent insulating properties
of the LCC 12 material combined with the substrate and vegetation layers. The GR-
LCC 14 roof also performs well with a Ri-value of 0.25 m2K/W, slightly higher than GR-
LCC 12 but still markedly better than GR-NC.

Overall, the data imply that using LCC materials, particularly GR-LCC 12, in
green roof systems can significantly enhance thermal insulation, reducing the rate of
heat transfer and contributing to energy efficiency. This analysis highlights the potential
for optimizing building materials to improve thermal performance in green roof
applications. The average calculation of dT from the open-air experimental data shows
that the GR-LCC 12 provides the smallest dT. The calculation of thermal transfer from
the roof will incorporate the data for thermal resistance (Ry) and the temperature
difference (dT), as presented in Table 4.23
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Table 4.23 Thermal transfer value of different green roof type material

Roof types Temperature different Total Thermal Resistance | Thermal Transfer Value
dT, (°0) Rt, (M2K/W) Q, (W/m?)

GR-NC 0.63 0.16 3.94

GR-LCC 12 0.27 0.39 0.69

GR-LCC 14 0.49 0.25 1.96

The thermal transfer value (Q-value) were evaluated, the GR-NC roof
demonstrates a lowest with an Q-value of 3.94 W/m2. Moreover, GR-LCC 12 and GR-
LCC 14 materials exhibit even better thermal performance at 0.69 W/m? and 1.96
W/m?, respectively. GR-LCC 12, with a Q-value of 1.0 W/m?, has the lowest value
among the compared materials, underscoring its superior effectiveness in minimizing

heat transfer.
4.3.4 Conclusion: Correlation of LCC in improving green roof performance

The open-air experiment on various roof types revealed that GR-LCC, both
LCC 12 and LCC 14, have an excellent thermal transfer efficiency of green roof
performance at 0.69 W/m? and 1.96 W/m?, respectively. Thermal conductivity (k-value)
is directly related to thermal resistance (R-value), as higher the k-value in a material
results in greater the R-value, thereby decreasing thermal transfer (Q-value) (Humaish,
2020). Figure 4.25 shows the relation of k-value of NC, LCC 12, and LCC 14 with and
without green roofs effects on the theirs R-value. Based on the data presented, it

observe the impact of green roof systems on the thermal resistance of different roof

types.

l@ Thermal Resistance (m2K/W) | L Thermal Conductivity (W/mK)

0.4

0.2

Thermal Conductivity (W/mK)
~
(M) 2oue)sisay |ewsay

NC Lcc 12 LCC 14 GR-NC GR-LCC 12 GR-LCC 14

Non Green Roof Green Roof
Figure 4.25 Relationship between the thermal conductivity and thermal resistance

on single roof base material
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Roof types Thermal conductivity (k) Thermal resistance (Ry)
(W/mK) (m2K/W)

Without green roof system

NC 0.03
LCC 12 0.19
LCC 14 0.11
Installed green roof system

GR-NC 0.16
GR-LCC 12 0.39
GR-LCC 14 0.25

The LCC 12 roof type demonstrates exceptional thermal performance,

especially when combined with a green roof system. Without the green roof system,
LCC 12 already shows a notable R-value of 0.19 m?K/W, significantly higher than the
NC roof type's 0.03 m?K/W. This indicates that LCC 12 has better inherent insulation

properties. When a green roof system is installed, the R-value of LCC 12 further

increases to 0.39 m?K/W, the highest among the studied configurations. This substantial

enhancement suggests that the combination of LCC 12 material properties with a green

roof system offers superior insulation capabilities, effectively minimizing heat thermal

transfer. Figure 4.26 show the relation of thermal resistance (Ri-value) to the thermal

transfer value (Q-value) of various roof-type parameters.
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Figure 4.26 Relationship between the thermal resistance and thermal transfer value

on single roof base material
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Table 4.25 Data set of thermal transmittance and thermal transfer value

Roof types Thermal resistance Thermal transfer value
Rt, (m2K/wW) Q, (W/m?

Without green roof system

NC 0.03 39.00
LCC 12 0.19 3.74
LCC 14 0.11 6.82
Installed green roof system

GR-NC 0.16 3.94
GR-LCC 12 0.39 0.69
GR-LCC 14 0.25 1.96

As observed, comparison of Q-value and Ri-value across different roof
types. This figure was created using R programming language with the ggplot2 package.
The data presented highlight the impact of different roof types on R-value and Q-
value. The table compares various configurations both with and without green roof

systems, showing a clear differentiation in thermal performance.

Without a green roof system, the roof type NC exhibits the lowest thermal
resistance (0.03 m2K/W) and the highest thermal transfer value (39.00 W/m?), indicating
poor insulation properties. In contrast, the LCC 12 roof type, even without the green
roof system, demonstrates significantly better performance, with a thermal resistance
of 0.19 m2K/W and a much lower thermal transfer value of 3.74 W/m?2. This suggests
that the LCC 12 material inherently possesses better insulating properties compared
to the NC and LCC 14 types, which have thermal transfer values of 39.00 W/m? and
6.82 W/m?, respectively.

The effectiveness of incorporating a green roof system is also evident from
the table. For instance, the GR-LCC 12 configuration, which combines the LCC 12 roof
base material with a green roof, exhibits an enhanced thermal resistance of 0.39 m2K/W
and an impressively low thermal transfer value of 0.69 W/m?2. This improvement
indicates that the addition of a green roof not only enhances the inherent insulating
properties of LCC 12 but also significantly minimizes the amount of thermal energy

transferred through the roof. The GR-LCC 12 configuration, with the lowest Q-value
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among all the configurations, showcases the optimal balance between material

properties and the additional thermal barrier provided by the green roof.

The data underscores the importance of material selection and the
application of green roof systems in achieving energy-efficient building designs. The
superior performance of the LCC 12 roof type, particularly when combined with a
green roof system, highlights its potential as a preferred choice for minimizing heat

transfer and enhancing overall thermal efficiency.

This reduction in heat transfer is reflected in the substantially lower Q-
values for these roof types, highlighting the improved thermal performance of roofs
that utilize LCC materials. The study of green roof calculation roof thermal transfer
value by Y. He et al. (2021) in tropical countries shows a higher trend result ranges
from 2.3 — 2.5 W/m?. The current study demonstrates a lower trend of thermal transfer

enhancement when green roofs are utilized in conjunction with LCC materials..

Thermal conductivity is a critical factor in minimizing thermal transfer
within building materials. In comparison with findings from other studies, LCC 12 has
demonstrated a lower thermal conductivity value of 0.48 W/mK, whereas LCC 14
exhibits a higher value of 0.74 W/mK. Higher thermal conductivity values correlate with
increased Q-values when these materials are integrated into green roof systems. Table
4.22 provides a comparative analysis of the utilization of LCC 12 and LCC 14 materials

between the current study and the reference study.

Table 4.26 Comparison of thermal transfer value on current study and reference

study
Current study Reference study*
Green roof Thermal Conductivity Thermal Transfer Thermal Conductivity Thermal Transfer
types of LCC, Value, of LCC, Value,
W/mK w/m? W/mK w/m?
GR-LCC 12 0.40 0.69 0.48 0.75
GR-LCC 14 0.65 1.96 0.74 2.04

Remark: the reference study gathered from Department of Alternative Energy Development and Efficiency (2009); Ganesan

et al. (2015)




CHAPTER V
CASE PROJECT USING GREEN ROOF LCC

5.1 References Project 1: GR-LCC in Nakhon Ratchasima

The initial project for using Green Roof LCC was initiated in 2020 at the Nakhon
Ratchasima commercial building project in Thailand. The idea of using LCC on a green
roof is based on the reason that there is no green area in the building. However, the
existing structure already exists and cannot accommodate the excessive weight if a
conventional green roof is applied. Our research team initiated using LCC in green roofs
because green roof properties are superior, have lighter weight than roof slabs, have

good thermal performance, and have low water absorption.

Figure 5.1 GR-LCC Project in Nakhon Ratchasima

Figure 5.1 depicts the LCC green roof construction process. LCC roof deck
casting is carried out before installing the green roof system. The application of LCC
green roofs is more accessible because they do not use a supporting layer like
conventional green roofs, and it is because LCC green roofs have good properties,
indicating that green roofs can eliminate supporting layers on green roofs. That way,

quality improvements and cost savings can be achieved.

This LCC green roof has been functioning well for approximately four years with
minimal maintenance. Even though testing the thermal data collection process in the

room under the LCC green roof, the temperature drop was 2 - 5 C cooler than the
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average room temperature. This proves that LCC green roofs can be used and applied

to a broader market.

———=+ Green Roof System

— LCC
——+ Galvanized Iron

Figure 5.2 Layer system of GR-LCC 12

5.2  References Project 2: GR-LCC in Saraburi

Based on the research carried out in this thesis, it is concluded that GR-LCC 12
has the potential to be applied as a green roof. Research supported by SCG Roofing,
Co. Ltd. is the forerunner of the development of GR-LCC, and it is hoped that it can
be further developed and applied to many buildings in Thailand in the future.

Figure 5.3 GR-LCC 12 construction process

The GR-LCC pilot project was built as a real-time data collection center at the
SCG Roofing Co. Ltd research site. The project also installed a conventional green roof,
adopted from German technology. Figure 5.3 depicts the construction of a green roof

pilot project in Saraburi.
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Overall, GR-LCC has a more even and green vegetation growth rate. This is
thought to be because GR-LCC stores sufficient soil moisture levels. Void water on the
surface of the roof deck is indicated to help as a water storage reserve, which is used

to maintain soil moisture.

£ |
Planting Grass GR-NC

Figure 5.4 Growth grass comparison between GR-NC and GR-LCC

Research in this thesis concludes that the thermal performance results show
that GR-LCC performs better than conventional GR. Research on other aspects is
recommended to be carried out to assess the performance of green roofs from

different elements.



CHAPTER VI
CONCLUSIONS AND SUGGESTIONS

6.1  Summary and Conclusions

This study investigated the feasibility and performance of Lightweight Cellular
Concrete (LCC) as a material for green roofs, focusing on its physical properties,
microstructural stability, and thermal performance on green roofs. The findings from

various experiments and analyses can be summarised as follows:

1) Physical properties: LCC exhibited superior thermal insulation properties.
Considering these characteristics, LCC 12 and LCC 14 are anticipated for use
in green roof construction due to their thermal conductivity values, which
are three times lower than those of standard concrete, measuring 0.40
W/mK and 0.65 W/mK; respectively. The thermal conductivity values of LCC
12 and LCC 14 align with the thermal conductivity guideline specified in ACI
523.3R-93. These values also demonstrate a more favorable thermal
conductivity trend compared to those reported in other studies and are
significantly lower than those of conventional concrete.

2) Microstructural analysis: The superior thermal conductivity observed in LCC 12
compared to LCC 14 is influenced not only by its physical properties but also
by its microstructural characteristics. Utilizing the SRXTM technique to analyze
the porosity of air voids provides a detailed insight into the microstructure of
these voids. Based on this study, the excellent thermal conductivity
performance of LCC can be attributed to several factors:

4) Adherence to the target dry density, ensuring it does not exceed +50
kg/m?3.

5) The air void volume aligns with the mix design and is predominantly
composed of closed pores.

6) A lower thermal conductivity value is associated with larger air void

sizes; LCC 12, which exhibits favorable thermal conductivity, features
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air void sizes ranging from D50 to D90, approximately 147-264 pm in
diameter.

7) The stability of the air void shape is crucial, requiring that the voids
be completely round, closed, and uniformly distributed. An optimal
arrangement of air voids is highly effective in enhancing the thermal
conductivity value.

3) Thermal performance: LCC 12 is recommended for use in green roof
construction due to its numerous advantages. In addition to its lightweight
nature and low thermal conductivity compared to LCC 14, LCC 12 possesses
adequate strength to function as a sub-base material on roof decks. Its minimal
water absorption also suggests its potential for use in developing water storage
systems within green roofs. When applied in green roof building applications,
LCC 12 can cool indoor spaces by up to 11.34 °C below the outside air
temperature at midday. This significant cooling effect is facilitated by its
exceptionally low thermal transfer rate of 0.69 W/m?2, which is markedly lower
than that of GR-LCC 14 and GR-NC.

Adopting LCC in green roof systems offers numerous environmental and
economic advantages. Environmentally, LCC contributes to sustainability by reducing
carbon emissions through improved energy efficiency and providing better insulation.
Economically, the benefits include prolonged roof lifespan, reduced maintenance
costs, and potential increases in property value due to the aesthetic and
environmental advantages of green roofs. Additionally, using locally sourced materials
for LCC production can further reduce the carbon footprint associated with

transportation and manufacturing processes.

6.2 Recommendations for future work
Based on the findings, the following detailed suggestions are proposed for

future research and practical applications:

1) Material Optimization: Future research should focus on optimizing the mix
design of LCC to enhance its mechanical and thermal properties further.
This includes experimenting with different foam agents, additives, and

reinforcement materials to improve the overall performance of LCC in



107

green roof systems. Investigating using recycled materials in LCC production
could also enhance its environmental benefits.

2) Long-term Performance Studies: Conducting long-term performance studies
of LCC-based green roofs under various environmental conditions is
essential to gather valuable data on their durability, maintenance
requirements, and overall sustainability.

3) Integration with Renewable Energy: Exploring the integration of LCC-based
green roofs with renewable energy systems, such as solar panels, could
enhance buildings' energy efficiency and sustainability. Combining green
roofs and solar energy can provide synergistic benefits, including improved
thermal performance and increased energy production. Research into the
optimal design and installation techniques for such integrated systems will
be essential.

4) Cost-Benefit Analysis: Detailed cost-benefit analyses should quantify the
economic advantages of using LCC in green roofs. These analyses should
consider factors such as initial installation costs, long-term maintenance
savings, energy efficiency improvements, and potential increases in
property value. Clear economic justifications will help convince
stakeholders and decision-makers of the benefits of adopting LCC-based

green roofs.

Addressing these suggestions will fully realize LCC's potential as a key material
in sustainable building practices, contributing to developing greener and more energy-
efficient urban environments. The continued exploration and optimization of LCC will
pave the way for its broader adoption, enhancing the sustainability and resilience of

our built environment.
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Satisfy :S
Unsatisfy :1,2,3,4,5,6,7,8,9

The reported expanded uncertainty measurement calculation procedure

providing a level of approximately 95 %
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Wiveseghe: we 3dn Fanaan RepCMT660556(7)
1AsINS: ABUNTANIAIUN MNBLaUFRE1N : CMT S0556/66-7
Fummnm : -
Foshodna: wiounImuauTzuNgnuIAR WA 150 X 150 X 150 MM, Fudufedn: 6 Mugeu 2566
FBn1svnaeu: ¥en.2601-2556 ' Tuvedeu: 6 fubieu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days)| (ke/m) Test | Type | &N (MPa) | (MPa)
1 = 30/08/66 | 7 1,399.4 E 18 S 103.0 4.42 - (1400)
2 L 30/08/66 | 7 1,420.4 I 18 &) 133.5 5.76 -
3 E 30/08/66 | 7 1,394.0 F 18 S 116.1 5.02 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure
Condition of Specimens providing a level of approximately 95 Qf
Before Test : 1= gnnusndi 2 =uandu ,3 =fifaquuanuaes 4 =igngu = ) N /
s=fmiidusaildann 6=Ratndsidey  7=Rotu s=fouks aide ﬁ by . B fffusen
Fracture Type : according to BS EN 12390-3-2002 (Q"d'mﬂ'lawﬂm’iu' dﬂs.ﬁvﬂhﬁm ﬂqﬁqssmé‘nu’) .
sesffSemsmudinesioinemaniuasmalulad
satify S Uthmaunugwnsmspudiiesdioingrmanduazmaluled
Unsatisfy:1,2,3,4,5,6,7,8,9 17 panau 2566
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RepCMT660556(8)

WNELaUeENN : CMT S0556/66-8
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Y

UAMAN : -
Juiuegne : 8 Muwneu 2566

Condition of Specimens

Satisfy :S

Unsatisfy:1,2,3,4,5,6,7,8,9

Before Test : 1= anwsni ,2 =unniu 3 =ITanuuanyass 4 =iignu
s=fmindualiildann 6=fathiliGeu , 7=fatu 8=fawi
Fracture Type : according to BS EN 12390-3-2002

providing a level of approximately 95 %

FBn1svaaey: wen.2601-2556 Juvedeu: 8 fugieu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress Uncert.
Code (days)| (kg/m’) Test | Type | &N | (MPa) | (MPa)
1 - 01/09/66 [ 7 1,587.2 E 18 S 214.1 9.08 - (1600)
2 - 01/09/66 | 7 1,739.6 F 18 5 289.7 12.34 -
3 - 01/09/66 | 7 1,583.0 F 18 S 198.0 8.50 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure
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e

FBnsvaaou: 18n.2601-2556 Tunegou: 11 fueneu 2566
No. Mix/ Casting | Age | Density | Cure Condition . Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days) (kg/m3 ) Test | Type (kN) (MPa) (MPa)
1 - 02/09/66 | 9 1,828.9 F 18 S 375.8 15.82 - (1800)
2 - 02/09/66 | 9 1,880.0 7 18 S 354.3 15:11 =
5 - 02/09/66 | 9 1,822.9 F 18 S 393.2 16.40 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure

Condition of Specimens
Before Test : 1= gnwsni ,2 =unniiu ,3 =T¥aquuanyasy 4 =figngu
s=fimihdodhiiFan 6=RntshiGo 7=Ratu 8=Auk
Fracture Type : according to BS EN 12390-3-2002
Satisfy :S
Unsatisfy : 1,2,3,4,5,6,7,8,9

providing a level of approximately 95 %
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No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days)| (kg/m°) Test | Type | kN) | (MPa) | (MPa)
1 2 03/09/66 | 16 9224 F 18 S 36.5 1.56 e (1000)
2 = 03/09/66 | 16 944.8 B 18 S 49.8 212 =
3 e 03/09/66 | 16 1,008.8 - 18 S 49.7 211 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure

