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คำสำคัญ : หลังคาเขียว คอนกรีตมวลเบา ความยั่งยืน วัสดุก่อสร้าง 
 

หลังคาเขียว (Green Roofs: GR) ยังไม่เป็นที่แพร่หลายในประเทศไทย เนื่องจากขั้นตอน
การก่อสร้างที่ซับซ้อน และส่วนใหญ่ชั้นฐานรองรับวัสดุหลังคาเขียว ใช้คอนกรีตทั่วไป  (Normal 
Concrete: NC) เป็น โครงสร้างรับน้ำหนัก ส่งผลให้โครงสร้างหลังคาเขียวมี น้ำหนักและค่า
สัมประสิทธิ์การนำความร้อน ที่สูง จากผลงานวิจัยนี้ได้นำเสนอเทคนิคการก่อสร้างหลังคาเขียวแบบ
ใหม่ โดยใช้ คอนกรีตมวลเบาแบบเติมฟองอากาศ (Lightweight Cellular Concrete: LCC) เป็น
ฐานรองรับวัสดุหลังคาเขียว คอนกรีตมวลเบานี้เป็นชนิดแบบไม่รับน้ำหนัก     

ได้ทำการศึกษาคุณสมบัติทางกล คอนกรีตมวลเบาแบบเติมฟองอากาศ ความหนาแน่น 
1200 (LCC 12) และ LCC 1400 (LCC 14) กิโลกรัมต่อลูกบาศก์เมตร  มีผลการทดสอบสอดคล้อง
ตามมาตรฐาน ACI และค่าสัมประสิทธิ์ในการนำความร้อน  (Thermal Conductivity: k) เท่ากับ  
0.40 และ 0.65 วัตต์ต่อเมตร เคลวิน  ตามลำดับ และมีค่าต่ำกว่า NC  จากผลการทดสอบ LCC มาใช้
เป็นฐานรองรับวัสดุหลังคาเขียว (Green Roof Lightweight Cellular Concrete: GR-LCC) ของ 
GR-LCC 12 มีประสิทธิภาพที่ช่วยลดอุณหภูมิภายนอกและภายในแตกต่างกันในช่วง 4.62 - 11.34 
°C และการถ่ายเทความร้อน (Thermal Transfer Value: Q) ต่ำที่สุด เท่ากับ 0.69 วัตต์ต่อตาราง
เมตร เมื่อเปรียบเทียบกับหลังคาเขียวทีใช้ฐานรองรับ LCC 14 และ NC 

ค่าสัมประสิทธิ์ในการนำความร้อน  LCC 12 ได้รับอิทธิพลจากปริมาตรฟองอากาศ LCC ทำ
ให้เกิด รูพรุนอากาศภายในเนื้อวัสดุ ได้ทำการวิเคราะห์ด้วยวิธี Synchrotron Radiation X-ray 
Tomography Microscopy (SRXTM) พบว่าปริมาตรฟองอากาศ  LCC 12 เท่ากับ ร้อยละ 39.74 
ของปริมาตร สูงกว่า LCC 14 คุณลักษณะ รูพรุนอากาศ มีรูปร่างค่อนข้างกลม ไม่ต่อเนื่องกัน (Close 
Cell) และกระจายตัว รูพรุนอากาศ ทำให้มีความเป็นฉนวนภายใน LCC ช่วยขัดขวางการแผ่ความ
ร้อน จากการออกแบบสัดส่วนผสม (Mix Design) LCC 12 กำหนดปริมาตรฟองอากาศ ไว้ที่ ร้อยละ 
45 ของปริมาตร จากการวิเคราะห์ด้วยวิธี SRXTM และโปรแกรม OCTOPUS พบว่า ปริมาณรูพรุน
อากาศมีค่าเท่ากับ ร้อยละ 39.74 และมีฟองอากาศ ขนาดเส้นผ่านศูนย์กลาง 147 – 264 µm (ช่วง 
D50 ถึง D90) สอดคล้องกับมาตรฐาน ACI ที่กำหนดไว้ จากงานวิจัยดังกล่าวได้นำ LCC 12 ไป
ทดสอบในสถานที่ก่อสร้างจริง พบว่าสามารถนำมาประยุกต์ใช้เป็นเทคนิคในหลังคาเขียวได้ ช่วยลด
ขั้นตอน น้ำหนัก และมีคุณสมบัติสัมประสิทธิ์การนำความร้อนต่ำ มีความแข็งแรง ดูดซึมน้ำต่ำ แต่การ
นำ LCC มาใช้ ต้องพิจารณา ความหนาแน่นแห้ง , ขนาดเส้นผ่านศูนย์กลางฟองอากาศ , ปริมาตร
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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/m³ (LCC 12) and 1400 kg/m³ (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/m² 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 µm (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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CHAPTER I 