Condition of Specimens
Before Test : 1= annusndi ,2 =uandu ,3 =fanuuanyaey 4 =igwgu
s-fmidedaildann 6=fntnsiGeu 7=Rntu 8=Rauks
Fracture Type : according to BS EN 12390-3-2002
Satisfy :S
Unsatisfy : 1,2,3,4,5,6,7,8,9

providing a level of approximately 95 jﬁ
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Fosheth: witkounImnauzUNsgUIAN YuIn 150 X 150 X 150 3, Yusudedn: 12 fugneu 2566
Wnnsveasy: 18n.2601-2556 Tunegeu: 12 Ausieu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days)| (kg/m?) Test | Type | N) | (MPa) | (MPa)
1 - 29/08/66 | 14 1,246.2 F 18 S 101.0 4.37 = (1200)
2 - 29/08/66 | 14 1,249.3 E 18 S 98.7 4.27 -
3 - 29/08/66 | 14 1,253.3 k- 18 S 88.7 3.93 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure
Condition of Specimens providing a level of approximately 95 ?@)
Before Test : = anwusnii ,2 =uandu ,3 =Ti¥anuuanvaex 4 =iigngu =) «,{ /
s=Rmidodsiidan 6=Rntrshiou 7=Atu =R avde 7//\/ 7 )} fiuses
Fracture Type : according to BS EN 12390-3-2002 (‘g’h"”‘“"”"’f‘jj’-ﬁ“‘h““‘ ﬁ“f!“"“’v“‘;) .
seaffgensgudiatesiioinermaniuazvalulad
Satiefy i3 UtEmsunuiSnnemsgudinesiainemaniuanaluled
Unsatisfy : 1,2,3,4,5,6,7,8,9 17 pannyl 2566
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Sou: uminerdowaluladasund fupfuudmsiandl . CMT 0556/66
g 111 auuaminende fuagsus sunailes Yaniauassvdun 30000 BNUHANARBUIAYT:
Wrvoswhod: we 390 Fanatan RepCMT660556(12)
Thsans: ApUNSAIAIUT MBLATFIDENN : CMT S0556/66-12
‘z'?uqmmw i=
Fosheya: wisreunimnalgunsguIAr Yu1m 150 x 150 X 150 2. Juiusedns: 13 fugieu 2566
ABnsnedau: uen.2601-2556 Juvegeu: 13 fueneu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days) (kg/m3 ) i Test | Type (kN) (MPa) (MPa)
1 - 30/08/66 | 14 1,457.5 F 18 S 151.1 6.62 - (1400)
2 - 30/08/66 | 14 1,453.4 & 18 S 140.5 6.03 -
% - 30/08/66 | 14 1,421.2 F 18 S 106.1 4.59 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure
Condition of Specimens providing a level of approximately 95 9{%
Before Test : 1= anwusni ,2 =uandu ,3 =Ianuuanyaex 4 =fignu &/) ff/ /
s-imihdusildann 6=Radndaiou 7=ty 8=Rawk asie ﬂ’ " )/ ffusos
Fracture Type : according to BS EN 12390-3-2002 (::i"zhumam?m(id Jm'flmhﬁm ﬁ‘?qﬁmgné) .
seuffdnnemsguiiniosieiveimaniuasmalulad
Satisif JSy UitREmsunuis e sguiiniesioingmaniuazmalulad
Unsatisfy :1,2,3,4,5,6,7,8,9 17 ganAn 2566
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RepCMT660556(13)
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JuSushedne : 15 fugneu 2566

Junedou: 15 fugneu 2566

Remark

No. Mix/ Casting | Age | Density | Cure Condition - Compressive Strength
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days)| (kg/m®) Test | Type | N). | (MPa) | (MPa)
1 - 01/09/66 [ 14 | 1,638.2 F 18 S 250.3 10.99 - (1600)
2 - 01/09/66 | 14 [ 1578.6 F 18 S 2429 10.58 -
3 - 01/09/66 | 14 | 1,600.1 E 18 S 250.2 10.77 -

Cure Type : L = Laboratory ; F = Field
Condition of Specimens
Before Test : 1= annusnfi ,2 =uantu ,3 =IH¥anuuanuaey 4 =fignqu
s-RathiBeslildann 6=Adhilaiey 7=ty s=Rawk
Fracture Type : according to BS EN 12390-3-2002
Satisfy :'S
Unsatisfy :4,2,3,4,5,6,7,8,9

providing a level of approximately 95 %

The reported expanded uncertainty measurement calculation procedure
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Sou: uninerdowaluladasuni Fwafuuinsianil . CMT 0556/66
flog: 111 auuaminends svagsun suneies Faiauassivdin 30000 SenuHaadeuaYT:
Wweaaegne: wie an Tnatan RepCMT660556(15)
Thsan1s: AoUNIMINAIN VNBLAYAMBEN : CMT S0556/66-15
5uﬂmmw i
Foshge: wisreunimunauzUnsIguIA YunA 150 X 150 X 150 3. Juiuiogne: 18 Mg 2566
FBnsnedey: uen.2601-2556 Juvedou: 19 fueieu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress Uncert.
Code (days)| (kg/m>) Test | Type | &N | (vPa) | (MPa)
1 = 02/09/66 | 17 1,797.0 I 18 S:: 375.3 16.11 = (1800)
2 - 02/09/66 | 17 1,853.3 F 18 S 393.2 17.30 -
3 - 02/09/66 | 17 1,804.6 E 18 S 423.9 18.51 =
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure
Condition of Specimens providing a level of approximately 95 9?;
Before Test : 1= anmuanfi ,2 =uantu ,3 =I¥aquuanuaey 4 =fisnqu (/) o / /
s=fatindedildann 6=RaddliGey 7=t 8=faus aste 77 W j fiuses
Fracture Type : according to BS EN 12390-3-2002 (Q"tiwmam')m‘sﬁ Jﬂi.ﬁﬁu’)ssm flapssing)
4 saufsnnumspuiiniesioinemaniuasmalulad
Satisy J's UtAmsunulnnensgudiatesiieinomaniuazmalulad
Unsatisfy :1,2,3,4,5,6,7,8,9 17 fanAn 2566
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RepCMT660556(18)
MNELauoENa : CMT S0556/66-18

‘ﬁv'uqmmw -
Foshathe: witrouninuatusunsignuand Yuan 150 x 150 x 150 3. Tuuietne: 2 ganAu 2566
FBn1sveaoy: ¥eN.2601-2556 Tuvedeu: 3 ganAu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before [Fracture| Load Stress | Uncert.
Code (days) (kg/m3 ) Test | Type (kN) (MPa) (MPa)
i - 03/09/66 | 30 980.8 F 18 S. 40.4 1515 - (1000)
2 = 03/09/66 | 30 940.1 F 18 S 444 191 -
3 = 03/09/66 | 30 1,019.8 F 18 S 56.8 247 =
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure

Condition of Specimens

Before Test : 1= anmsni ,2 =uantu ,3 =I¥aquuanuaau 4 =ilsnqu
s=finthidedbildann 6=fdrshioy 7=y 8=Rau
Fracture Type : according to BS EN 12390-3-2002
Satisfy :S
Unsatisfy : 1,2,3,4,5,6,7,8,9

providing a level of approximately 95 %
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FueuuUSmsianil: CMT 0556/66

-
FUNUHANATOULUN:
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W1U0I0E1: W §Tn F1ava

TAsans: ABUNIANIALUN

RepCMT660556(16)
vineLavieens ¢ CMT S0556/66-16

! FuUAMAM : -
foshothe: wisrsunimnazUnsNUIAR TR 150 x 150 X 150 3. Tuiuiogne : 26 Mg 2566
FBn1svneapu: uen.2601-2556 Juvedeu: 26 fugeu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days) (kg/m3 ) Test | Type (kN) (MPa) (MPa)
1 3 29/08/66 | 28 1,263.9 F 18 S 93.8 4.06 = (1200)
2 - 29/08/66 | 28 1,263.6 b 18 S; 114.1 4.90 -
3 % 29/08/66 | 28 1293.2 F 18 S 112.9 4.94 -

Cure Type : L = Laboratory ; F = Field
Condition of Specimens '
Before Test : 1= anwusnfi ,2 =unndu 3 =T¥aquuanuasy 4 =ilgwqu
s=fimmhidudsiidann ,6=Anthslildey 7=ty 8=
Fracture Type : according to BS EN 12390-3-2002
Satisfy :S
Unsatisfy:1,2,3,4,5,6,7,8,9

The reported expanded uncertainty measurement calculation procedure

providing a level of approximately 95 %
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wiesufjuinsmaseuiagresiig

Adnsuazinalulad

uninerdomaluladgsun’

senunanadeuidiiuLsdareuvia AsunIANIAMTIgNUIAR

a PR Zoa
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Y19g: 111 QUUNVIVNENAY ATUAFTUST BNBIIBY Janiauassvdun 30000

Wvewhegn: uie aln Fatan

1AsaN1S: ABUNIMINALUN

fuafuuinisiavit: CMT 0556/66

FUNUHANAZDULAYT:
RepCMT660556(20)

WINBLaUsNaENe : CMT S0556/66-20

4

FBn1svaa: 19n.2601-2556

FUAAMN : -

Fodieg13: wipBUNIMNAFUNTRNUIAN YUIA 150 X 150 X 150 3. ususedne : 27 funeu 2566

Junedou: 27 fupneu 2566

Remark

No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days)| (kg/m>) Test | Type | V) (MPa) | (MPa)
1 - 30/08/66 | 28 | 1,434.5 F 18 L, 155.8 6.83 “ (1400)
2 - 30/08/66 | 28 | 1,410.1 F 18 S 154.4 6.63 -
3 - 30/08/66 | 28 | 1,463.5 F 18 5 131.7 5.76 -

Cure Type : L = Laboratory ; F = Field
Condition of Specimens
Before Test : 1= anwusnf ,2 =unniiu 3 =I¥anuuanuasy 4 =ilgnu
s=fmihideshildann s=RatnshiGey =Rty 8=Rau
Fracture Type : according to BS EN 12390-3-2002
Satisfy @S
Unsatisfy:1,2,3,4,5,6,7,8,9

providing a level of approximately 95 %

The reported expanded uncertainty measurement calculation procedure
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srenuranadeufdsiuusisaauis asunTauIaUMsIgnUIAl

= p— S
Sou: awningduimaluladasund

4 a v e o - PO )
#1og: 111 ouuamIne1de suagsuni unewios Jwmiauassiwdin 30000

fuafuuinisiait: CMT 0556/66

P
FYNURNANAFBUAUN:

v £

1WweaeE: ug aln Faadan

TAsams: ABUNSANIALUT

v,

4 ' ' =1 «
Toivgn: WikABUNIMNANFUNTIYAUIAN YA 150 X 150 X 150 .

RepCMT660556(17)
WNeLaYineg1y : CMT S0556/66-17

Y

UAMAM : -

Jususetne : 29 fupneu 2566

Condition of Specimens

Before Test : 1= anwusnii ,2 =uandu ,3 =I¥aguuanvaex 4 =lignu

LS

v

s-fmthBudbildann 6=fndnsliiGou 7=ty 8=Raua
Fracture Type : according to BS EN 12390-3-2002

Satisfy :S

Unsatisfy :1,2,3,4,5,6,7,8,9

3BN1MAABY: ¥BN.2601-2556 Tuvedeu: 2 ganau 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before |Fracture| Load Stress | Uncert.
Code (days) (kg/m3 ) Test | Type (kN) (MPa) (MPa)
1 - 01/09/66 | 31 [ 1,561.3 E 18 > 229.9 9.82 - (1600)
2 - 01/09/66 | 31 1,661.1 E 18 S 214.5 9.33 -
3 - 01/09/66 | 31 | 1,635.8 F 18 5 3534 15,53 -
Cure Type : L = Laboratory ; F = Field The reported expanded uncertainty measurement calculation procedure

providing a level of approximately 95 %
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srwnuranadeufidsiunssdavosuris asuninuaumsagnuad
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Gou: uminendowmaluladasuns

do I I C ORI~ W
7i9g: 111 puuamvende muagsun’ suneidies Jminuassedun 30000

TAsenTs: ABUNIAIIALUY

Wvowhoene: wi 8 Faatan

y
Y

NUHAVARRUGTT:
RepCMT660556(19)
WNBLaUMBENN : CMT S0556/66-19

FrueuuUSmsiauit ;. CMT 0556/66

FuAMAM : -
oshagn: wisrsunimnalungunsagnuIr Yunn 150 x 150 x 150 . Tuiudedn: 2 gmen 2566
Bmsnnaou: ¥en.2601-2556 Tuve@eu: 3 ganAu 2566
No. Mix/ Casting | Age | Density | Cure Condition Compressive Strength Remark
Product Date Type | Before [Fracture| Load Stress | Uncert.
Code (days)| (kg/m>) Test | Type | (kN) (MPa) | (MPa)
1 = 02/09/66 | 31 1,859.6 F 18 S 4232 18.69 = (1800)
2 = 02/09/66 | 31 1,921.6 F 18 S 529.1 22,99 -
3 = 02/09/66 | 31 1,899.5 F 18 S 4755 20.65 =

Satisfy

Condition of Specimens

35

Cure Type : L = Laboratory ; F = Field

Unsatisfy :1,2,3,4,5,6,7,8,9

s=wthiBudilfann 6=AndnslalGuy  7=Rntu 8=fauks
Fracture Type : according to BS EN 12390-3-2002

Before Test : 1= gninusni ,2 =uaniu ,3 =Ifaudanyasy 4 =figwiu

Gl

v

providing a level of approximately 95 %

The reported expanded uncertainty measurement calculation procedure
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NANARDULSIRILENUBIUNEABUNSA (Tensile Splitting Test)

17 sanAd 2566

Wil 1/1

Gou uingduwaluladgsuns
oy - 111 auuaminende fuagsun’ sunailas Ywmiauasedun 30000
Asens : ApuNInINaLL MNAYTUIY . CMTO0556/66
anuil i- MNGAYFI0Ee 1 CMT0556/66-21
$vesiingns : wre An Faatan Tufushedne:  30-09-2566
Yageogne  : wihegneunInmalNgUNTINGEUeN uIn 150 X 300 1. |Tunadey 03-10-2566
Density 1000 kg/cu.m ivasou wiednsnguel suvudhl
Specimen Size Casting Age Cure Max Load Splitting
No. Diameter Length Date Type Tensile Strength
(mm) (mm) (days) (kN) (ksc)
1 152.22 302.17 3/9/2566 30 F 211 2.98
2 151.96 303.38 3/9/2566 30 F 23.2 327
3 152.32 302.55 3/9/2566 30 F 21.5 3.03

Cure Type  :L = Laboratory ; F = Field
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NAVAHDULSINILBNYBIUAABUNSA (Tensile Splitting Test)

17 panA 2566

wiud 1/1

oy s uviivendewaluladgsund
ey : 111 uuNAINeIde shuaasuts sunawies Iwmiauasmviiun 30000
Asan1s : ABUNZANIALUN MBLAVIUIIU . CMT0556/66
anuil . WNBLAYiI0E1e : CMTNS0556/66-22
Wrresnets : wie 80n Fnatan Jususeene:  27-09-2566
Yanshodn  : uvisdiag1smounImNIAUIFUNSINSEUBN WA 150 X 300 L. Junadau 28-09-2566
Density 1200 kg/cu.m {vnaeu wednsnguel sugdhdl
Specimen Size Casting Age Cure Max Load Splitting
No. Diameter Length Date Type Tensile Strength
(mm) (mm) (days) (kN) (ksc)
1 150.54 307.25 29/8/2566 30 F 34.6 4.86
Cure Type  :L = Laboratory ; F =Field
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NANARDULSIASUENYDLUMsABUNSA (Tensile Splitting Test)

17 ganAN 2566

wiudt 1/1

Gou s umingrdewmaluladgsuni
fleg : 111 ouuum AN e suagsun’ Sneiiies Sminunssiiin 30000
AsanTs : ABUNTANIALUN WEAUTUIU . CMT0556/66
anuit - MINBLaYRI0E1e . CMT0556/66-23
Bwesshetha : wie Al Snatar Jususeene:  27-09-2566
Yanfhete  : uviwhedismouninnalunzunsinszuan vun 150 x 300 . Tunaaeu 28-09-2566
Density 1400 kg/cu.m Kvnaay wednsnquel suzadhal
Specimen Size Casting Age Cure Max Load Splitting
No. Diameter Length Date Type Tensile Strength
(mm}) (mm) (days) (kN) (ksc)
1 152.40 303.79 30/8/2566 29, E 40.8 572
2 152.75 307.45 30/8/2566 29 F 46.3 6.40
3 153.25 303.92 30/8/2566 29 F 43.2 6.02
Cure Type : L = Laboratory ; F = Field
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NANARDUNSINILENYBIUsABUNSA (Tensile Splitting Test)

Fou s uvnivendowelulaganng
fiag S 111 guuaninende shuagsuts sunaiiles Iwiauasvdn 30000
Asenis : ABUNIANIALLT mneauiuu . CMT0556/66
anudl i- MBAUFI089 1 CMT0556/66-24
Wvesiaegns : wie 3w Inatan Tufusegne:  02-10-2566
Tanfogn  : uvisiiegnsmounImauIgUNsINSEUaN WA 150 x 300 . Tuvadou @ 02-10-2566
Density 1600 kg/cu.m faeu . wiednsnqual susudiA
Specimen Size Casting Age Cure Max Load Splitting
No. Diameter Length Date Type Tensile Strength
(mm) (mm) (days) (kN) (ksc)
1 150.67 302.15 1/9/2566 31 F 86.8 12.38
2 150.58 301.32 1/9/2566 31 F 85.4 12.22
3 151.26 301.73 1/9/2566 31 . F 91.8 13.06

Cure Type  :L = Laboratory ; F = Field
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NANAADULSINILENYBILABUNSA (Tensile Splitting Test)

17 panAu 2566

wiut 171

e umivendomaluladgaus
fiog $ 111 auuNnAnende suagsund sunauies Iminuassvdun 30000
Asans : ABUNSANIALUN WINBavsUNY . CMT0556/66
anuit i- MUNELEUAIBEN : CMT0556/66-25
hwessetha : we %0 Fnatai Juuiegne 30-09-2566
Tanfhodn  : uvisiiegemouUNIMIIAIUIFUNISINSEUBN TUIA 150 X 300 1A, Tuvndaou 03-10-2566
Density 1800 kg/cu.m Hnndoau wednsnquel susuddl
Specimen Size Casting Age Cure Max Load Splitting
No. Diameter Length Date Type Tensile Strength
(mm) (mm) (days) (kN) (ksc)
1 152.58 303.84 2/9/2566 31 F 114.1 15.98
2 152.29 303.10 2/9/2566 31 F 111.1 15.63
3 152.01 304.24 2/9/2566. 31 F 108.1 1547

Cure Type  :L = Laboratory ; F = Field

)
[AD]

(

09

o

4
1
3

wa

iR

Co

/
Qemans1ansd as.ingasse Heaassusng)

3

o

U

ensAudinTesiioinmaniuazivalulad

v o ¢ 4 a4 a < -
ﬂ"ﬁLLVI'LJQU"I‘U'JUH’I?Quﬂlﬂiaﬂua?ﬂﬂﬂﬂ’lﬁﬂ?uﬁzLﬂﬂI\JTﬁEJ

17 ganasl 2566

Ao v 1o - 2087 sy il
= 7'1EJl’luuiUTLNLQW’]L’W’Ji)ﬂ’]WWI’\n’]$VIﬂﬁiJUﬂ’]quWQI’J'U'Nﬂqu’TUN

- vhuda vudeduiluseiusanmede uwsiissunsday envuiiady TnghildsupniBusenilumednvaisnysnnviesufiins

End of Report




142

87 7432(5)/Rep. 0978 17 9amu 2566

y Wil 1/1
A
o
wesfjiRnismadeutagnioaing
quiiadesiioimenmaniuazmalulad  umniverdemaluladgsund
Flexural Strength of Concrete (Third Point Loading)
Tasans : ABUNIANIALLN
Wivesegn  : wwdla natai MN@UTUNY : CMT0556/66
Tanseg1s : Concrete Beam 150 x 150 x 500 mm. MeaUiIngN : CMTNS0556/66-26
NINTFIUNAABY : ASMT CT78 Jususedne : 02-10-2566
srovgnsesiy 450 fafiuns Juveaou : 09-10-2566
Hnadey : Weei upsiiey
Sample No. Dimension Age Maximum Flexural Ave. Flexural Remark
(mm) Lbad Strength Strength
Wd(b) - Tk(d) | (day) (N) (MPa) (kgf/cm®) (kgf/cm®)
1 150 x 150 36 4,216 0.56 573 (1000 kg/cu.m)
2 150 x 150 36 4,226 0.56 5.75 5.18 (1000 kg/cu.m)
3 150 x 150 36 3,888 0.40 4.05 (1000 kg/cu.m)
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Flexural Strength of Concrete (Third Point Loading)
TAsens ; ABUNTALIALYY
Wivesetn  : uwddn Snatad MNULATTUIU 1 CMT0556/66
Tanmage : Concrete Beam 150 x 150 x 500 mm. eLauiIege | CMTNS0556/66-27
WANTFIUVAFRY : ASMT C78 Tususieene : 02-10-2566
SYULATREY 450 Taduns Yuvaaeu : 09-10-2566
fvadau : weodl unTSey
Sample No. Dimension Age Maximum Flexural Ave. Flexural Remark
(mm) Load . Strength Strength
Wd(b) - Tk(d) | (day) N) (MPa) (kef/cm®) (kgf/cm’)
1 150 x 150 41 4,778 0.64 6.50 (1200 kg/cu.m)
2 150 x 150 41 4,863 0.65 6.61 6.70 (1200 kg/cu.m)
3 150 x 150 41 5,145 0.69 6.99 (1200 kg/cu.m)

&y, o i do 4 v v &
= swwuuiusmtam:maawwwnnﬂswmaaumuwszq“l’)ﬁ'ﬁmmmuu

- viwda Wumeduilunenuranageuuiisrudn snriuiiedu nglildsumnituseniuaednuaisnusaniesfjidnns

T/

_\)//

v,
H3usen
v o . “L( o
({mans191sd as.indrssu Hegassaing)
vo . ¢ 4 A a < =
soxfErinemsgudiniesiloingmanivasivnalulad
a wa Vo ¢ 4. a4 a < =
UTRmsunusnnemsqudiaiesiloinenmansuasvalulad

17 ManAu 2566

End of Report




144

87 7432(5)/Rep. 0980 I 17 fanAu 2566

|\ Wit 171

ANZH
X/ W o
ST

Ddginalute®™

viesfifinisageuiagnosins

™

o a a o
gudiesesioimenmaniuazmalulad  wmingrdemeluladqeund

Flexural Strength of Concrete (Third Point Loading)

Tasens : ABUNIAINALUN

s o Y

Wvesesn  : ueddn Inata MUNELEYTUIU : CMT0556/66

ol N

Yansegna : Concrete Beam 150 x 150 x 500 mm. MNaUEIBEN : CMTNS0556/66-28
WINTFIUMAFBY : ASMT C78 Tuiudedns : 02-10-2566
Svuransesiy o 450 fadwns Tuvadeu : 09-10-2566

{vadeu : uee i uasiSey

Sample No. Dimension Age Maximum Flexural Ave. Flexural Remark
(mm) Load Strength Strength
Wd(b) - Tk(d) | (day) (N) (MPa) | (kgf/cm) (kgf/cm)
1 150 x 150 40 4,818 0.64 6.55 (1400 kg/cu.m)
2 150 x 150 40 6,938 0.93 9.43 7.88 (1400 kg/cu.m)
3 150 x 150 40 5,622 0.75 7.64 (1400 kg/cu.m)
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Flexural Strength of Concrete (Third Point Loading)
Tases : ABUNTAIIALLN
Wiwesetn  : wiedln Satan MBavTUNY : CMT0556/66
Tagiegn : Concrete Beam 150 x 150 x 500 mm. MNBLAUAIBYN : CMTNS0556/66-29
WINSTFIUNAFBY : ASMT C78 Tusudreena : 02-10-2566
SEU¥INTOITY 450 Tadung Tunasey : 09-10-2566
fvnaeu : uwedl uasiSay
Sample No. Dimension Age Maximum Flexural Ave. Flexural - Remark
(mm) Load Strength Strength
Wd() - Tk(d) | (day) ") (MPa) | (kgf/cm) (kgf/cm’)

1 150 x 150 38 11,021 1.47 14.98 (1600 kg/cu.m)

2 150 x 150 38 9,148 1.22 12.44 13.55 (1600 kg/cu.m)

3 150 x 150 38 9,724 1.30 13.22 (1600 kg/cu.m)
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Flexural Strength of Concrete (Third Point Loading)
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Yansegn : Concrete Beam 150 x 150 x 500 mm. mNgLariIegIs : CMTNS0556/66-30
UINTFIUNATBY : ASMT C78 Tususiegne : 02-10-2566
SpErgRTeNiy ¢ 450 Hadns Tunpevy : 09-10-2566
ivadey : uee W uAsISey
Sample No. Dimension Age Maximum Flexural Ave. Flexural Remark
(mm) Load Strength Strength
Wd(b) - Tk(d) | (day) (N) (MPa) (kgf/cm) (kgf/cm)
1 150 x 150 37 16,876 2.25 2295 (1800 kg/cu.m)
2 150 x 150 37 12,593 1.68 17.12 18.00 (1800 kg/cu.m)
5 150 x 150 37 10,252 137 13.94 (1800 kg/cu.m)
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Specimen Dimension Weight Absoption | Average Remark
No. (mm) Dry Saturate Absoption
w ox L x t (9) (©) (%) (%)
1 1503 x 1516 x 152.9| 3,1385 | 3,674.5 17.08
2 151.8 x 150.5 x 151.5| 2,932.4 |.3,453.3 17.76 .32 (Density 1000 kg/cu.m)
3 150.3 x 150.3 x 152.4| 2,939.4 3,442.5 1712
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Specimen Dimension Weight Absoption | Average Remark

No. (mm) Dry Saturate Absoption

w ox L x t (9) (2) (%) (%)

1 151.2 x 1525 x 1522 39358 | 4,491.2 14.11

2 151.0 x 1514 x 152.8| 3,812.8 | 4,353.2 14.17 14.00 (Density 1200 kg/cu.m)

3 151.2 x 150.8 x 152.4| 3,887.3 | 4,421.0 13.73
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Specimen Dimension Weight Absoption | Average Remark
No. (mm) Ory Saturate Absoption
w o x L x t () (g (%) (%)
1 1524 x 152.7 x 151.5) 4,478.6 | 5,008.8 11.84
2 1534 x 151.5 x 152.7 4,527.4 | 4,952.6 9.39 10.42 (Density 1400 kg/cu.m)
3 150.7 x 152.1 x 150.4 | 4,575.7 | 5,034.4 10.02
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AMUENTEY Soo-
Specimen Dimension Weight Absoption | Average Remark
No. (mm) Dry. Saturate \ Absoption
w x L x t (g (8 (%) (%)
1 151.6 x 150.3 x 152.5| 5,196.5 | 5,744.8 10.55
2 150.5 x 1519 x 152.14%5,102.5 LESESRE 853 9.29 (Density 1600 kg/cu.m)
3 1514 x 1527 x 1524 51288 | 5,579.6 8.79
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ANGTTY -
ANUENTTY -
Specimen Dimension Weight Absoption | Average Remark
No. (mm) Dry Saturate Absoption
w o x | x t (g) () (%) (%)
1 151.7 x 1522 x 1527 | 6,022.3 | 6,402.0 6.30
2 150.7 x 151.7 x 153.6| 6,354.1 6,744.4 6.14 6.13 (Density 1800 kg/cu.m)
3 1513 x 151.7 x 152.9| 6,250.5 | 6,622.2 5.95
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nannaauNDgATBavEUVDViIABUNTA (Elastic Modulus of Concrete Test)
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Wvesheg : wiedla Inatai Tiudegne @ 02-10-2566
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tnnaoy s wiednsnqual susudhdl
Specimen Casting Age [Cure | Gauge Reading Force Reading Modulus Remark
No. Date Type | initial /] at 0.4fc'| initial |at 0.4fc'| of Elasticity
(days) (mm) | (mm) (kN) (kN) (ksc)

1 3/9/2566 36 F 0.052 | 0.216 10 28 19,000 (Density 1000 kg/cu.m)

2 3/9/2566 36 E 0.056 0.196 10 28 22,257 (Density 1000 kg/cu.m)

3 29/8/2566 | 41 B 0.024 | 0.154 10 40 39,949 (Density 1200 kg/cu.m)
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Cure Type  :L = Laboratory ; F = Field
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HaNARaUNBQATEANYUYDIUVIsABUNSA (Elastic Modulus of Concrete Test)
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Specimen Casting Age | Cure | Gauge Reading Force Reading Modulus Remark
No. Date Type | initial ¢f at 0.4fc'| initial |at 0.4fc'| of Elasticity
(days) (mm) | (mm) | (kN) (kN) (ksc)

1 1/9/2566 | 38 | F | 0.006 | 0150 | 10 110 120,217 (Density 1600 kg/cu.m)

2 1/9/2566 | 38 | F [ 0006 | 0.144 | 10 110 125,444 (Density 1600 kg/cu.m)
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Cure Type  :L = Laboratory ; F = Field
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Abstract

Green roofs are still not widely known in Thailand. It is
caused by the complicated construction process, the need of
imported materials, and the higher cost compared to
conventional roofs. Green roofs are considered a new alternative
due to their ability to reduce power usage, noise, air pollution.
develop an urban ecosystem, and so on. Thus, the researcher.is
interested in using lightweight cell crete (LCC) as a load
structural material to support the weight of the soil used to grow
plants, since the lightweight cell crete has the following
properties:  strength, resistance to heat, waterproofness,
soundproofness, and light weight. Moreover, the construction
cost will be more affordable. The purpose of this study is to
determine lightweight cell crete for applying on green roof. The
density of lightweight cell crete is set range 600 — 1,800 kg/m®.
The result found that the properties of lightweight cell crete
1,200 and 1,400 kg/m’® meets the standard to substitute the
normal concrete. In addition, the researcher put the green roof
with lightweight cell crete structure to the test in actual site and
found that it can contribute to the increase of green space in
urban life. The cost of construction was reduced, as was the
temperature inside the building. It is advantageous for Thailand's

green roof industry.

Keywords: green roof, energy-saving roof, lightweight cell crete,

green roof lightweight cell crete
1. Introduction

Temperatures in cities continue to rise as a result of urban
heat islands (UHI) and the consequences of climate change. As a

result, energy consumption has increased over past four decades

[1]. The Electricity Generating Authority of Thailand (EGAT) has
collected electricity-related data and report in its Annual Report.
In the past 13 years (2000 - 2012), Thailand's overall electricity
usage has risen to 75.01 percent and is continuing to rise [2]. The
air conditioning system consumes the majority of energy in order
to cool the indoor air due to the high rate of thermal heat
transfer into the room. Researchers are interested in resolving the
UHI issue through the use of green roofs [3].

Reduction of surface temperature and thermal comfort are
the two important functions of the green roof in urban areas.
Green roofs offer a natural and sustainable way to cover building
envelopes with vegetation to bring multiple benefit in urban life.
Moreover, Green roofs limit heat transfer through building roofs
by around 80% in the summer [4]. In tropical countries, green
roof has an important performance of rainwater detention and
retention. Because of the significant water content storage on
humid-tropical green roofs, thermal performance is twice as
effective as in temperate zones [5]. However, green roofs on
buildings are not widely used in Thailand. Some of the reasons
for not implementing green roofs are the high cost of heavy
structure and layer installation, as well as the maintenance costs.

Lightweight Cell Crete (LCC) can be presented as a solution
for load-supporting construction, taking into consideration
building weight and cost. LCC is created by injecting air from a
foam agent into a slurry concrete mixture. The essential benefit
of LCC as a roof material is its low density and low thermal
conductivity. LCC has a density range of 600 to 1800 kg/m3, which
is significantly lower than normal concrete, and a thermal
conductivity range of 0.1-0.7 W/mK, which decreases with
density [6].

MAT38-1
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This study is an experimental study of the properties of LCC
to identify the feasibility standard for using LCC as load structural
supports for green roofs. By analyzing the data on LCC properties
and the green roof standard, it will be feasible to develop a
potential guideline for integrating LCC in green roofs in order to
enhance the efficiency of green roofs and minimize the cost

problems.

2. Materials and Methods
2.1 Lightweight Cell Crete Materials

This study is a development mixture from the previous study,
where the result obtains a recommended method to provide a
proper LCC properties by horizontal mixer with 45 rpm [7]. The
consistency of 45 rpm speed used to improve the quality of LCC
properties better than those on general used in 60-70 rpm.
Excessive rotation over 45 rpm can damage the mortar's foam
bubbles. Fig 1 shows the horizontal mixer developed by

Suranaree University of Technology.

Fig 1. Horizontal Concrete Machine

The LCC composition consists of Portland Cement
Type-l, fine sand, foam agent, and water follows the
requirements of ASTM C150 with the water to cement ratio (w/c
=0.5).

This current study, we wused the SUT V2.1 foam agent
(Suranaree University of Technolagy foam agent version 2:1) since
it is made by natural protein to relate with green issues with a
pH of 855, SG of 1-1.05, and foam density of 40-50 kg/m®.
Therefore, all of appliance material in LCC is found and made by
local materials. Table 1 shows the composition of LCC mixed

design.

Table 1 Composition of LCC density range 600 — 1800 kg/m?

Density (ke/m?) | Cement (kg) | Fine Sand (kg) | Water (kg) | Foam (kg)
600 460 0 205 30
800 429 160 184 27
900 417 280 177 25
1,000 408 395 172 24
1,200 396 617 165 20
1,400 388 834 160 17
1,600 382 1,047 157 14
1,800 377 1,258 154 10

The process of mix-design is described in Fig.2. Firstly, pour
the cement, fine sand, and water into the horizontal mixer
follows the composition of specified LCC density. After the
mortar mixed well, in Fig. 3, the specified amount of foam agent
is injected and mixed until the mortar has bubble textures
following the guideline of ACI 523.3R-14. Last step before molding
process, the mortar will be weighed to check the wet density
according to the target density we want by a tolerance range +
50 kg/m?>.

[sano | [cement] [water |

FOAM
Mix with Foam | GENERATOR
SUT V2.1

Fig 3. Adding foam agent into mortar
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The following step is poured into the prepared molds. The
mortar was poured into the mold immediately after preparation
to get a target density range of 600 - 1,800 kg/ m?® of fresh
concrete. The molds are the cubic shape at 150 x 150 x 150 mm
and the rectangular shape at 300 x 300 x 75 mm., as shown in
Fig. 4

Fig 4. LCC molding process

The curing treatment of the samples was by wet covering

method (moist curing) for 28 days before the test.

2.2 Test Method

2.2.1 Thermal conductivity test
In determining the thermal conductivity of the LCC samples,
the test was conducted accordance to ASTM C 177 — 97 [8]. The
three samples of 300 x 300 x 75 mm. were examined using two
isothermal cold surface assemblies and a guarded hot plate.
2.2.2. Compressive strength test
Compressive strength test for this study was conducted
according to the BS EN 12390-3 [9]. For this test, three samples
150 x 150 x 150 mm. have been prepared for laboratories test.
The testing machine will apply the selected load to the specimen
and increase continuously until no greater load can be sustained.
The maximum load will be recorded.
2.2.3. Water absorption test
Water absorption test was conducted in order to determine
the percentage of the water absorption by the LCC. The test was
accordance to the TIS 2601-2556 [10]. Initially, the LCC samples
were dried in the oven at 100°C for 24 hours. The samples were
then cooled down before immerse in the water tank for another
24 hours. In order to assess the percentage of water absorption,
the weight of samples was measured before and after immersion
in the tank

3. Results and Discussions

3.1. Thermal Conductivity
The thermal conductivity results of LCC range 600 —
1,800 kg/m* illustates in Fig. 5. The results shows that the

number of thermal conductivity will increase follow the density.

1.0 m Thermal Conductivity (W/m-K)
Linear Fit

= /
§ 0.8 o
2 L)
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ﬁ -

0.0

800 800 1000 1200 1400 1600 1800
Density (kg/m®)

Fig 5. Thermal conductivity result

The LCC density (600, 800, 900, and 1,000 kg/m?) reach the
thermal conductivity at 0.134, 0.186, 0.276, and 0.327 W/m.K.
The thermal conductivity is starting to significantly increase on
LCC density 1,200, 1,400, and 1,600 kg/m® at 0.540, 0.652, and
0.769 W/m.K respectively. The highest density samples in this
study, 1,800 kg/m? density reach at 1.059 W/m.K.

Based on general result in some previous studies, LCC has a
lower thermal conductivity than conventional concrete [11-12].
Itindicates that the prospective combination of a green roof and
LCC as the roof deck will enhance the heat transfer resistance
and result in a room with a cooler temperature than

conventional concrete.