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., 
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2023). Therefore, developing material innovation to promote green roofs in Southeast 
Asia, especially Thailand, is essential. 

Chica and Alzate (2019) described lightweight cellular concrete (LCC) as 
lightweight concrete with a density ranging from 300 – 1,800 kg/m3, 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? 
1.2.2 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. 
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1.5 Scope of Research 
1.5.1 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. 

1.5.2 The research used the LCC in various densities range 1000 – 1800 kg/m3, 
consisting of: 
1) LCC density 1000 kg/m3 (LCC 10) 
2) LCC density 1200 kg/m3 (LCC 12) 
3) LCC density 1400 kg/m3 (LCC 14) 
4) LCC density 1600 kg/m3 (LCC 16) 
5) LCC density 1800 kg/m3 (LCC 18) 

1.5.3 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 cracking. 

1.5.4 The test of physical properties LCC: 
1) Compressive Strength  
2) Dry Density 
3) Water Absorption 
4) Thermal Conductivity 
5) Flexural Strength 
6) Tensile Strength 
7) Elastic Modulus 

1.5.5 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 
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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) 
3) Green Roof LCC 1200 (GR-LCC 12) 
4) Green Roof LCC 1400 (GR-LCC 14) 

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 I is the introduction part that presents the objective and scope of the 
study. 

Chapter II 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 III 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. 
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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. 
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CHAPTER II 

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.  

 

.  

 

 

 

 

 

 

 

 

 
Figure 2.1 The various green roof types (Fernandez-Cañero et al., 2013) 
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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 
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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/m²K), 
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. 

 

 

 

 

 

 

 

Figure 2.2 Green roof layers (Vijayaraghavan, 2016) 

 



 
9 

 

 
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 lightweight 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. 

 

 



 
10 

 

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 

[m] 
Material Density  

[kg/m3] 
Thermal Conductivity  

[W/mK] 
Vegetation and soil 
substrate 

0.150 Grass and 
compost 

582 0.170 (dry) 
0.330 (saturated) 

Filter sheet 0.001 Polypropylene 910 0.220 
Drainage, storage, and 
ventilation element 

0.002 Polyethylene 950 0.380 

Air (inside the drainage 
system) 

0.023 Air - 0.160 

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. 

 

 

 

 

 

 

 

 

 

  
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. 

HIGH ENERGY TRANSFER LOW ENERGY TRANSFER 
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6) Carbon Sequestration 

Green roofs contribute to climate change mitigation by sequestering 
carbon dioxide through photosynthesis. Vegetation absorbs carbon dioxide (CO2) and 
stores carbon in plant biomass and soil. The presence of plants on green roofs has 
been shown to reduce a building's CO2 emissions by approximately 28.16 kg/m², 
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 

Performance 
Remarks 

Energy consumption 
savings 

11 – 21% Singapore, Extensive Green Roof, 
Comparison of rooftop garden with turfing, shrubs, 

and tree 
Outdoor surface 
temperature 

10 – 24 °C Malaysia, Extensive Green Roof, 
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 
.  
2.1.4 Development of Green Roofs Construction 

 

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

 

 

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/m² 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 (LCC), 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/m³ (Chica and Alzate, 2019). 