3.2. Compressive Strength
Compressive strength testing shows in Table 2. From the
data, we can categorize the types of LCC based on the strength.
There are three different lightweight concrete type divisions
in terms of strength range, which are low-density concretes (0.7-
7.0 MPa), moderate-strength concretes (7-14 MPa) and structural
concretes (17-63 MPa) [13]. The moderate-strength concretes
are recommended to apply as a load bearing for supporting the

roof deck of green roof.
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Table 2 LCC categorizes based on the strength

Density Compressive : .
Lightweight Concrete Category
(kg/m?) Strength (MPa)
600 12 low-density concretes
800 20 low-density concretes
900 28 low-density concretes
1,000 35 low-density concretes
1,200 a8 low-density concretes
1,400 88 Moderate-strength concretes
1,600 164 Structural concretes
1,800 183 Structural concretes

3.3. Water Absorption

The percentage of water absorption for each density
type illustrates in Fig 6. As can be seen, low-density concretes
(600 and 800 kg/m?) with high porosity exhibit substantial water
absorption (42.94 and 28.54 percent, respectively). LCC with
density 900 and 1,000 kg/m?* decrease significantly to 16.92%
and 12.42% respectively. The percentage of water absorption
continuous to decrease where water absorption of LCC (1,200
and 1,400 kg/m?) are 11.86% and 10.06%. The water absorption
of LCC 1,600 and 1,800 kg/m3 reach the slightly result at 7.30%
and 7.19%. The result meets the recommendation since the
percentage of water absorption of LCC 1,200 — 1,800 kg/m?
less than 12% [14].

Water Absorption (%)
2 & 8 8B 8 &

o

600 800 900 1000 1200 1400 1600 1800
Density (kg/m®)

Fig 6. Water absorption result

4. Conclusions

1. LCC has a lower thermal conductivity more than normal

concrete. Due to its low thermal conductivity, it indicates

that green roof heat transmission will be enhanced when
LCC is used as the roof deck material.

2. The outcome indicates that LCC with density 1,400 kg/m?®
has the potential to replace normal concrete as a roof deck
since it categorized as moderate-strength concrete.
Therefore, the roof deck will be more efficient in structure
load, cost, and strength.

3. The aims of a green roof are to retain moisture content and
nourish plant life. In other hand, the roof deck is also holding
the important role to prevent the water leakage. Therefore,
water absorption is an important factor to consider while
utilizing a green roof's quality. The LCC range of 1,200 to
1,400 kg/m® is a suitable option for retaining water

absorption since the value is less than 12%.

6. Recommendation and Future Works

Green roofs offer a natural and sustainable way to bring
multiple environmental benefits, including improving building
energy efficiency. Passive design with a green roof system offers
a solution to reduce heat gain from solar radiation through the

roof.

Fig 7. (@) Roof deck from LCC, (b) Planting the vegetation on

green roof, and (c) Green roof integrated LCC

MAT38-4
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In addition, as shown in Fig. 7, the researcher put the green  [5]

roof with LCC 1,200 kg/m* with extra adding structure support

to test in actual site and found that it can contribute to the

increase of green space in urban life.

This research studied the development of a mixture of

lightweight cell crete for green roof construction in Thailand.  [6]

According to the results, an LCC range of 1,200 to 1,400 kg/m? is

recommended for use in green roof systems. By using LCC, the

structure load and the cost of construction was reduced. It is [71

advantageous for Thailand's green roof industry.

The application of LCC on green roof still requires additional

research into the broader green roof system. The water leakage

might be a main problem of the LCC green roof systemin a long-

term application. Therefore, the future research suggested the  [8]

additional research concem on the drainage system model in

LCC green roof system to prevent the water leakage and may

reduce the installation cost and maintenance cost more than

normal green roof. 91
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Abstract: Green roofs (GRs) have emerged as an essential component for the sustainability of
buildings, as they reduce the need for cooling energy by limiting heat transmission into building
space. The benefits of implementing GRs are appropriate in tropical regions with hot temperatures.
The entire Association of Southeast Asian Nations (ASEAN) is located in a tropical climate and
receives about 12 h of sunlight every day throughout the year, which offers excellent opportunities
to install GRs. This research reviews the literature on GR knowledge in ASEAN countries over
the past decade (2012-2022) and discusses two main points including (i) GR development level
status and (ii) GR performance regarding drivers, motivations, and barriers. The review reveals
that Singapore and Malaysia are two among ten countries with significant developments in GRs.
Barriers to expertise, government regulations, and public awareness of green roofs represent the most
challenging aspects of GR implementation in ASEAN countries. Although research regarding the
use of green roofs has been conducted widely, ASEAN countries still need to investigate regulatory
breakthroughs, incentives, and technology applications to encourage the use of GRs. The review
recommends promoting the use of GRs, which have the potential to reduce energy consumption by
up to fifty percent, outdoor surface temperature up to 23.8 °C, and room temperature to 14 °C. The
use of GRs can also mitigate runoff issues by up to 98.8% to avoid the risk of flooding in ASEAN
countries, which have high rainfall. In addition, this review sheds new insights on providing future
potential research to improve GR development in the ASEAN region.

Keywords: green roofs; tropical green roofs; cities; sustainable development

1. Introduction

Changes in a city’s appearance caused by population density have a substantial effect
on land-use change, replacing green spaces and vacant land with urban infrastructure [1].
Among all the continents in the world, Asia has the biggest population, which accounts
for around 61% of the global population (4.7 billion). The world’s most populated country
is China (1438 million), followed by India (1380 million), the United States (331 million),
Indonesia (273 million), and Pakistan (220 million), and four of the top five most populous
countries are located in mainland Asia [2]. Population density can lead to numerous issues,
such as: greenhouse gas emissions, climate change, the urban heat island (UHI) effect, air
and water pollution, and frequent flooding, owing to the lack of green spaces, which have
necessitated the development of innovative responses to the issues of urban living [3-5].

Green (vegetated, eco, or living) roofs are basically roofs planted with vegetation
on top of a growth medium (substrate). The concept was designed and developed to be
incorporated into urban infrastructure to offset the effects of climate change, urban expan-
sion issues, and other potential difficulties related to human intervention in ecosystems.
GRs generally comprise several components, including vegetation, substrate, filter fabric,

Sustainability 2023, 15, 7714. https:/ /doi.org/10.3390/su15097714
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drainage material, root barrier, and insulation. Each component plays a mutually beneficial
role in the system that forms the benefits of GRs [6,7].

GRs can enhance the energy efficiency of buildings and help mitigate the UHI effect
by lowering the ambient temperature and improving thermal comfort for humans [8,9].
Additionally, GRs help to store rainwater and delay peak flow, reducing the risk of floods.
Some of the rainwater will be absorbed by the substrate or trapped in the pore spaces.
It can also be absorbed by plants and retained in plant tissues or transpired back into
the atmosphere [10]. GRs buffer acidic rain and theoretically retain pollutants, thereby
producing good quality stormwater runoff [10,11]. Sound absorption is another feature
of GRs; sound can be minimized by absorbing sound waves diffracting over roofs [12].
The GR system is a popular approach that could help to mitigate air pollution in urban
environments. More precisely, on a sunny day, GRs may lower the CO, concentration in the
nearby region [13,14]. GRs also aid in restoring biodiversity that has been lost due to urban
development and offer a safe place for birds, insects, and different plants to grow [15].

GRs can be classified by their purposes and characteristics into two major types:
intensive roofs and extensive roofs. Intensive green roofs (IGRs) need a deep substrate and
require skilled labor, irrigation, and constant maintenance. IGRs are usually associated
with roof gardens and need additional structural support due to the heavy weight of the
substrate [16,17], while extensive green roofs (EGRs) have a relatively thin layer of soil and
grow sedums or moss. EGRs require lower maintenance and cost less, resulting in more
widespread application compared to IGRs [18-20].

As GRs have become more popular in the recent decades and their implementation
has expanded beyond Europe, the urge to understand how this novel ecosystem functions
has arisen in many areas. Various studies have been conducted to assess the novelty
and suitability of green roofs in non-tropical areas, but only few have been conducted in
tropical areas [21]. The tropical region contains a greater amount of daylight than does
the temperate zone. For this reason, an evaluation is needed to measure how to adapt the
design to the climatic features of tropical green roofs.

In recent years, there have been many publications on GRs. According to Web of
Science, more than 2400 articles, reviews, book chapters, and proceedings papers on green
roofs have been published in the last 30 years (1989-2018). Individual continents show
that most publications were issued in Europe (37.84%), followed by Asia (29.11%), North
America (24.93%), Australia (4.72%), and South America (2.49%), with the lowest number
of publications in Africa (0.91%) [22]. In Asia, a closer examination shows that research
has come from only several countries, including China, Japan, South Korea, India, Taiwan,
and Iran. Even though ASEAN countries dominate the tropical region in Asia, relatively
little green roof literature has been published. Out of approximately 10 ASEAN member
states, including Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, the Philippines,
Singapore, Thailand, and Vietnam, only Singapore has made significant green roof research
contributions [23].

Therefore, this paper aims to identify the current conditions and perspectives related
to GRs in ASEAN countries by reviewing the research articles based on ASEAN cases. The
paper then addresses the GR development level in ASEAN countries as well as discusses
the key findings observed in the drivers, motivations, and barriers of GRs. We anticipate
the study will provide qualified support to urban planners and policymakers for urgent
future research to advance the development of GRs in ASEAN countries.

2. Materials and Methods

This study uses a systematic literature review (SLR) to eliminate bias and increase
scientific value. According to Uman [24], systematic literature review examines the findings
of previous studies in order to recognize recurring and consistent patterns. The three pillars
of rigor, transparency, and replicability form the basis of a systematic literature review
(SLR), which allows deeper understanding of a subject and identification of knowledge
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Search

Screening ] [

gaps [25]. The SLR adopted in this article follows the PRISMA protocol according to Moher
etal. [26], and the number of stages of the PRISMA protocol varies according to the authors.

For this study, a comprehensive literature search was undertaken to identify papers
specifically published between 2012 and 2023. To search for the articles, we utilized Sco-
pus, MDPI, Science Direct, and industry reports. There were ten search country terms
within the title, abstract, and keywords of the articles on the significance of green roofs
in ASEAN countries, including (“green roofs”) AND (“Brunei” OR “Cambodia” OR “In-
donesia” OR “Laos” OR “Malaysia” OR “Myanmar” OR “Philippines” OR “Singapore”
OR “Thailand” OR “Vietnam”). Inclusion and exclusion criteria include language, timeline,
and literature type.

For data analysis, the title, abstract, keywords, journal name, authors” names, and
year of publication of the searched records were exported to an MS Excel spreadsheet.
Two independent authors screened the paper titles and abstracts independently. Then,
two independent reviewers performed an eligible assessment by carefully screening the
full text of papers that were screened in the first screening process to assess their fit with
the inclusion criteria. During this stage, disagreements between reviewers were resolved
through arbitration by the other two reviewers.

Data that were exported to an MS Excel spreadsheet were modified by adding items for
which data were sought for data management. As shown in Figure 1, the PRISMA approach
includes two rounds of elimination. The first round of screening classifies the articles into
conceptual, theoretical, and empirical studies. The second screening is an evaluation that
involves reading the full texts and classifying them into one of six GR development level
categories according to Zhang's methods [27]. From the review of 99 total full-text articles,
we selected 70 articles, which were included for qualitative synthesis review. Out of these
70 full-text articles, with publication dates ranging between 2012 and 2022, 47 articles (67%)
were qualitative, and 23 articles (33%) were quantitative.

Idem@iw via databases and registers ]

Records identified from :
Databases searching (n = 4424)
Scopus (n=173) L »

MDPI (n = 6)

Science direct (n = 4195)

Other sources (n = 50)

Records removed before screening:
Duplicate records removed (n = 715)
Records marked as ineligible by automation tools (n = 360)

Records removed for other reasons (n = 355)

!

Records screened

GRs Database found (n = 3709)

I

Full text reading reports excluded:

Reports assessed for eligibility
GRs in ASEAN (n =99)

-

Not relevant (n = 29) (See Section 3.1)

I

[ Included ] [

Studies included in review (n =70)
Drivers Theme: 13
Motivations Theme: 41

Barrier Theme: 25

Figure 1. PRISMA flow diagram for green roof database in ASEAN countries.
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Selected literature refers to the number of studies providing evidence, despite the fact
that clearly, not all studies provide evidence of equal quality. We extrude all the result data
in selected literature by systematically presenting the group theme of research (drivers,
motivations, and barriers) to determine the scope and gaps in the ASEAN countries’ study
of GRs. We anticipate the study will provide qualified support and can help researchers
design urgent GR future research in ASEAN countries.

3. Results
3.1. Mapping of Selected Literatures

The academic journals gathered using searching strategies resulted in a total of 99 papers.

The filtering process outlined in the previous section selected the 70 most relevant stud-
ies for a full-text review. Studies that did not meet the eligibility criteria comprised reviews,
studies comparing green roofs with other technologies but not nongreen roofs, and studies
presenting no comparisons. Such studies were not included in the selected literature.

Figure 2 provides the details of the papers obtained initially, regarding the number of
papers selected for the review based on the ASEAN country cases. It is shown that Malaysia
has a significant amount of literature available on the contribution of GRs as compared
to other countries for the GR drivers; this includes studies reporting policy pressure from
government as encouragement to use GRs (e.g., Ismail et al. [28], Fauzi et al. [29,30]) and
advance technology of GRs (e.g., Munir et al. [31], Mahdiyar et al. [32]). When it comes
to the motivations behind using GRs, several studies have provided examples, including
those related to the energy efficiency of GRs (e.g., Sittipong and Pichai [33]); the urban heat
island (UHI) effect, such as studies that report the benefits of GRs to outdoor surfaces (e.g.,
Munir et al. [34]); and indoor room temperature (e.g., Irsyad et al. [35]) as compared to
conventional roofs. Moreover, motivation to use GRs is also derived from their capacity to
control runoff, including storm water retention (e.g., Orozco et al. [36]) and runoff water
quality (e.g., Romali et al. [37]). There are also data regarding the motivation for using
GRs to increase biodiversity (e.g., Sananunsakul [38]). Lastly, in investigating barriers of
GRs in ASEAN countries, a large number of studies addressed the problem. These could
be grouped into three categories: government policy and technological barriers, which
were only found in Singapore and Malaysia; economic barriers, as when installation costs
are highly volatile (e.g., high price GRs in Brunei [39] and low price GRs in Vietnam [40]);
social acceptability and feasibility barriers, which are discussed in numerous studies.

Selected Literature

Vietnam
Thailand
Singapore
Philippines
Myanmar
Malaysia
Laos

Indonesia
Cambodia
Brunei Darussalam

o
Il "1 I
wv
"
o

15 20 25 30 35 40 45

M Total Publications Selected Total Publications

Figure 2. Schematic representing total search findings and the number of studies sorted for full-
text review.
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Figure 3 shows that the majority of studies conducted in ASEAN countries focused on

the motivations for implementing GRs, totaling 52%. The motivations are still the focus
since ASEAN societies are still attempting to validate the advantages of using GRs and
overcome the main barriers. On the other hand, driver research is still insufficient. Drivers
are urgently needed to help ASEAN countries accelerate the development of GRs. The
findings of each selection criteria will be described in the stages of green roofs in ASEAN
countries (Section 3.2). In addition, the reviews of green roofs’ potential in ASEAN countries
as well as the social acceptability and feasibility issues will be provided (Section 3.3).

P

18%

m Drivers Motivations = Barriers
Figure 3. Schematic representing total type of selected literature, including drivers, motivations,
and barriers.

3.2. Stages of Green Roofs in ASEAN Countries

The existence of green buildings as approaches to environmental restoration has
increased in urban green spaces during the past decade to reduce climate change. Figure 4
illustrates the number of urban green spaces in various major Asian cities.

Urban Green Spaces in Asia
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Figure 4. Number of urban green spaces in several countries in Asia. (This figure is illustrated using
the data from Hasnan, available online in theaseanpost.com [41]).
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In the data, there are several metropolises that are included in ASEAN countries, Sin-
gapore (66.2 m? /capita); Kuala Lumpur, Malaysia (43.9 m? /capita); Hanoi, Vietnam (11.2
m? /capita); Manila, Phillipines (4.5 m?/capita); Bangkok, Thailand (3.3 m? /capita); Jakarta,
Indonesia (2.3 m?/ capita); and Ho Chi Minh City, Vietnam (2.0 m?/ capita) [41]. However,
WHO suggested a standard of 9 square meters per capita. Moreover, a previous study
mentioned the ideal urban green space value of a modern city is 50 m? per capita. [34,42].
Singapore, Malaysia, and Vietnam are the three leading ASEAN nations that have met
the minimum standards for green space. In addition, Singapore has exceeded the ideal
indicator of urban green space, making Singapore a modern ASEAN city. As observed,
Singapore’s approach is similar to Hong Kong’s, which includes the implementation of a
three-dimensional green space system. This is demonstrated by the existence of numerous
green projects, including Gardens by the Bay, Singapore Botanic Garden, and NUT Green
Roof. Malaysia, on the other hand, has to add approximately 7 m?/capita to resemble
Singapore as a modern city. The implementation of an ideal green area could increase the
city’s wealth and property values. This is also related to the fact that GRs can boost people’s
happiness and lower the risk of depression [43,44]. In addition, according to UNICEF, the
creation of urban green areas can considerably enhance the physical, mental, and social
development of children [45].

GR technology has developed as a solution for combating the lack of urban green
space. However, GR growth in developing countries is slower than in developed nations.
This is also influenced by the number of GR research publications in developed countries,
with USA, China, and Italy dominating the contributions with total percentages of around
22%, 13%, and 9% while developing countries (India and Iran) are below 2%. Interestingly,
Singapore, a developed country in the ASEAN region, cannot contribute much to green
roof research, as it only contributes under 2% [22]. Lack of interest, applicable policies, and
standards, as well as incompetence, are the most frequently cited obstacles to knowledge
and awareness in developing countries [46].

GR implementation is a complicated issue concerning many aspects. According to
Zhang [27], GR implementations are started from “Environmental and Social Problems”
that plague cities in Stage 1 (e.g., heatwaves, urban warming, and urban flooding). The
problems resulting from “Diverse Pressure”, such as in environmental pressure (e.g., energy,
water, and air), social pressure (e.g., health, safety, mortality, and morbidity), economic
pressure (e.g., expenditure, productivity, and market) and policy pressure (e.g., urban
sustainability, energy saving, and water saving) are included in Stage 2. The pressure from
various aspects drives a response for tackling the problem through “GR Research and
Development” in Stage 3, where some studies have been conducted to monitor, model, and
assess GR performance.

After the preliminary approach from Stages 1 to 3, GRs have actually been imple-
mented in the “Promotion” Stage 4, where regulation and stimulation have been started to
support further steps in GR development. In “GR Implementation” Stage 5, a systematic
process is relevant to practical GR application in cities, including design, construction,
contract and supply, operation, and maintenance. “Performance Evaluation” Stage 6 is
evaluation in terms of GRs’ function in addressing environmental and social issues in cities.
Figure 5 shows the framework of green roof development. Furthermore, several studies or
actual projects in ASEAN countries will be briefly evaluated and classified according to
their stages of development below.

STAGE 3
GR Research
and

Development

STAGE 4 STAGE 5 STAGE 6

Environmental
and Social
Problems

GR Implemen-
tations

Promotion Performance

Evaluation

Figure 5. The framework for green roof development, promotion, and application. (This figure is
adapted from the previous study by Zhang [27]).
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Brunei is also known as Brunei Darussalam. The country, which is one of the relatively
small countries in the ASEAN region, is still considered to be in “Diverse Pressure” (Stage 2)
as a result of several challenges in developing GRs. GR development in Brunei started from
Stage 1, where increasing temperature increases electrical consumption. The government is
interested in implementing GRs in an effort to reduce energy consumption by an estimated
30 percent [47]. This energy issue necessitates Stage 2 to evaluate public interest in GRs.
According to results of an actual survey in Bandar Sri Bengawan, the capital city of Brunei,
only 7% of the 414 buildings constructed using flat-roof reinforced concrete have the
potential for GR installation. People prefer pitched roofs because of their strength and
prevention of leaks. Moreover, GRs’ appeal to society is as of yet minimal. A survey
of building owners’ interest in the usage of GRs revealed that only 24% of respondents
supported the implementation of GRs [48] The level of public awareness of GRs could be
increased by educating buildings” owners and increasing the involvement of professional
knowledge and government sectors.

For the past decade, Cambodia has experienced flood problems in the capital city of
Phnom Penh. This is due to limited capacity of the city’s drainage system. Lyna mentioned
that several areas in Phnom Penh were affected by flooding with a height of more than
one meter [48]. The current issue in Cambodia is classified as Stage 1, which motivates
researchers to solve the flood problem by improving green infrastructure. Tree canopies,
bioswales, permeable pavements, and green roofs are some of the green infrastructure
options proposed by Nou in his study [49]. In the development of green infrastructure, the
use of GRs can be suggested according to previous research by Sarkar indicating that GRs
can reduce runoff control by 18 to 29% [50].

Indonesia is located in the equatorial zone with high average temperatures during
daytime and relative exposure time. The high temperatures in Indonesia appear to be a
major issue in Stage 1 for Indonesia. Jakarta, as the metropolitan city in Indonesia, has
average daytime temperatures that could reach up to 35 °C. The surface of a roof exposed
to the sun during the day can be affected by temperatures as high as 50 °C [51]. In order to
limit the heat absorption into buildings, the development of GRs in Indonesia is important.
An evaluation study in Bandung has undertaken Stage 2 to analyze the deployment of GRs
in the targeted area. GRs can be applied on the slab concrete roofs of 53 out of 222 dwellings.
Sloped roofs that may not be suitable for GRs installation are still prevalentin Indonesia [52].
Several GR research studies and developments, which are categorized as Stage 3, are also
being conducted. A study by Munir found that the use of lightweight foamed concrete and

a green roof reduces construction loads and cooling loads for air conditioning systems [51].

Moreover, as an alternative to concrete, corrugated zinc roofing could be used as the base
of a building’s green roof. Yuliani mentioned that corrugated zinc roofs have the fastest
response to cold down to 2 °C compared to concrete-based GRs [53]. Unfortunately, there
is no research for GR-supporting regulations in Indonesia.

Malaysia is one of the ASEAN member countries with positive GR development.

It accounted for 28 papers in the research database on GRs, the highest of all ASEAN
countries. Based on a survey by Rahman, the 30 cases where projects integrated GRs
categorized it as Stage 5. Interestingly, GRs are popularly implemented in condominiums
and offices with 11 projects and 5 projects, respectively [53]. However, mostly, GR projects
in Malaysia are privately accessed only for those who own condominiums or work at
offices. It may be an obstacle to promote GRs on small scales such as with residential
housing, schools, or low-rise buildings. However, some research projects in Malaysia have
reached Stage 6, and performance evaluations of the implementation of GRs on public
buildings have been reviewed by Rahmat [54]. He mentioned that GRs might reduce the
average surface temperature by between 3.6 °C and 11.1 °C compared to conventional
roofs. Evaluations of the performance of actual buildings are expected to present to the
market the fact that GRs increase building performance.

Myanmar’s government initiated implementation of smart city projects in Yangon and
Mandalay. However, references and standards for green buildings in Myanmar remain
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inadequate. Lwin mentioned that “energy efficiency” and “water efficiency” are the most
crucial problems, categorized as Stage 1 [55]. Lwin also mentioned the necessity of further
development of a green building rating system for Myanmar, which should be considered
along with the domestic conditions of the country and categorized as Stage 2 [55]. In
addition, there is still no specific information on GR development in Myanmar. GRs can
reduce building electricity consumption and improve water quality through absorption,
making them a viable option for future research in Myanmar to increase energy efficiency
and water efficiency.

Urbanization from rural to urban areas in the Philippines has resulted in 51.2% of the
population moving and residing in cities, categorized as Stage 1 [56]. The development of
Stage 3 GRs has also been carried out through research to increase water retention. The
results show that adding 0.6% hydrogel to the soil can increase water retention to 45.46%,
which is higher than the 30.07% achieved by GRs without hydrogel [57]. GRs have been
implemented in the Philippines, and it is evident that there are several GR suppliers in the
Philippine construction market, which is classified as Stage 5. Orozco surveyed a number
of local GR suppliers in the Philippines. The results revealed that green roofs generally met
minimum standards [36]. By adjusting GR products based on environmental and climatic
conditions of the Philippines, providing local materials, and developing GR experts, it is
possible to overcome the aforementioned problems. However, a study about “Promotion”
Stage 4 from the government has not been found.

Currently, Singapore is a thriving, world-class urban center with limited land and
resources. However, Singapore’s high level of greenery is largely the result of decades
of careful planning. The Singapore Sustainable Development Blueprint maximizes land
use while maintaining 8 m? of green space per person and increasing the amount of
greenery in high-rise buildings to 50 ha by 2030 [23]. Another government institution,
Singapore National Parks (NParks), has introduced a GR incentive to encourage owners of
existing buildings to have GRs, which is categorized as Stage 4. The program supported
approximately 50% of GR installation costs in order to promote GR application and create
a green urban environment [58]. Referring to the installation of GRs as categorized as
Stage 5, Singapore has remarkable GR projects that have attracted many building owners in
Singapore. Projects such as Nanyang Technological University (NTU) have been known all
around the world as stunning works of architecture (See Figure 6). NTU received the Green
Mark Platinum Award from the Singapore Building and Construction Authority (BCA) for
adopting best practices in environmental sustainability. The GR performance evaluation,
which is categorized as Stage 6, showed that the GRs in NTU help with energy savings of
nearly 120,000 kWh per year and water savings of over 1170 m* per year, resulting in lower
operation and maintenance costs. The green roof, high-performance glass, and carbon
dioxide sensors in its air-handling units also contribute to the building’s energy efficiency
and healthy indoor air quality [59]. From the references above, it shows that government
and architects have played a significant role in promoting GRs, particularly from a design
perspective. The integrated development of GRs, from Stage 1 of “Environmental and
Social Problems” with land availability to Stage 6 of “Performance Evaluation” with the
large green roof project at NTU, demonstrates Singapore’s position as the ASEAN leader in
the development of green roofs.

Moving to Thailand, one of the big countries in the ASEAN region, the major obstacles
to adoption are the absence of adequate subsidy programs and deficient knowledge and
skilled labor force; these typical ASEAN pressures are categorized as Stage 2. The inter-
view study of Sangkakol [60] mentioned that the roof is the last part of a building to be
completed—typically after the majority of available funds have been allocated. Therefore,
the absence of GR subsidies make GRs unlikely to be installed, and GRs might be skipped
even if planned initially. Interestingly, in Thailand, as shown in Figure 6, Thammasat
University (TU) built a magnificent structure known as the largest urban rooftop farm in
Asia, which we categorized as Stage 5. The 22,000-square-meter TU GR combats climate
change by combining modern landscape architecture with traditional agricultural ingenuity,

7
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urban farming, a solar roof, and green public space [61]. However, research articles on GRs
in Thailand are still limited. The expansion of research and promotion in Thailand has the
potential to increase development of GRs for all segments of society.

(b)

Figure 6. The magnificent green roof projects in ASEAN countries: (a) Nanyang Technological
University (NTU), Singapore and (b) urban rooftop farm, Thammasat University (TU), Thailand.

Several major Vietnamese cities, including Hanoi and Ho Chi Minh City, have minimal
green space areas. Hanoi has only 11.2 m?/capita of urban green space, while Ho Chi
Minh City has only 2.0 m?/capita [41]. Pam’s responder poll, which is an evaluation of
“Diverse Pressure” (Stage 2), received a positive response, with 64 percent of building users
and 62 percent of specialists agreeing to promote green space [62]. This response is far
better than the poll in Brunei, where just 24% of building users participated. A study that
can be classified as Stage 3 showed that the price of green roof construction in Vietnam is
approximately 15 to 45 USD/ m?2, which is fairly inexpensive compared to other green roof
pioneering nations such as Hong Kong at around 400 to 1000 USD/m? [63] or Singapore
at approximately 89 to 197 USD /m? [63]. It is well demonstrated that Vietnam’s potential
for green roofs is highly promising [40]. As a recommendation, it is necessary to conduct
additional studies on Stages 4 to 6 in light of Vietnam's vast potential for GR development.

Identifying research on GRs conducted in ASEAN countries, shown in Figure 7, al-
lowed us to pinpoint the critical stages of GR development level. In general, 6 of 10 ASEAN
countries are still restricted under Stage 3 “GR Research and Development”. However,
only Singapore is stable in all aspects of highest stage development. Malaysia, who is on an
equal level of development as Singapore, is still attempting to tackle deficiencies, such as
the “Promotion” aspect of Stage 4, where government regulations are still limited (shown
in Table 1). Subsidies for constructing GRs as a development strategy in Singapore are an
effective strategy. However, GR subsidy programs are not implemented in Malaysia. Mov-
ing on to the Philippines and Thailand, these two nations have adopted GRs up to Stage 5,
but they face the same issues: a lack of regulatory support from the government, subsidies,
end-user desire, and green roof expertise. Indonesia and Vietnam are still in Stage 3 of
green roof development and research. Implementation remains low in Indonesia and
Vietnam. Even though Indonesia’s green roof research database is ranked third, research
on green roof technological improvements remains limited. This results in stagnation of
GR development at Stage 3. Therefore, research on the promotion, implementation, and
performance evaluation of GRs is urgently required in order to expand the use of GRs.
Brunei, Cambodia, Laos, and Myanmar are lagging behind the other ASEAN nations in
the development of GRs. Particularly, in Laos it is still quite difficult to find previously
published studies on GRs. It is recommended that those four countries conduct more
research on GR benefits to obtain potential data on GR efficiency in specified locations in
the countries.
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Green Roof Development Levels
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Figure 7. The green roof development levels in ASEAN Countries.

3.3. Green Roof Performance in ASEAN Countries

In this study, green roof performance is categorized into three review groups: drivers,
motivations, and barriers research. In total, 70 research studies are included in this section.

3.3.1. Drivers of Green Roofs in ASEAN Countries

In this section, we report the results of “5 articles on Policy Pressure” and “7 articles
on Advance Innovation Technology”, which discuss drivers of GRs in ASEAN countries.
The factors below are crucial and can accelerate the development of green roofs in the
ASEAN region:

e Policy Pressure.

To fully implement GRs, mandatory or voluntary policies, regulations, guidance,
standards, or initiatives are necessarily established. Some examples of developed cities and
countries that encourage the development of GRs are Toronto and Canada, who implement
policy pressures that aim to legislate sustainable construction [64].

Regulations and standards have a significant role in the development of GRs in Singa-
pore and Malaysia because of the existence of a handbook in Singapore and maintenance
guidelines in Malaysia, as shown in Table 1.

Table 1. Policy pressure to drive GR implementation, as reported in the literature.

Key Findings
Authors - 3 Country
Subsidy Scheme Regulations and Standards

The scheme supported 50% of Standards for Singapore GRs,
green roof installation costsby e Introduction to Vertical Greenery
Ismail etal. [28] Singapore National Parks e Handbook of Skyrise Greening in Singapore Singapore
(NParks) to encourage ownersto o Vertical Greenery for the Tropics
have green roofs
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Table 1. Cont.

Key Findings

Authors

Country
Subsidy Scheme Regulations and Standards

Fauzi et al. [29,30],
Siew et al. [65],
Zaid et al. [66]

e  Applying GR will improve the green building
assessment standards up to 7-10%
e BREEM code is suitably used for assessment.
None e Evaluation of roof penetration barrier, drainage, Malaysia
filter, substrate, vegetation, green building
credit, and thermal performance guides.

9 guidelines for GR maintenance

However, this appears to be inextricable from the subsidy scheme. In Singapore, the
subsidy scheme has been implemented for quite some time, making building owners more
interested in installing GRs. However, there is no report found that Malaysia implemented
this subsidy scheme. Abdul Rahim [67] also reports that the lack of subsidies in Malaysia is
one of the obstacles to enormous propagation of GRs in society. The study concludes that
government has a significant impact on the development of green roofs. Government action
in the form of subsidies is a highly successful way of encouraging building proprietors to
install green roofs.

e  Advance Innovation Technology.

GR technology’s first appearance was in Ziggurat of Ancient Mesopotamia, from the
fourth millennium until 600 BC. The GRs were located in the courtyard temples, and shrubs
and trees were planted on terraces formed by a gran-stepped pyramid [64]. GRs have
become more successful over time as a result of technical developments. Environmental
considerations influence the development of GR technology in every country; thus, there are
always variations in the application of technology between nations. Therefore, technological
innovation is one of the drivers encouraging the advancement of GR development.

Table 2 shows the advanced innovation technology literature that has been researched

in ASEAN countries. There are notable differences in the technological development of GRs.

The countries in Stage 6 development focus on developing smart and efficient green roof
construction technology. Mahdiyar’s research on prototypes established which style of GR
was most suitable for a building [32]. In addition, Singapore also has artificial technology
as one of its advanced technologies [68]. Meanwhile, in other countries, green roof research
is still concentrated on adapting GR implementation to the country’s culture. In Indonesia
and Thailand, for instance, alternative materials are developed for GR optimization in cost
and performance [31,69]. However, the development of advanced technology for GRs in
ASEAN countries is still limited compared to the total GR articles in the ASEAN region.

Table 2. Advanced innovation technology to drive GR implementation, as reported in the literature.

Authors

Findings Details

Mahdiyar et al. [32]

Development of a decision support system (DSS) for
selecting the optimum type of GR for residential
buildings in Kuala Lumpur

Malaysia, All types GR,
System to selection GRs

Artificial neural network (ANN) models had a better Singapore, ECR,

He et al. [68] average prediction for accurate modelling of thermal s
. Evaluate plant evapotranspiration
and hydrological performance
A methodology for a quick evaluation of thermal :
Heetal. [70] performance of a green roof during the early stages Stgapore, EGR,

. Model development of RTTV
of design
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Table 2. Cont.

Authors Findings Details
Phoomirat etal. [33] Develop a rapid assessment C.hBCkllS( (RAQ) Thailand, All GRs,
to assess GR services Assessment tools

The panel 400 mm width is an optimal form for Indonesia; EGR,

Munir et al. [31] the structural roof deck of the green roof system Structural deck };:cca;séfoamed concrete
Palm oil clinker has good ability to drain excess water, Malaysia, EGR,
Shahid et al. [71] and there is no side effect in terms of plant Palm oil clinker as
development drainage layer
g g Thailand, EGR,
3 ’
Chandra et al. [69] Lightweight cellular concret§ 1200 and 1400 kg /m Stiiictiizal deck
meets the standard to substitute normal concrete B
alternative for GRs

3.3.2. Motivations for Green Roofs in ASEAN Countries

In this section, we report the results of total 41 research articles including eight studies
in “Energy Efficiency”, 15 articles in “Urban Heat Island Mitigation”, 16 articles in “Runoff
Control”, and two articles in “Biodiversity Increase”. The factors below are important and
can validate the benefits of applying GRs in ASEAN countries:
e  Energy Efficiency.

In the five studies reporting on annual energy consumption, the effect of green roofs
ranged from savings of 1-57% (Table 3). Installing GRs in tropical countries effects a in
reduction heat gain and leads to decrease in cooling loads. Energy savings is affected by a

number of factors, including layer thickness, moisture content, and vegetation selection [72].

Sittipong [73] reported that an increase in the thickness of the soil layer reduces the building
energy consumption. As shown in Figure 8, two different thickness layers were compared
by installing multiple sensors within a GR’s layers. Wong [74] discovered that shrubs are
recommended because they effectively reduce the energy consumption of buildings. The
findings also agreed that an increase in soil thickness would further lower the building’s
energy consumption. In addition, the moisture content of the soil, which is influenced by
vegetation, can have a significant impact on the outcome. Apart from this, in the case of
multi-story structures, green roofs reduce energy consumption significantly on the floors
directly below the green roof. Azis [75] collected data of electrical usage on the top floor
and lower floor. The results show that the top floor was directly impacted by the green roof
and consumed 40% less electricity.

AIR TEMPERATURE
SOLAR RADIATION

e SURFACE TEMPERATURE OF CONCRETE BELOW
SURFACE TEMPERATURE OF CONCRETE TOP
SURFACE TEMPERATURE

nna \\\\{\\x\ NN

Figure 8. Experimental set of GR model in Thailand [73]. “Reproduced with permission from
Sittipong Permpituck, Pichai Namprakai, The energy consumption performance of roof lawn gardens
in Thailand; published by Elsevier, 2012".
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Table 3. Energy savings due to GR implementation, as per the selected literature.