 

 

 

 

 

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/m3) 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 a 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 C869, 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/m3) 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/m3. However, for high-density foamed concrete mixes (i.e., 
1600 kg/m3 above), the variance may go up to ±100 kg/m3 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/m3) 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/m3 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/m3) 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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Its 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/m3 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/m2 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/m3 
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.  

 

 

 

 

 

 

 
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 

Insulation Layer 
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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/m3 800 – 1920 kg/m3 
Compressive strength 31.2 MPa 1.7 – 24.7 MPa 
Thermal conductivity 2.25 W/mK 0.2 – 1.3 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/m3 

 

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/m³, 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 µm 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: 

𝑃 =
(𝑊𝑠𝑎𝑡 − 𝑊𝑑𝑟𝑦)

(𝑊𝑠𝑎𝑡 − 𝑊𝑤𝑎𝑡)
 x 100 

Where, 
P   = vacuum saturation porosity (%); 
Wsat   = weight in air of saturated sample  
Wwat  = weight in water of saturated sample  
Wdry   = 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 imaging. 
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.  

 

 

 

 

 

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 µA, allowing imaging at a resolution of 6.18 µm. 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 Ф12 mm × 10 
mm. The CT equipment used in the study was the X-EYE CT, featuring an X-ray source 
of 150 kV and 100 µA. A total of 1024 images were scanned longitudinally at 8.7 µm 
intervals, with each image measuring 1024 × 1024 pixels and a resolution of 10.8 µm. 

 
 

 

 

 

 

 

Figure 2.11 Output images of research using synchrotron X-ray microtomography 
(Gallucci 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 10× magnification optical objective. Under 
these conditions, the pixel resolution was 0.6835 µm. 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 µm. 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.  
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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, 

± 50 mm 
Destructive sample, 

± 50 mm 
Destructive sample, 

± 10-50 mm 
Non-destructive sample, 

± 50–100 mm 
Non-destructive sample, 

± 3 – 5 mm 
Sample penetration Cannot penetrate the 

sample 
Cannot penetrate the 

sample 
Can penetrate up to  

3 µm 
Can penetrate the 
internal surface 

Can penetrate the 
internal surface 

Type of  
output image 

2D image  2D image 2D image 2D & 3D image 2D & 3D image 

Source Light Liquid Mercury Electron beam X-ray beam Synchrotron beamline 
Imaging Tools A Digital camera with 

image processing 
software/code 

- SEM or ESEM; Image 
processing software 

X-ray CT scanning 
machine; Image 

processing software 

Multipole wiggler, 2.18 
Tesla,  Image processing 

software 
Image Resolution up to 50.6 megapixels 

(4 µm) 
- up to 1 nm Up to 100–200 µm Up to 1 µm 

Produced Data - aggregate gradation, 
size, and distribution. 
Volumetric properties of 
air voids 
Cracks and changes due 
to F–T cycles 

- size and distribution 
- Air void volumes 
 

5) Aggregate gradation, 
size, and distribution 

6) Air void volumes 
7) Cracks and changes due 

to F–T cycles 

8) 3D simulation  
9) Aggregate gradation, 

size, and distribution 
10) The volume of 

air voids 
11) Surface texture 
12) Cracks and 

changes due to F–T 
cycles 

13) 3D simulation  
14) Aggregate 

gradation, size, and 
distribution 

15) The volume of 
air voids 

16) Surface texture 
17) Cracks and 

changes due to F–T 
cycles 
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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. 

  

 

 

 

 

 

 

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 

 



 
35 

 

evaluate the engineering properties of cement-based materials. The sample size was 
Ф12 mm × 10 mm. The CT equipment used in the study was the X-EYE CT, featuring 
an X-ray source of 150 kV and 100 µA. A total of 1024 images were scanned 
longitudinally at 8.7 µm intervals, with each image measuring 1024 × 1024 pixels and 
a resolution of 10.8 µm. 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 90th 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.  

 

 

 

 

 

 

 

Figure 2.13 Types of pores in LCC:  
o – open, c – 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. 