Authors Energy Savings Details

Singapore, EGR,
Wong et al. [74] 1-15% reduction in energy consumption Comparison rooftop garden with turfing,
shrubs, and tree

Indonesia, EGR,

Dewi etal. [76] 11.24-21% reduction in cooling load GR simulations by planting Tradescantia
Spathacea and Sedum acre
Sittipong and Pichai [73] GR thicknesg 010 m-31.07% Increasin, sﬁa:lleantd}\’ f’f I?oves ener
pong hatl i GR thickness 0.20 m-37.11% asing Sobt Gept Improve 8y
savings by around 6%
Johor Bahru, Malaysia,
Azisetal. [75] 37-40% reduction in energy consumption EGR and IGR
GR integration with 17-floor apartment
Concrete GRs, .
Yuliani et al. [77 57.1% reduction in heat flow A Sural:iarFa, hd(}r\e§1}a‘, EIGR' d
uliani et al. [77 Corrugated Zinc GRs, corrugated zinc roof with plants cou

50.8% BB action irfbeat Aow improve thermal conditions in a building

e  Urban Heat Island Mitigation.

Green roofs are regarded as one of the most practical tools in mitigating the UHI effect
because they reduce air and surface temperatures in cities through the provision of shading,
removal of heat from the air, and reduction of temperatures of the roof surface. In this
section, we report the results of 15 studies and discuss the impact of GRs on the UHI effect.
Outdoor surface and indoor room temperature in green roof studies will be discussed:

1. Outside Surface Temperature.

The maximum reduction ranges for outside surface temperature fell between 10.4 and
23.8 °C compared to conventional roofs (Table 4) according to the 11 studies including actual
survey, experimental, and simulation studies. The results of an actual survey on constructed
GRs are lower than those of an experimental study that was merely a trial model. However,
the reduction performance of GRs in ASEAN countries is highly effective. Green roofs
are more effective in reducing temperature during warm temperatures. ASEAN countries,
located in tropical climate areas, have consistent temperature radiation throughout the
year. Moreover, six out of ten ASEAN countries have reached a maximum temperature
above 40 °C [78]. Therefore, the application of green roofs in the ASEAN region is highly
recommended.

Aside from climate, material selection has an influence on decreasing performance
due to temperature. In Indonesia, Munir [51] revealed that lightweight foamed concrete in
combination with roof slabs for green roofs has positive results on cooling as well as on
construction loads, which will also impact cost effectiveness. Based on a simulation study,
another alternative from Yuliana [53] claimed that corrugated zinc with plants can be used
instead of green roof concrete.

Table 4. Reduction of outdoor surface temperature after implementing GRs, as reported in the
selected studies.

Authors Max. Outdoor Surface Ambient Remarks
Temperature Reduction Temperature
Thailand,
Sunakorn [79] 10.4°C 30°C Alctial Sifrvey Studj; FGR,

Local material Thailand (Green Mat) can be
applied on GRs
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Table 4. Cont.

Max. Outdoor Surface

Ambient

Authgrs Temperature Reduction Temperature Rematks
Singapore,
Qin [80], 5 3 Simulation study, Cool roofs,
Yang et al. [81] Lo 20270 Insulation layer on cool roofs plays a negligible
role in heat flux values
Aceh, Indonesia,
Experimental study, EGR, Precast foamed
Munir et al. [51] 19.1°C 28-57 °C concrete,
Combination of lightweight foamed concrete
and GR
Malaysia,
Ahmed and 2
, Actual survey study, Roof garden,
82 .8:° .24 <
Ru.mana [ ,]L 18°¢ 024G GRs performed better than white concrete roof
Ismail et al. [83] .
and gardening roof
Surakarta, Indonesia,
Experimental study, EGR,
Yuliani et al. [53,77] 20°C 24-35°C Concrete and corrugated zinc,
A corrugated zinc roof with plants could
improve thermal conditions in a building
Azis et al. [75], Kuala Lumpur and Putrajaya, Malaysia,
Rahmat etal. [54], 23.8°C 30-36 °C Experimental study, EGR,
Rahman et al. [84] Green roof improving public environment
Surakarta, Indonesia,
Experimental study, EGR,
Yuliani et al. [53,77 20°C 24-35°C Concrete and corrugated zinc,
A corrugated zinc roof with plants could
improve thermal conditions in a building
Azis etal. [75], Kuala Lumpur and Putrajaya, Malaysia,
Rahmat etal. [54], 23.8°C 30-36 °C Experimental study, EGR,

Rahman et al. [84]

Green roof improving public environment

2. Indoor Room Temperature.

Indoor room temperature has an effect on human thermal comfort. According to
Ahmed [82], the temperature comfort zone for humans is between 23.5 °C and 28.5 °C;
thus, if the room temperature is within this range, humans can be present without the need
for heating or cooling. Implementing GRs reduces the thermal transfer in building, which
will also impact indoor room temperature reductions.

The maximum reduction ranges for indoor temperature are from 3 to 14 °C (Table 5)
according to nine studies, including actual survey, experimental, and simulation studies.
According to several studies [35,82,85], the application of a roof garden has the same
favorable effects as the usage of GRs. Combining the use of GRs and a roof garden will
improve GR heat resistance.

The materials used also affect the performance of GRs at inside room temperatures.

Munir [51] used lightweight foamed concrete for GRs with an effective outdoor decrease
up to 10.2 °C. The use of GRs can result in significant energy savings since the temperature
of aroom that applies GRs deviates less from the comfort zone than the temperature of a
room that does not apply GRs. This allows cooling to operate more efficiently in spaces
with GRs.
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Table 5. Reduction of indoor temperature after implementing GRs, as reported in the selected studies.

Max. Indoor

Temperature

Authors Temperature Reduction Comparison Remarks
Surakarta, Indonesia,
o . GR 2328 °C Experimental study, EGR, Concrete and
Yuliani et al. [77] 3°C NON-GR 27-31 °C corrugated zinc,
A corrugated zinc roof with plants could improve
thermal conditions in a building
Ho Chi Minh City, Vietnam,
. GR 31 °C Actual survey study, roof garden
ahm 2 o
F etal[62) 8°e NON-GR 34 °C In cooler area, GR still resulted lower than non-GR
temperature
Ahmed and Malaysia,
Rumana [82], 30¢ GR 24.5-315 °C Actual survey study, roof garden,
Ismail et al. [83], NON-GR 25.5-33 °C GRs performed better than white concrete roof and
Rahman et al. [84] gardening roof
Bandung, Indonesia,
- B GR 23-26 °C Experimental study, EGR,
Esyadctals(so] 68°C NON-GR 24-32 °C The use of Amaranta and Bromelia plants can
inhibit heat transfer into the room
Thailand,
- GR24.6-279 °C Actual survey study, EGR
Q ° 4 7
Sunakor [79] 7°E NON-GR 29.6-399 °C Local material Thailand (Green Mat) can be
applied on GRs
Aceh, Indonesia,
Munir et al. [51] 102°C GR 35-38 °C Experimental study, EGR, Precast foamed concrete
RSl ’ NON-GR 42-51 °C Combination of lightweight foamed concrete and
green roof
Singapore,
Yang etal. [81] 14°C GR 26-27 °C Simulation study, EGR,

NON-GR 28-41 °C Insulation layer on cool roofs plays a negligible

role in heat flux values

e Runoff Control.
1.  Storm Water Retention.

Retention is the process of holding water on the green roof and preventing water from
draining off the green roof [36]. Table 6 presents the water retention capacities given in the
selected literature in several ASEAN countries. The overview of studies reported that GRs
in ASEAN countries can have a maximum water retention capacity up to 98.8%. The main
parameters affecting the retention values are rainfall intensity and duration. Comparatively,
subtropical regions in China receive approximately 1058 mm of precipitation annually,

allowing them to retain up to 100 percent of precipitation [86]. In contrast, the Philippines’

tropical rainfall of 2348 mm per year can retain up to 75 percent. In addition to rainfall, the
ability of GRs to retain water is affected by factors such as sunshine intensity, temperature,
soil media depth, and plant selection.

2. Runoff Water Quality.

Stormwater runoff carries non-point source pollution from cities, impacting water
quality. GRs have the potential to reduce runoff quantity, while their impact on runoff
quality is also considered. GRs are a source of pollutant reduction if the pollutants are
fewer in the runoff than in the rainwater or in the runoff from bare roofs [11]. Figure 9
shows the example of runoff model based experiment in Singapore.
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Table 6. Water retention capacity on GRs, as reported in the selected studies.

Authors Water Retention Capacity Remarks and Influence Factors
Phnom Penh, Cambodia,
Chanrachna etal. [49] 37.90% Comparison study, GI (Green Infrastructure) scenario by

installation tree, bioswales, permeable pavements, and green roofs

Hanoi, Vietnam,
Cuong et al. [85] 42% Experimental study, EGR,
Four models with different irrigation systems

Philippines,
. - Experimental study, EGR,
o 4 s
Asinas etal. [57] 4bje Waterproof substrate improving water retention by adding
hydrogel to substrate media

Kuching, Malaysia,
Chai et al. [87] 72.5% Simulation study, EGR,
Green roof water balance by virtual modelling approach

Metro Manila, Philippines,
Orozco et al. [36] 75% Comparison study, EGR, Suppliers company,
Comparison of suppliers with six different GR technologies

Ayub et al. [88],

: s Malaysia,
89
Cf\ilvj"eetll;;l[ [L)](’)] Simulation study, EGR,
Roinaliet ai 3 ,,i 86% GRs decrease of stormwater runoff,
Kok et al [ ‘)i]/ * i Types of substrates resulting in different runoff,
Cl’? i tal' [97], Mixture of plant species was the most effective vegetation
Muzlaeetilll E‘)Zi at reducing runoff water
Singapore,
Vergroesen and Joshi [93] 98.8% Experimental study, EGR, 3-day experiment,
8! Pe Y/ yexpe

Different sedum comparison

Plasticcontainer
to collect rainwater

Figure 9. (a—c) Experimental set of runoff-model-based experiment in Singapore by Lim et al. [94].

In several studies in developed countries, GR runoff released higher concentrations of
total phosphorus, total nitrogen, nitrates, and phosphates, meaning GRs are a source of
these nutrients [95,96].
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Studies on runoff quality are currently limited; Malaysia and Singapore have a few
studies on this matter from GRs. Table 7 shows the runoff quality studies in Malaysia and
Singapore. However, study of runoff quality in other ASEAN countries needs to be carried
out to develop and validate the benefits of green roofs to improve water quality.

Table 7. Runoff quality on GRs, as reported in the selected studies.

Remarks and Influence

Authors Findings Factors
Malaysia,
Romali etal. [37] GRs with beach morning glory improve the COD up to 99% Experimental study, EGR, Green roof
R GRs with creeping oxeye reduce the BOD up to 17% with beach morning glory and
creeping oxeye
; . 9) si 0, o, Singapore,
Lim etal. [94] Mixture substrate clay (5-30%), silt (5-60%), and sand (20-75% Experimental study, ECR,

can decline in chemical concentration level :
Substrate comparison

Vijayaraghavan
etal. [97]

The concentrations of most of the chemical components in runoff
were highest during the beginning of rain events and subsided in

Singapore,
Experimental study, EGR,
Real rain events and ten different

the subsequent rain events : ;
simulated rain events

e  Biodiversity Increase.

Green roofs can promote urban biodiversity through the provision of complex vegeta-
tion structures, greater foraging and roosting options for animals, and enhanced habitat
connectivity [94].

An observation study of biodiversity of GRs in Singapore revealed that spontaneous
species had approximately 28.9% site cover in a year apart from planting seeds at the
beginning. In addition, after installing the GRs, the fauna increased up to 69 fauna species,
including species of birds, bees, hornets, wasps, butterflies, moths, etc. [98]. Sananunsakul
stated a similar perspective that green roof characteristics may influence bird communities
utilizing these urban ecosystems [38].

3.3.3. Barriers to Green Roofs in ASEAN Countries

GR implementation is also constrained by barriers of government policy, technology
barriers, economic issues, social acceptability, and feasibility issues. A search with the green
roof database in ASEAN countries found that the study of barriers is dominant compared
to other green roof topics. We report the results total 25 articles including five studies in
“Economics” and 20 articles in “Social Acceptability and Feasibility Issues”:

e  Government Policy and Technology Barriers.

As described above, regarding ASEAN drivers with green roofs, green roofs can be
developed with governmental support and technological advancements. Singapore and
Malaysia are the only two ASEAN countries supported by government regulations and
rigorous programs. On the other hand, eight other ASEAN countries did not have any
research or archives pertaining to government sponsorship and technology. This is the
biggest barrier in ASEAN countries that must be addressed for the green roofs of ASEAN
countries to advance.

e  Economy.

In this section, we discuss the findings from our review in terms of economic barriers.
We shortlisted five studies that discussed the economic feasibility of GRs with the inclusion
of several costs and benefits. Figure 10 presents the types of GRs and their costs in each of
the studies. A study in developed countries showed that the installation cost for extensive
green roofs can range between 55 and 220 USD/m? [99]. The high cost of installation is
a major barrier to the development of GRs in ASEAN countries. This is demonstrated by
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Rahman in Brunei Darussalam with typical green roof installations ranging from 208 to
318 USD/m?. The roof slab’s design for excessive strength has a significant impact on the
high-cost green roof. As a recommendation, the structural load design that meets the load
requirements of the green roof will be extremely cost-effective [39].

Installation Cost per Meter

350
BMIGR mSIGR OEGR
300 ]
250 Max. price in
developed countries
o 200
%)
> 150
100 Min. price in
50 - . T _____ o el developed countries
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Figure 10. The green roof development level in ASEAN countries. (Source: Brunei Darussalam [39],
Indonesia [100], Philippines [36], Singapore [101], and Vietnam [40].

More importantly, Vietnam’s pricing range is significantly lower than the average
price in industrialized markets. This may be because conventional green roofs are still
manufactured in Vietnam [40]. The advancement of the application of green roof technology
is urgently required to enhance the performance of green roofs while maintaining market-
competitive pricing.

Research on the cost of green roofs in Singapore reveals that prices are comparable to
the global average for green roofs. In addition, a complete green roof system and excellent
performance back this claim [101]. The rise of green roof construction in ASEAN countries
will be stimulated by the creation of high-quality green roofs at prices that are far lower
than the world average.

e  Social Acceptability and Feasibility Issues in ASEAN Countries.

We discovered around 12 studies examining the perspectives of possible GR imple-
menters and users, such as architects, engineers, property developers, and building owners.
Social acceptability from numerous studies shown in Table 8 can represent the major obsta-
cle points. According to most studies, initial building expenses, maintenance costs, and
lack of knowledge are the primary obstacles to the broad use of GRs. Moreover, the lack
of implementation knowledge and qualified labor, as well as the absence of government
incentives, are additional causes for concern.

According to the findings of Shams, survey research on user perception in Brunei
resulted less interest in GRs [48]. Several studies in Malaysia indicated that the lack of GR
expertise in the country remained a significant issue [67,102]. Arif [103] described that a
method for enhancing public interest in green roofs can be initiated by introducing GRs
to the community in public places. This will enhance the user’s ability to experience the
advantages of a green roof.
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Table 8. Social acceptability according to GR implementers and users.
Challenge Brunei Malaysia Indonesia Thailand Vietnam Myanmar References
Lackat Ingenet o # v v [48,52,104-107]
using GRs
Lack of Guidelines 4 v [67,102,108]
Less Govet"nment v v/ 4 [60,103,109]
Intensive
High Installation
Cout v [110]
Lack of Expertise v [105,106]
Observing the absence of social acceptability in ASEAN countries also has an effect
on building aspects. Table 9 describes research studies discussing the current building
feasibility for applying GRs. Briefly, most limitations have been found in studies. Shams [48]
mentioned that the application of GRs on structures in Brunei is quite limited. Luthfiyyah
conveyed a similar result [52], in which the city demonstrates the absence of potential
buildings for applying GRs. Additionally, Chow mentioned the warnings and concerns
regarding use of GRs in industrial buildings.
Table 9. Current building feasibility for applying GRs.
Authors Findings Remarks
Suparwoko and Taufani The potential to use GRs as an Sle;r; iséﬁgzg;ﬂa
(i " farming space Feasibility of buildings
Industries were very cautious about having rooftop gardens due to Malaysia, Survey study,
F 4
Chow and Abu Bakar [102] the unknown risk on maintenance aspects Feasibility of buildings
GRs help to regenerate and revitalize the Malaysia, Survey study,
2
Ratefiaetal. [1H] commercial setting in urbanized areas Feasibility of buildings
Green roofs as a platform for the interaction between humans and Sihdapoie Adtial st
Hwang and Roscoe [113] nature is a possibility that is yet to be fully explored, 8apore, 1 study,
A ; Feasibility of buildings
especially in a tropical context
Naing et al. [114] 47% of selected buildings in sampling area were possible to retrofit Thailand, Survey study,
& ’ for a green roof Feasibility of buildings
Of twenty-six education buildings, three can be Thailand. Survey stud
Jalanugroh and Tikul [115] built with an intensive green roof, seven can be built but gardeners Feasibili ! b Y]d‘ 4
are needed, and sixteen can be built with extensive green roofs casibilityotburdings
Lwin and Energy efficiency, water efficiency, and waste and pollution, are the Myanmar, Survey study,
Panuwatwanich [108] most crucial categories that should be concerned Feasibility of buildings

According to our findings, ASEAN society is still unaware of GRs. However, if

GRs have an affordable and visually acceptable design, they have the potential for social
acceptability. Furthermore, user-specific experiences and expectations are essential to
consider. To expand their awareness, there is a need to directly introduce the benefits of
GRs to society.

4. Discussion
4.1. Challenges of GR Development in ASEAN Countries

The study presented here stems from the phenomena of uneven development of GRs
in the ASEAN countries, even though the ASEAN region has potential topographical
characteristics for maximizing the benefits of green roofs. This is evident from the skewed
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distribution of the 70 GR research articles in ASEAN, Malaysia, and Singapore, which
accounted for more than half of the distribution with a total of 41 articles. (There were
28 articles for Malaysia and 13 articles for Singapore). This results Malaysia and Singapore’s
acceleration toward an advanced level of GRs.

Based on the inclusion criteria for a paper in the review, the evidence for the drivers in
ASEAN countries was limited to thirteen articles, which were dominated by Malaysia and
Singapore. To increase the level of development in each ASEAN country, it is suggested that
the other countries in ASEAN develop a proper technology regarding GR development. As
for studies in GR motivations, the 38 studies are significantly higher than for the other two
criteria, making the level of evidence pertaining to this service strong. To validate the bene-
fits of using GRs in ASEAN countries, research focusing on motivation appears to remain
popular. The research on barriers is also quite dominant, with 25 articles demonstrating
that the development of GRs in ASEAN countries still faces numerous obstacles.

The grouping of GR development levels is determined by a sequence of development
scenarios from Stage 1 to Stage 6 based on the 70 research papers gathered. An extensive
variety of papers, from analyzing urban issues to evaluating GRs, have been compiled.
In terms of Singapore and Malaysia, the GR performance evaluation articles reveal that
GR implementation has been accomplished and examined for quality (e.g., Azis et al. [72],
Hwang [98]). However, Malaysia also reported numerous barriers (Table 9). The commu-
nity’s reluctance to implement GRs is a result of the government’s lack of emphasis on their
widespread installation.

Thailand and the Philippines occupied Stage 5 despite having few research articles on
the development of GRs because the GR system has been implemented on the largest green
roof farm building in Thailand. In the Philippines, a comparative analysis of the quality
and prices of GR suppliers reveals that the market for GR suppliers in the Philippines
is competitive. However, the disparity in the government’s “Promotion” stage is still
relatively small. To accelerate development in Thailand and the Philippines, government
assistance such as guidebooks and regulations is necessary.

Indonesia and Vietnam are in Stage 3 of “GR Research and Development,” despite
the fact that Indonesia has quite a few articles containing sixteen study GRs. Indonesia
continues to struggle with benefit validation despite conducting a great deal of research on
the topic of motivation with nine studies, the majority of whose results were model-based.
This imbalance between model and actual survey results is shown in several parameters
of UHI effects (Section 3.2). In the meantime, the number of GR study articles in Vietnam
remains very low. In addition to a dearth of interest in using GRs and a lack of expertise,
the development of GRs in these two nations has stalled at Stage 3.

Brunei, Myanmar, Cambodia, and Laos have conducted limited research on GRs,
resulting in a low level of development in these four nations. In Brunei and Myanmar,
evaluation is still limited to barriers to the implementation of GRs. Laos has not conducted
any research on GRs, whereas Cambodia is still evaluating their ability to combat flooding.

Compared to all challenges, the challenge in ASEAN countries is clearly reported to
increase the interest of using GRs. This must also be supported by government regulations
that are still minimally implemented in ASEAN nations. In some instances, there is no
definitive standard for the development of GRs, so price fluctuations remain highly variable.
Several GR development alternatives are explained in Section 4.2.

4.2. Perspective and Future Needs of GR Development in ASEAN Countries

The literature review highlights some important findings of drivers where policy
pressure can increase green roof development level (this is the case reported, e.g., by
Ismail [28] and Fauzi [29]). Moreover, differences in Singapore’s and Malaysia’s rules
indicate that each nation’s regulations are created according to its own needs. It is important
to point out, ASEAN countries without the support of government regulations have
difficulty developing green roofs. The advancement of technology is an additional factor
that contributes to the development of GRs. However, through examining the reviews,




181

Sustainability 2023, 15,7714

21 0f26

just a limited source pertaining to advanced technology was discovered. This is also a
significant gap that makes it difficult for other countries outside of Singapore and Malaysia
to grow in GR development.

The present investigation on factors that motivate GR implementation in ASEAN
countries has been found up to ten in all ASEAN countries. Some of the aspects that can be
highlighted are:

- GRs can reduce energy consumption in buildings by up to 57%, reduce roof surface
temperatures when compared to bare roofs up to 23.8 °C, and reduce the room
temperature to 14 °C. It should be noted that heating load reductions can be influenced
by substrate [73], vegetation [76], and insulating material [81]. Some researchers
describe alternative material such as lightweight concrete deck that can improve GR
properties [40,51].

- GRs aid in water management, owing to their high water retention potential and
increased runoff quality. The application of GRs in ASEAN countries is highly appro-
priate due to the region’s abundant precipitation. GRs can control up to 98.8% of flood
water retention. However, the retention is high only for low- to moderate-intensity
rainfall. Countries with significant precipitation, such as the Philippines, are highly
interested in GR water management research (e.g., as described in the case reported
by Orozco [36]). The use of hydrogel to increase water retention on the substrate is an
interesting innovation to be developed (from research by Asinas [57]). Other countries
with heavy precipitation, such as Indonesia, are encouraged to conduct studies on the
water management of GRs.

- The present review study also signals biodiversity, which is the fact that GRs can
promote urban biodiversity and enhanced habitat connectivity between flora and
fauna as was shown in research in Singapore [113]. A habitat is created from many
environmental factors. We found no literature on biodiversity in other ASEAN na-
tions during our search. We need further research on the effect of environment and
topography on the biodiversity of the GR.

However, the study of GR barriers in ASEAN countries is particularly prominent.
Of the 70 studies in the literature, 25 studies on the barriers of GRs in ASEAN countries
were majorly discussed in Section 4.2. All barriers can be overcome by conducting and
developing more research on the drivers. Several prospective research recommendations
on the topic of drivers are as follows:

1. Investigating alternative materials that can enhance the efficacy of GRs and reduce
installation costs.

2. Developing intelligent technology that can expedite the retrieval of GR data in order
to accelerate the pre-development, construction, and maintenance processes.

3. Planning guidelines and economic schemes that can be referred to in the future when
creating government regulations.

4. Conducting research on the benefits of GRs at each city scale (e.g., residential buildings,
commercial buildings, and high-rise buildings) to educate users on the advantages of
GR use.

5. At this time, numerous diverse data can be suggested for calculating the mean and
median value for each parameter. Due to the heterogeneity of the parameters in
the calculated studies, it was deemed statistically invalid to compute such values.
Evaluation of performance can serve as an indicator for evaluating the performance
of green roofs in ASEAN countries.

5. Conclusions

This study systematically reviewed the recent literature to identify the current devel-
opment of green roofs in ASEAN countries.

According to our findings, GRs give multiple benefits to both users and the ecosystem.
GRs effectiveness is influenced by many factors such as the weather and the location of
ASEAN nations that is ideal for optimizing the properties of GRs.
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However, a review of the literature on GR research in ASEAN countries revealed
that the level of development of GRs in ASEAN countries is not evenly distributed. Most
notably, the key challenges are similar, because of a lack of supporting regulations, lack
of expertise in green roofs, and expensive installation prices. Regulatory concerns, in the
opinion of the present authors, must be issued through the governments’ technical authority
so that they have the capacity and legal basis. While the regulations are being finalized, the
development of green roof technology in accordance with the climate features of ASEAN
countries must be prioritized by implementing the appropriate green roof technology, so
the installation costs for building GRs can be decreased.

The scientific potential of the present work is that it allows us to understand the
specific beneficial performance of green roofs in ASEAN countries and propose a future
strategy to overcome the barriers. Increased public awareness is expected to increase the
ASEAN region’s GR level in the long term.
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ABSTRACT: In the pursuit of energy-efficient building designs, understanding the Roof Thermal Transfer Value (RTTV) is pivotal,
especially in the context of green roof systems. This research conducts a comprehensive comparative analysis of RTTV across various
roof types, emphasizing the significance of green roofs in mitigating thermal transfer. The study systematically investigates clay roofs,
galvanized iron roof, concrete roof, lightweight cellular concrete roof, and green roof system by exploring their respective RTTV
performances under virtual calculation model.

Furthermore, the green roofs to be used in this study will be integrated with lightweight cellular concrete. This combination of systems
is expected to enhance the performance of the green roof following the recommendations outlined in the FLL guidelines 2018.

Through rigorous experimentation and calculation modelling, this research quantifies the impact of roof material, insulation, and
vegetative cover on RTTV. The results provide a nuanced understanding of how different roofing systems influence the thermal
properties of buildings. Specifically, the study highlights the substantial reduction in thermal transfer offered by green roofs,
emphasizing their role as superior insulators compared to conventional and green roofs.

KEYWORDS: lightweight cellular concrete, green roofs, energy efficiency, sustainability
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1. Introduction

In the relentless pursuit of sustainable urban
development, the integration of environmentally
conscious technologies into a building has become
pivotal. It is observed that 20% - 40% of energy
consumption is based on buildings, especially on the
cooling load [1]. Thailand, located in a tropical
region characterized by consistently high
temperatures, is very considered about energy
regulation. It is shown that Thailand’s government
has issued Ministerial regulations on building
envelopes by selecting a method to reduce the
Overall Thermal Transfer Value (OTTV) and Roof
Thermal Transfer Value (RTTV) as an important
strategy [2].

The major reason for the cooling load is heat
transfer through the building envelope, in particular
the roof by approximately 60% of heat gain transfer
[3]. However, the fact in urban buildings relies on
that many buildings still do not consider this issue,
such as using non-thermal resistance roof materials
such as metal sheet roofing due to their affordable
price. the heat conduction implications of these
materials are resulting in elevated indoor
temperatures that necessitate increased reliance on
cooling systems.

Among these solutions, green roofs have emerged
as a promising strategy to mitigate the adverse
effects of urban development on the environment.
Green roofs offer a natural and sustainable way to
cover building envelopes with vegetation to bring
multiple benefits to urban life. Moreover, Green
roofs limit heat transfer through building roofs by
around 80% in the summer [4]. It is observed that
green roofs on buildings are not widely used in
Thailand due to the high cost of heavy structure and
layer installation, as well as the maintenance costs
[5]. In this study, the author refers to a green roof
that was integrated with lightweight cellular
concrete (GR-LCC). The use of lightweight cellular
concrete innovation on green roofs can overcome
factors inhibiting the application of green roofs in
Thailand.

Therefore, this study is proposed to assess the
suitability of several roofing materials commonly
used in buildings in Thailand and their effectiveness
in reducing energy in buildings in Thailand by
calculating the RTTV value. By calculating the
RTTV value in the building design process, we can

predict the suitability of the building to create a
sustainable green environment.

2. Material and Methods

This study uses a virtual roof model with
dimensions of 100 x 100 cm. Fig. 1 shows the
variable of roof type studied, or in detail as follows:

- Clay roof (CR)

- Galvanized iron (GI)

- Concrete slab (CON)

- Lightweight cellular concrete slab (LCC)

- Green roof + lightweight cellular concrete

(GR-LCC)

(b) (c)

(d)

Fig.1. Virtual roof model, a) clay roof, b) galvanized
iron, c) concrete slab, d) lightweight cellular concrete
slab, and e) green roof lightweight cellular concrete.

Various RTTV values from virtual roof models
will be calculated by the formula as shown in Eq.

.

RTTV = (Ar. Ur.TDeq) + (As. Us. AT) +(As. SC. SF)
Ao
M
RTITV  =Roof Thermal Transfer Value (W/m?)
Ar = Opaque roof area (m’)
Ur = Thermal transmittance of Ar (W/m’K)
TDeq = Equivalent temperature difference (K), Ex. (10 K)
As = Skylight area (m?)
Us = Thermal transmittance of skylight area (W/m?)
AT = the temperature difference between exterior and
interior design conditions (5 K)
SC = Shading coefficient of skylight
SF = Solar factor (W/m?)
Ao = Gross roof area (m?), where Ao = Ar + As
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The RTTV value is influenced by the properties Measurements use a thermal type (T) sensor
of the material, especially the thermal conductivity from the National Instrument as shown in Fig. 3.
(K) and the thickness of the material (7). Table 1 Measurements were carried out for 3 days to
describes the properties of data and the calculation determine the estimated variations in outdoor and
of the thermal transmittance (Ur). indoor temperature differences at 06.00, 09.00,

Table 1 Roof material properties 12.00, 15.00, and 18.00.

) Thick- Thetmal_ ) 'Ihe_rmal U Value
Material Conductivity | Resistance | (W/m2K)
ness (m) (W/nK) (m2l/W)
CR 0.100 0.85 0.118 85
GI 0.015 5.60 0.003 3733
CON 0.150 1.30 0.115 8.7
LCcC 0.150 0.54 0.278 3.6
0.075 0.10 0.750
GR-LCC 0.075 0.54 0.139 1.1
0.015 3.60 0.003 Fig.3. Instrument of temperature measurement
*GR-LCC layers consist of GI, LCC and GR
Source : [1], [6], [7] Lastly, after getting the RTTV value from a room
with a GR-LCC roof, a calculation simulation is
_ The relation of thermal transmittance (R) is carried out by substituting the calculation with
described in Eq. 2. another roof type. The RTTV value from the
simulation calculations for various types of roofs
Roof U Value = 1; will be calculated entirely using OTTV on 4 sides
of the building envelope. Therefore, the efficiency
2 value of RTTV is more visible, the OTTV value will
be defaulted to 30 W/m?2 according to the maximum
After obtaining the relative RTTV values for limit for environmentally friendly OTTV set by the
each model, the study continued with simulation Thai government [2].

calculations and onsite measurements in a room
with GR-LCC roof types of 4 x 2.5 meters in . .
Nakhon Ratchasima, Thailand as shown in Fig 2. 3. Results and Discussions

3.1. RTTV calculation on various roof materials

~———+ Green Roof System

—1cc I Table 2 shows the RTTV calculation of various
roof types on virtual model 1.00 x 1.00 m. The
RTTV calculation will uncount the skylight value
because the roof study currently selected is a fully

solid roof.
Table 2 RTTV of selected roof materials
Solid Roof Total
Material RTTV
Ar ur TDeq (W/md)
CR 1 8.5 10 85
i GI 1 3733 10 3733
Qs A o, @ L, @ o CON 1 87 10 87
. ) LcC 1 36 10 36
Fig.2. Actual temperature measurement of GR-LCC in T i T 7 7
Nakhon Ratchasima, Thailand - :
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Based on the RTTV standard recommended by
the government of 25 W/m?, only GR-LCC material
has a high effectiveness value and passed the
standard. Apart from that, the use of GI in buildings
has a very high RTTV value. High RTTV will
burden the cooling load and impact the building's
energy consumption, especially during the daytime.
The use of additional heat-resistant layers can be an
alternative to reduce the RTTV value.

3.2. Actual Temperature Measurement

Fig. 4 describes the result of actual temperature
measurement for 3 days testing on the room areas
10 m? (4 x 2.5 m). The use of GR-LCC in buildings
can maintain indoor temperatures cooler than
outside temperatures. However, at nighttime, the
absorbed thermal energy remains stored in the
material where the room will be warmer than the
outside temperatures.

3 Days Actual Test GR-LCC

Fig.4. Actual Temperature Test of GR-LCC

The performance of GR-LCC in maintaining
room temperature is fabulous. In 3 days of
sampling, the highest room temperature point was
32°C. When compared with a similar study [1],
rooms with CR, GI, and CON roofs have higher
room temperatures, which on 35°C, 42°C, and
38°C, respectively.

Table 3 explains the ability of GR-LCC to
withstand thermal transfer into the building. The
effectiveness of GR-LCC works optimally during
daytime. It is shown based on the times of 9.00,
12.00, and 15.00, the average temperature
difference between the outside and inside
temperature is on positive value. By using the GR-
LCC roofing, energy use for the cooling load
becomes more efficient.

Table 3 Effectiveness of GR-LCC on Daytime

o [ (B [ w5
Time 06.00

Day 1 26.39 29.29 -2.89

Day 2 26.22 29.01 -2.79 | -2.85°C
Day 3 26.41 29.28 -2.87

Time 09.00

Day 1 30.40 29.74 0.66

Day 2 28.05 29.38 -1.34 | 091°C
Day 3 30.06 29.34 0.71

Time 12.00

Day 1 33.14 31.07 2.07

Day 2 31.90 30.52 1.38 | 0.82°C
Day 3 29.46 30.43 -0.97

Time 15.00

Day 1 33.78 31.84 1.94

Day 2 31.02 31.46 -0.44 12€¢
Day 3 33.25 31.75 1.50

Time 18.00

Day 1 28.86 31.68 -2.82

Day 2 27.31 30.47 -3.16 | -2.59°C
Day 3 29.71 31.52 -1.81

* Average +, Indoor temperature is cooler
* Average -, Indoor temperature is warmer

3.3. Efficiency RTTV of various roof materials on
buildings

The assessment of the effectiveness of RTTV
cannot simply be done by comparing the value of
one roof with another. RTTV calculations must be
combined with OTTV calculations on all four sides
of the building envelopes.

The authors wuse RTTV effectiveness
calculations with the same room area in the actual
GR-LCC temperature test and simulate the room
area using other roof types.

GR-LCC has an effectiveness of 19%, the
highest in reducing energy use in buildings as
shown in Table 4. Meanwhile, the use of GI causes
energy waste that is 10x that of general clay roofs.

Table 4 Efficiency of Roof Materials on the
Building Energy Calculation
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: Area & - Total Efficiency
Material | o | OTTV | RTTV | ooy %)
CR 85 39 0%
GI 3733 403 -948 %
CON 10 30 87 39 0%
LCC 36 34 13%
GR-LCC 11 31 19 %

*CR 1s referred to be a control material

4. Conclusions

The proposed research approach can help us in
quantifying the efficiency of RTTV, especially the
green roof system. As it is known, even though
green roofs have the best effectiveness in reducing
energy in buildings. Green roofs are still not widely
known in Thailand. Through this research, the
author encourages to promotion of a green roof
system combined with lightweight cellular concrete
as a solution to building energy problems in
Thailand.

Apart from that, several important conclusions
that can be obtained from this study include:

« The RTTV value is influenced by the thermal
resistance value and the thickness of the material
used. A combination of heat-retaining materials can
be an option to increase thermal resistance
performance.

* GR-LCC 1is very effective in preventing
thermal transfer during the daytime approximately
reducing the room temperature by 2°C cooler than
room temperature.

+ The effectiveness of GR-LCC in reducing
energy consumption in buildings is very efficient
with an efficiency value of 19%.