 

 

 

 

 

 

 

 

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 higher 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 

 

 

 

 

 

 

 

 

Figure 2.15 The assessment of the Thai Building Energy Code (BEC)  
(Sudprasert and Klinsmith, 2014) 

 

Figure 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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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. 

 

 

 

 

 

 

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/m3, 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. 

 

 

 

 

 

 

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 
dT

dx
 

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. 

 

 

 

 

 

 

 

 

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 
wall is defined as:  

R𝑡 = (
L

𝑘A
) +  (

L

𝑘A
) + (

L

𝑘A
)  

Where, 
Rt is the thermal resistance (m2k/W) 
k is the material conductivity (W/mK) 
L is the plane thickness (m) 
A is the plane area (m2) 
 

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 T1 and T3. 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: 

𝑄 =
dT

𝑅𝑡
=  

T1 −  T3

(L/𝑘A)1 +  (L/𝑘A)2 + (L/𝑘A)3 
 

Where, 
Q is the heat flux through plane (W) 
k is the materials conductivity (W/mK) 
T1 is the most outside temperature surface (°C) 
T3 is the most inside temperature surface (°C) 
L is the plane thickness (m) 
A is the plane area (m2) 
 

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 

1 2 3 
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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 (BEC). 

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 island (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.  

 

 

 

 

 

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/m3 and different widths under load until failure. The mixtures with a density 
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of 1,400 kg/m3 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) 

Temperature 
Non-green roof Green roof Diff. 

Day 1 Day 2 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 37.9 36.3 35.2 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/m2, 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. 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

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.  

 

 

 

 

 

 

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
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CHAPTER III 

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-I, 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/m3, tested following the ASTM 
C 796 standards. 

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

 

 

 

 

 

 

 

 

 

 

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 m3 and is driven by 
a 5-horsepower electric motor. The agitator rotates at a pace of 45 
rpm 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) 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. 

 

 

 

 

 

     Figure 3.3 Time-controlled air bubble generator LCC lightweight concrete 
 

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. 

4) 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 
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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/m3. 

5) 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/m3. The density range is based on using LCC in slab concrete construction with a 
minimum density of 1000 kg/m3. 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) 

 

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. 

 

 

 

Sample 
Name 

Target 
Density 
(kg/m3) 

W/C ratio = 0.5, Volume = 1 m3 

Cement 
(kg) 

Sand 
(kg) 

Gravel 
(kg) 

Water 
(kg) 

Foam 
Agent 
(kg) 

Admix
ture 
(kg) 

Fiber 
(kg) 

Measured 
foam volume 

(%) 
NC 2400 320 480 960 144 - - - - 
LCC 10 1000 410 400 - 171 24 1.2 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 
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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) 

No. Sample LCC 
Sample Size 

(cm) 

Number of samples/test age 
(samples/days) 

3 7 14 28 
1 Compressive strength 15 x 15 x 15 3 3 3 3 
2 Dry density 15 x 15 x 15 3 3 3 3 
3 Water absorption 15 x 15 x 15 - - - 3 
4 Thermal conductivity 30 x 30 x 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 

 

1) Compressive strength test 

Compressive strength test of LCC by casting a sample block of size 
15×15×15 cm. The process begins with preparing LCC samples, which can cure for a 
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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/m3, 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 
15×15×15 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, 

𝑘 =
𝑄 . 𝑑

A . 𝛥𝑇
 

Where (k) represents thermal conductivity, (Q) is the heat flow, (d) is 
the sample thickness, (A) is the cross-sectional area, and (𝛥𝑇) 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, guaranteeing 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 µm (corresponding to a pixel size of 0.72 µm). 
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 µm spatial resolution 
0.72 µm 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. 

  

 

 

 

 
Figure 3.6 Beamline of Synchrotron Radiation X-ray Tomographic Microscopy (SRXTM) 
 

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: 

 

 

 

 

 

 

 

Figure 3.7 Quantitative analysis software 

 



 
58 

 

 
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, geology, 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 m2. The box experimental 
section is shown in Figure 3.9. 
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Figure 3.9 Roof box experimental section 
 

The study evaluated the performance of green roofs by testing four 
different types of roof decks, as follows: 

1) Normal concrete roof (Non-GR) 

2) Green roof with normal concrete base (GR-NC)  

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

4) 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 

Layer Green Roof  
 Non-GR 

Normal Concrete 
Roof 

GR-NC 
Green Roof 

Normal Concrete  

GR-LCC 12 
Green Roof 
 LCC 1200 

GR-LCC 14 
Green Roof 
 LCC 1400 

Extension 
Vegetation 

- General grass Zoysia matrella  
2.5 cm thick 

Substrate layer 
- 

Sandy loam soil 
5.0 cm thick 

Roof deck Normal concrete 
7.5 cm 

Normal concrete 
7.5 cm 

LCC 12 
7.5 cm 

LCC 14 
7.5 cm 

Interior room  Hardwood board wall 5 mm with structure frame 
Room size 1 x 1 x 1 m 
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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 SFP001 (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 (BEC).
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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/m3: LCC 
10, LCC 12, LCC 14, LCC 16, and LCC 18.  

 

 

 

 

 

 

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/m3 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 
kg/m³ observed aligned with the target density. 

 

 

 

 

 

 

 

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

 

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/m³, 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.  

 

Age 
Dry density (kg/m3) 

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 
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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. 

 

 

 

 

 

 

 

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/m3 
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 

 

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 

Mix Flexural Strength (MPa) 
LCC 10 0.50 
LCC 12 0.67 
LCC 14 0.78 
LCC 16 1.32 
LCC 18 1.76 
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exhibits the lowest tensile strength at 0.30 MPa, while LCC 18 shows the highest 
strength at 1.52 MPa. 

 

 

 

 

 

 

Figure 4.6 Tensile strength results of LCC 

Table 4.6 Tensile strength results of LCC 

 

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.  

 

Mix Tensile Strength (MPa) 
LCC 10 0.30 
LCC 12 0.47 
LCC 14 0.59 
LCC 16 1.23 
LCC 18 1.52 
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Figure 4.7 Modulus of elasticity results of LCC 

Table 4.7 Modulus of elasticity results of LCC 

 

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. 

 

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

Strength 
(MPa) 

Dry 
density 
(kg/m3) 

Water 
absorption 

(%) 

Thermal 
conductivity 

(W/mK) 

Flexural 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Modulus of 
elasticity 

(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 

the mix (%) 
Percentage volume of air voids (%) 

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. 

 

 

 

 

 

 

 

Figure 4.8 2D section layer cut samples of LCC 12 
 

 

 

 

 

 

 

Figure 4.9 2D section layer cut samples of LCC 14 

(UPPER SECTION) 

Closed air-void 

Opened air-void 
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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 µm 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.  

 

 

 

 

 

 

Figure 4.10 3D output images SRXTM of LCC 12 
 

 

 

 

 

 

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 
 
 
 
 
 
 
Biggest pores size: 374 µm 
Smalest pore size: 22 µm 

Upper section LCC 14 
 
 
 
 
 
 
Biggest pores size: 228 µm 
Smalest pore size: 20 µm 
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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 µm 
Smalest pore size: 19 µm 

Middle section LCC 14 
 
 
 
 
 
 
Biggest pores size: 184 µm 
Smalest pore size: 30 µm 

Bottom section LCC 12 
 
 
 
 
 
 
Biggest pores size: 352 µm 
Smalest pore size: 25 µm 

Bottom section LCC 14 
 
 
 
 
 
 
Biggest pores size: 220 µm 
Smalest pore size: 22 µm 

 

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 µm 
are observed in LCC 12,  while the maximum void diameter observed reaches 228 µm. 
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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.  

 

 

 

 

 

 

 

 

 

Figure 4.12 The frequency of air‐void size distribution in LCC 12 
 

 

 

 

 

 

 

 

 

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 µm. Specifically, air voids up to 150 µm constitute 
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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 µm 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. 