« Although the use of GI roofs is very common
because of their affordable price and easy
installation, it has an energy load impact that is 10
times greater than clay roofs or concrete roofs.
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Abstract. As the world seeks innovative solutions to address the urgent challenges of climate change
and resource depletion, the integration of sustainable practices in the construction industry is of
paramount importance. This manuscript explores the role of energy efficiency in the utilization of
ightweight cellular concrete (LCC) in green roofs. Green roofs have emerged as a promising strategy
for mitigating the heat transfer impacts in buildings. However, conventional green roofs face limitations
in Thailand. The introduction of LCC in green roofs offers a new solution. This study investigates the
energy performance assessment by calculating the thermal transfer of material by using Roof Thermal
Transfer Value (RTTV), obtaining temperature data from open-air experiments, and comparing the
cooling load estimation. The study shows that LCC material contributes to energy savings in buildings
up to 58.35 % compared with concrete roofs. When LCC is integrated with a green roof system, its
efficiency is further enhanced up to 86.26 %. While the efficiency level of LCC green roofs is marginally
behind that of conventional green roofs, the utilization of LCC in green roof installations yields notable
advantages. These include cost savings attributed to its lightweight materials, reduced installation
expenses, and simplified maintenance requirements. The incorporation of LCC in green roof
constructions not only fosters energy conservation but also offers practical benefits that make it a cost-
effective and sustainable option for urban development initiatives, especially in Thailand.

Keywords: lightweight cellular concrete, green roofs, energy efficiency, sustainability

1. Introduction

The government continues to strive for the development of energy-efficient buildings
to achieve the global goals of SDG on year of 2030, particularly in addressing the issue of
sustainable cities and communities (Kufeoglu, 2022). The rising temperature of the earth has
led to an increased demand for cooling loads in buildings. It is observed that between 20% to
40% of energy consumption in buildings is used for cooling loads (Joshi, 2020). Thailand,
located in a tropical region characterized by persistently high temperatures, prioritizes energy
regulation by establishing benchmarks on building energy values, as an assessment using the
Roof Thermal Transfer Value (RTTV) standards for assesing roof performance (Singhpoo et
al., 2015). The utilization of energy-efficient roof is strongly recommended as a means to
mitigate cooling loads.

Among these green innovations, green roofs stand out as multifaceted solutions,
offering benefits ranging from energy conservation, stormwater management, and to
biodiversity conservation (D’Orazio et al., 2012). Parizotto, et al. studied the green roof thermal
performance of an experimental single-family residence in Florianopolis, SC, Brazil. In his
studies during the warm period, the green roof reduced heat gain by 92% and 97% in
comparison to ceramic and metallic roofs, respectively (Parizotto and Lamberts, 2011). In a
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study in Malaysia, the results showed that internal surface temperature of the green roof model
is considerably smaller at peak with 10.2 °C of temperature differences on average compared
to the non-green roof model (Munir and Afifuddin, 2020). Several studies above show that
green roofs have an important role in building efficiency. However, the adoption of green roofs
on buildings in Thailand remains relatively uncommon, primarily due to the high costs
associated with heavy structure and layer installation, as well as maintenance costs (Pratama et
al., 2023). In this study, the author refers to a green roof that was integrated with lightweight
cellular concrete (GR-LCC). The main advantages of LCC compared to conventional concrete
are weight reduction up to 80%; excellent acoustic and thermal isolation; high resistance to fire;
lower costs in raw materials, easier pumping and application (Chica and Alzate, 2019). The use
of LCC innovation on green roofs can overcome factors inhibiting the application of green roofs
in Thailand.

Therefore, this study is proposed to observe the performance of four roof types, concrete
roof, LCC roof, GR-Concrete, and GR-LCC. Comparisons through RTTV calculations, data
collection through open air experiments, and cooling load estimation calculations will provide
an overview of the relationship between the efficiency levels of the various types of roofs
studied.

2. Material and Methods
2.1. Lightweight Cellular Concrete for Green Roof

The lightweight cellular concrete material that will be used to develop on green roofs is
LCC 1,200 kg/m? in accordance with recommendations in previous studies. LCC density 1,200
kg/m? has water absorption performance at 11.86%, thermal conductivity at 0.54 W/mK, and
compressive strength at 4.8 MPa (Pratama et al., 2022).

The LCC composition consists of Portland cement type-I, fine sand, water, and foam
agent following the requirements of ASTM C150 with the water-to-cement ratio (w/c= 0.5).
The SUT V2.1 foam agent (Suranaree University of Technology foam agent version 2.1) will
be used for this GR-LCC development since the foam agent is made by natural protein and
related to green environmental issues with a pH of 8.55, SG of 1-1.05, and foam density of 40-
60 kg/m* (Chapirom et al., 2019). The LCC mortar was molded in a square 1.00 x 1.00 x 0.075
m as a base deck for growing a green roof. In addition, the normal concrete roof will also be
molded as a control sample.
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Figure 1. (a) LCC Mixing Process; (b) LCC base for green roof; and (c) Concrete base for geen roof
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2.2. Characteristics of the Experimental Box

Models of the experimental boxes were made in four stands, with one prepared as a
Concrete roof (as a control sample), LCC roof, GR-Concrete, and GR-LCC (Figure 2). The
dimensions of all stands were 1.00 x 1.00 mx 1.00 m.
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Figure 2. Roof experimental boxes for oncrete roof, LCC roof, GR-Concrete, and GR-LCC

The construction of each box is made from a reinforcing iron structure covered by a
wooden base and styrofoam board insulation on every side except the top side. The top side can
be installed with roof materials that will be researched and can be replaced. The styrofoam
board provides thermal insulation for the wall and the floor so that the heat flows to/from the
room mainly through the top side. Based on this assumption, the heat flow rate value through
the roof into the room and the temperature changes will express the thermal performance of
each building model. The single layer green roof is constructed above the roof deck in
accordance with FLL guidelines as shown in Table 1 (Losken et al., 2018).

Table 1. Characteristics of the roof experi 1 box
| _Abbreviated Name | Concrete Roof |  LCC Roof | GR-Concrete GR-LCC
Extensive Vegetation, None None Zoysia grass mat Zoysia grass mat
2.5 cm thick |
Extensive Substrate, None None Mixture of fine Mixture of fine
75cmthick | i N | | sand and compost | sand and compost |
Drainage Layer None [ None Drainage geotextile A pipe-wrapped
/- ' mat, 2 cm thick | geotextile mat |
Base Concrete, Density | LCC,Density of Concrete, Density LCC, Density of
0f2,400 kgm® | 1,200 kg/m? of 2,400 kg/m? 1,200 kg/m?
Room Test ‘Wooden base and styrofoam board insulation,

100x 100 x 100 cm

2.3. Parameters Analysis of Conventional Roofs and Green Roofs

The objective of this study is to evaluate the energy efficiency of four types of roofs.
The comparison started by calculating RTTV calculation of experimental roof boxes. Various
RTTV values from experimental roof boxes will be calculated by the formula as shown in Eq.
1

(Ar. Ur. TDeq) + (Ag. Ug. AT) + (Ag. SC. SF)

e (Y]

RTTV =
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RTTV = Overall/Roof Thermal Transfer Value (W/m?)

Afroop) = Opaque wall/roof area (m?)

Utroop = Thermal transmittance of 47 (W/m?K)

TDeq = Equivalent temperature difference (K), Ex. (10 K)

Alglass) = Glassing area (m?)

Ulglass) = Thermal transmittance of glassing area (W/m?)

AT = The temperature difference between exterior and interior design conditions
(5K)

SC = Shading coefficient of glassing

SF = Solar factor (W/m?)

Atora) = Gross wall/roof area (m?), where At = Ao + Ag

The RTTV calculations in this study will be calculated excluding the glassing
calculation due to all surface is an opaque surfaces. The thermal transfer value in buildings is
influenced by the use of the type of material which is described as the thermal transmittance
value (Uo), described in Eq. 2

1 t
U Value = —,whereR = — 2)
R K

R = Thermal resistance (in’k/W)
K = Thermal conductivity of material (W/m.K)
t = Thickness of material (m)

Table 2 describes the properties of data and the calculation of the thermal transmittance
(Uo) onroof as a factor to calculate the RTTV.

Table 2. U-value calculation of material surfaces

Material Thermal Thermal U Value
Surfaces Configurati Thickness (m) Conductivity Resistance (W/m’K)
o WmK) (m2/W)
Concrete Roof | Normal Concrete 0.075 1.40 0.05 18.67
Normal Concrete 0.075 1.40 0.05
Drainage Layer 0.020 0.04 0.50
GR-Concrete 135
Substrate 0.050 0.30 0.17
Vegetation 0.025 1.10 0.02
LCC Roof LCC 1200 kg/m? 0.075 0.54 0.14 7.20
LCC 1200 kg/m® 0.075 0.54 0.14
GR-LCC Substrate 0.050 0.30 0.17 3.05
Vegetation 0.025 1.10 0.02

*GR-LCC will not calculate the drainage pipe due to uncovered a whole surface
Source : (Asadi et al., 2018), (Yaghoobian et al., 2010), and (Scape, 2019)

The calculation of RTTV value from the experimental test boxes will be calculated to
obtain the data of thermal transfer of the test boxes influenced by various of roof types. The
study will continue to compare the temperature profiles between the four various roof types
which were performed during the period of February 2024 for 3 days along. The test boxes
located at Suranaree University of Technology, Thailand (33° 55' 56.028" S 18° 38' 23.46" E).
The change in the temperature of every layer on each roof types was carried out. The
enviromental factors (i.e. air temperature, air humidity) were measured using outdoor
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temperature and humidity sensor Modela AM2306 (RH accuracy = 2%, Temperature accuracy
+ 0.3 °C). The soil temperature and humidity were measured using a needle probe sensor
Modela SFP001 (RH accuracy + 2%, Temperature accuracy + 0.5 °C) . The probes were placed
horizontally at each of the depths. The outdoor and indoor roof deck surfaces were measured
using thermal type (T) sensor from the National Instruments. Indoor temperatures and its
humidity were measured using hanging temperature and humidity sensor Modela AM2305 (RH
accuracy + 2%, Temperature accuracy + 0.3 °C). Fig 3 summarize the details of measurement
items and measurement points.

==-=» To, Ro, Outdoor temperature and humidity

-—-» Ts, R, Soil temperature and humidity
--=% Tmat-o, Outdoor surface temperature
-4 Tmat-i, Indoor surface temperature

@---> Ti, B, Indoor temperature and humidity

a
Figure 3. (a) Croos section of sensor instalation; (b) concrete roof & LCC roof experimental; and
(c) GR-Concrete and GR-LCC experimental

The test box will be exposed to an open ambient environment with direct sunlight, the
data logger recorded the data in 10 minutes intervals for 3 day's experiment to observe thermal
responses of the models continually. The experiment took place in the inner court of a building
where direct sunlight was available during the days. Only the direct sunlight of early morning
at 6.00 am until late afternoon at 6.00 pm. The temperature gradient analysis will be available
through this data collection. The difference in indoor temperature obtained from research data
will be used to calculate the cooling load.

Cooling load is the rate at which a cooling system or process must remove heat from a
conditioned zone to maintain it at a constant dry bulb temperature and humidity. The calculation
methods using the cooling load temperature difference effects from the heat loads of surface
materials following the reccomendation method of ASHRAE (Hashim et al., 2018). The
calculation cooling load will be calculated by the formula as shown in Eq. 3.

Q =U.A.(To — Ti). 24

3)
0] = Watt hours / per day heat load (Wh)
U = U insulation value of sandwich panel (W / m?.K)
A = Surface area of ceiling, wall, and floor(in®)
Ti = Air temperature inside the room (°C)
To = Ambient temperature (°C)
24 =Hours in a day

This load calculation will bring to an understanding of the cooling load energy
efficiency in every 3 hours interval in daytime started from 6.00 am to 18.00 pm.
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3. Results and Discussion
3.1 RTTV calculation on various roof types

Table 3 shows the RTTV calculation of various roof types on experimental roof box
1.00 x 1.00 x 1.00 m. The calculation will uncount the glassing value because the roof of
selected study are fully opaque.

Table 3. OTTV and RTTV calculation

Solid Roof Total
Standard RTTV
Material RTTV -
Ar ur TDeq (10 - 15 W/m?)
(W)
Concrete Roof 1 18.67 10 187 X
LCC Roof 1 7.20 10 72 X
GR-Concrete 1 1.35 10 14 v
GR-LCC 1 3.05 10 31 X

According to the RTTV standard recommended by the government of 10 - 15 W/m?
(Chirarattananon et al., 2007). It is observed that only GR-Concrete comply the prescribed
standard. Concrete roofs, LCC roofs fail to meet the standards due to their propensity for rapid
heat conduction. GR-LCC does not yet meet RTTV standards, but it can be seen that there is
significant potential for reducing the thermal transfer value of GR-LCC. Next step, various
roofs will be placed in an open air for temperature measurements.

3.2 Open-air temperature test

Figure 4 shows the indoor temperature on 4 different types of roof compared to the
outside room temperature.

S0 =

+ A
=3 by
L s

TEMPERATURE (°C)
¢ W
'

TIME
Ti.LCC Roof

= Outdoor Temperature Ti. Concrete Roof Ti, GR-Concrete Ti. GR-LCC

Figure 4. Indoor temperature in 3 days measurement compared to outdoor temperature.

The graph above illustrates that rooms without green roofs reveal higher temperatures
compared to those with green roofs, with a temperature variance ranging from 0.5 - 6 °C. Within
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the category of non-green roofs, it is discernible that LCC roof tend to maintain slightly lower
temperatures than concrete roof. This observation is consistent with the thermal conductivity
values, wherein LCC demonstrates lower conductivity than concrete. Notably, the temperature
contrast becomes particularly evident around midday, coinciding with peak outdoor
temperatures, as room temperatures under LCC roofs consistently remain below those under
concrete roofs. The maximum temperature divergence between concrete and LCC roofs is
approximately 2 °C.

In contrast, when comparing different types of green roofs, it becomes evident that green
roofs with a concrete base show slightly lower room temperatures compared to those with an
LCC base. This can be indicated by the plastic drainage layer, which has a propensity to retain
heat from the ground due to its plastic material. The maximum indoor temperature differential
between green roofs with concrete and LCC bases is approximately 1 °C.
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Figure 5. Indoor temperature in 3 days measurement compared to outdoor temperature.

Furthermore, Figure 5 above depicts the temperature gradients of four distinct roof
types, delineated through measurements obtained from sensors embedded within each layer.
These measurements are captured at 3-hour intervals, affording a comprehensive depiction of
temperature fluctuations across various layers of the roofs under examination. The two models
exhibit contrasting responses to varying environmental conditions. During the morning period,
prior to direct exposure to sunlight, the temperature of the green roof system surpasses that of
the non-green roof models. Subsequently, as direct solar heat is absorbed until noon, the indoor
air temperature escalates, leading to heat transmission from the indoor air to the roof.
Consequently, the internal surface temperature surpasses that of the external surface of the
panel. In contrast, for the base model, temperature gradients at 12:00 and 16:00 signify the
accumulation of heat traversing through the roof, resulting in the surface temperature reaching
its zenith within daily temperature fluctuations. This observation further highlights that the
majority of heat gain occurs through the roof rather than the wall. These findings underscore
the efficacy of green roofs in mitigating the heat load attributable to solar radiation during
daylight hours.
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3.3 Cooling Load Estimation

Room temperature significantly influences electrical energy consumption, particularly
in relation to cooling load. To standardize room temperature data for each roof type,
adjustments will be made to maintain a consistent temperature of 24 °C. These calculations
refer to Formula 3. An exemplification of the cooling load calculation for an LCC green roof is
presented in Table 4.

Table 4. Cooling load calculation for GR-LCC

U Value Surface Indoor Condition Temperature ‘Watt Hours Cooling
Time 5 Area Temp Temp C(;n;':;?:n Load

Wm'K) A (m2) To (°C) Ti (°C) AT (°C) interval Q (Wh)
06.00 — 09.00 3.05 1 244 24 04 3 3.7
09.00 — 12.00 3.05 1 26.33 24 233 3 213
12.00 — 15.00 3.05 1 33.01 24 9.01 3 824
15.00 — 18.00 3.05 1 36.07 24 12.07 3 110.4
GR-LCC Cooling load over 12 hours daytime 217.9

*Wh = Watt hours

In the process of calculating cooling loads, disparities in material U Value and
temperature deviations emerge as principal determinants. In the case of the LCC green roof
calculation example, the morning temperature differential stands at a mere 0.4 °C, resulting in
a minimal energy consumption of 3.7 Wh over a 3-hour interval. Conversely, during the period
between 15:00 and 18:00, characterized by the highest temperature disparity peaking at 12.07
°C, the reference room, spanning an area of 1 m?, consumes 110.4 Wh of electricity in the
afternoon.

Table 5 shows the electricity consumption in room with various roof types at 3-hour
intervals, over a 12-hour calculation period, offering insights into the efficacy of each roof type.
Utilizing the LCC roof type demonstrates an energy-saving effectiveness of up to 58.35%, it
caused by its low U Value, which impacts on energy conservation.

The maximum of savings potential is realized through the implementation of green
roofs. Notably, the green roof concrete obtains the highest level of efficiency, with a 94.05%
energy conservation rate compared to conventional concrete roofs. It slightly followed by the
LCC green roof which achieves an efficiency level of 86.26%.

Table 5. Estimasi effisiensi cooling load

Time Consumption ChetEh BE (Vh)
Concrete Roof LCC Roof GR-Concrete GR-LCC
06.00 - 09.00 0 0 4 4
09.00 - 12.00 10 29 11 21
12.00 - 15.00 667 275 34 82
15.00 - 18.00 909 356 46 110
Total cooling load / m* 1585 660 94 218
Average colling per hours 132 55 8 18
Efficiency 0.00% 58.35% 94.05% 86.26%

*Wh = Watt hours
4. Conclusions
The proposed research approach help us in quantifying the efficiency energy by

calculating the RTTV, measuring the temperature difference, and calculating the cooling load
beetween non-green roof (Concrete roof, LCC roof) and green roof (GR-Concrete, GR-LCC).
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As it is shown in results, green roofs have an effectiveness in reducing energy consumption.
The research highlight the efficiency of the two green roof investigated, particularly GR-
Concrete, which widely commercialized. Despite their efficiency, GR-Concrete face limited
adoption in Thailand owing to factors such as high installation costs, the weight of materials,
and challenging maintenance requirements.

In this context, GR-LCC emerges as a viable alternative, offering several advantages.
Characterized by lighter materials and simplified installation procedures, GR-LCC not only
reduces costs but also ensures ease of maintenance. Furthermore, while its efficiency is not
quite different than the GR-LCC (94.05% and 86.26% respectively), making it a pragmatic
choice for applying GR-LCC as a green roof alternatives in Thailand. Through this research,
the author encourages to promotion of a green roof system combined with lightweight cellular
concrete as a solution to building energy problems in Thailand.
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