 

 

 

 

 

 

 

 

 

 

 

 

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 

Mix 
Sample 

LCC 12 LCC 14 
Air-Void 
Size (D50) 

(µm) 

Air-Void 
Size (D90) 

(µm) 

Thermal 
Conductivity 

(W/mK) 

Air-Void 
Size (D50) 

(µm) 

Air-Void 
Size (D90) 

(µm) 

Thermal 
Conductivity 

(W/mK) 
Upper 
Sample 

127 280 
 

 
 

0.40 

83 150 

0.65 
Middle 
Sample 

176 274 84 135 

Bottom 
Sample 

138 238 80 155 

Mean  147 264 82 146 
 

The cumulative distribution function is integral, which increases 
monotonically from 0 to 100, resulting in 50th (D50) and 90th (D90) percentiles. The 

(UPPER SECTION LCC 14) 

D50 

D90 

(MIDDLE SECTION LCC 14) 

D50 

D90 

(BOTTOM SECTION LCC 14) 
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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 
µm range, and D50 for LCC 14 range of 80 – 84 µm. 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 µm, and LCC 14 ranges from 135 – 155 µm. 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 µm. 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 
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thermal conductivity. The key difference lies in the composition of closed porosity and 
open porosity. 

 

 

 

 

 

 

 

 

 

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, µm), 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. 

 

 

 

 

 

 

 

 

 

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 

 

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 

Type D50 D90 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) 
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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. 
 

 

 

 

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. 

 

 

 

 

 

 

 

 

 

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

 

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 

Time To Ts Tmat out Tmat in Ti ΔT (To-Ti) 
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 -  43.91 40.09 38.91 4.94 
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 33.92 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 4.72 
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) 
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solar heat absorption and subsequently lowers the temperature on the material's 
outer surface (Tmat out). A reduced Tmat out is correlated with a decrease in thermal 
distribution to the inner surface of the material (Tmat in), ultimately contributing to the 
reduction in indoor temperature (Ti). 

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 (ΔT) at 
11.34 °C and 10.99 °C respectively, compared to the ΔT 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 ΔT in 
GR-LCC 12 shows the closest temperature to the To, 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 24.91 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 (Rt value) due to LCC's lower thermal conductivity (k value). The higher the 
Rt 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: 

𝑄 =
dT

𝑅𝑡
=  

T1 −  T2

(L/𝑘A)1 
 

Figure 4.23 shows the different sections of roof samples and the point of 
the data temperature of surface material taken. 

 

 

 

 

 

 

 

Figure 4.23 Roof base material sections 
 

Additionally, Table 4.18 records the temperature outside surface material 
temperature (T1), and inside surface material temperature (T2) surface on three roof 
base material.  

Table 4.16 Average temperature different (dT) of the three roof base material 
Roof Types Time T1 (°C) T2 (°C) dT (°C) Average dT (°C) 

NC 06:00 23.20 24.18 -0.98 

1.17 
09:00 27.34 26.66 0.69 
12:00 43.91 38.09 5.83 
15:00 46.56 43.70 2.86 
18.00 36.00 38.52 -2.52 

 

T1 (Tmat out) 

T2 (Tmat in) 

T1 (Tmat out) 

T2 (Tmat in) 

T1 (Tmat out) 

T2 (Tmat in) 
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Table 4.16 Average temperature different (dT) of the three roof base material 
(Continued) 

 
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 

 
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/m3) 0.075 0.40 0.19 
3 LCC 14 (LCC 1200 kg/m3) 0.075 0.65 0.11 

 

Roof Types Time T1 (°C) T2 (°C) dT (°C) Average dT (°C) 
LCC 12 06:00 27.48 25.92 1.56 

0.71 
09:00 28.28 27.21 1.07 
12:00 34.00 33.05 0.95 
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 

0.75 
09:00 27.63 26.81 0.83 
12:00 33.85 32.94 0.91 
15:00 36.17 35.57 0.59 
18.00 34.44 34.19 0.25 

No Material Thermal Conductivity, k (W/mK) Source 
1 NC 2.25 Concrete Technology (Adam, Brooks)  
2 LCC 12 0.40 Lab Test (Section 4.1.4) 
3 LCC 14 0.65 Lab Test (Section 4.1.4) 
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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 Rt-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 Rt-value of 0.19 and 0.11 
m²K/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 

 
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: 

𝑄 =
dT

𝑅𝑡
=  

T1 −  T2

(L/𝑘A)1 +  (L/𝑘A)2 + (L/𝑘A)3 
 

Figure 4.24 shows the different sections of roof samples and the point of 
the data temperature of surface material taken.  

 

Roof base 
material 

Temperature different 
dT, (°C) 

Total Thermal Resistance 
Rt, (m²K/W) 

Thermal Transfer Value 
Q, (W/m2) 

NC 1.17 0.03 39.00 
LCC 12 0.71 0.19 3.74 
LCC 14 0.75 0.11 6.82 
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Figure 4.24 Green roof sections 
 

Additionally, Table 4.20 records the temperature outside surface material 
temperature (T1), and inside surface material temperature (T2) surface on three various 
green roof with different roof base material.  

Table 4.20 Average thermal different equivalent (TDeq) of different roof material 
Roof Types Time T1 (°C) T2 (°C) dT (°C) Average dT (°C) 

GR-NC 06:00 27.87 28.21 -0.35 

0.63 
09:00 29.27 28.82 0.45 
12:00 37.02 33.04 3.99 
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 

0.27 
09:00 27.39 27.21 0.17 
12:00 33.47 33.05 0.42 
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 

0.49 
09:00 27.33 26.81 0.53 
12:00 33.43 32.94 0.50 
15:00 35.53 35.57 -0.04 
18.00 33.75 34.19 -0.44 

 

The surface temperature comparison (dT) highlights that GR effectively 
creates a lower gap beetwen the surface. Furthermore, 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 T1 and T2.  

T1 

T2 (Tmat in) 

(Ts) 

T1 

T2 (Tmat in) 

(Ts) 

T1 

T2 (Tmat in) 

(Ts) 
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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 (Rt-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 

 
 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 Rt-value 
of roof base material. 

 

 

No Material Thermal Conductivity Source 
1 NC 2.25 Concrete Technology (Adam, Brooks)  
2 LCC 12 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) 
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Table 4.22 Thermal resistance (Rt-value) of green roof with different roof base 

 
The Rt-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 Rt-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 Rt-value of 0.16 m²K/W.  

The GR-LCC roofs demonstrate better thermal performance. The GR-LCC 12 
roof achieves the highest Rt-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 Rt-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 (Rt) and the temperature 
difference (dT), as presented in Table 4.23 

No Roof 
Material 

Configuration 
Thickness 

Thermal 
Conductivity  

Thermal 
Resistance  

Total Thermal 
Resistance  

L, (m) k, (W/mK) R, (m²K/W) Rt, (m²K/W) 

1 GR-NC 
Normal Concrete 0.075 2.25 0.03 

0.16 Substrate 0.050 0.44 0.11 
Vegetation 0.025 1.1 0.02 

2 GR-LCC 12 
LCC 1200 kg/m3 0.075 0.40 0.14 

0.39 Substrate 0.050 0.44 0.11 
Vegetation 0.025 1.1 0.02 

3 GR-LCC 14 
LCC 1400 kg/m3 0.075 0.65 0.12 

0.25 Substrate 0.050 0.44 0.11 
Vegetation 0.025 1.1 0.02 
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 Table 4.23 Thermal transfer value of different green roof type material 

 

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/m² and 1.96 
W/m2, respectively. GR-LCC 12, with a Q-value of 1.0 W/m², 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/m2 and 1.96 W/m2, 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. 

 

 

 

 

 

 

Figure 4.25 Relationship between the thermal conductivity and thermal resistance 
on single roof base material  

Roof types Temperature different 
dT, (°C) 

Total Thermal Resistance 
Rt, (m²K/W) 

Thermal Transfer Value 
Q, (W/m2) 

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 
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Table 4.24 Data set of thermal resistance and thermal conductivity 

Roof types Thermal conductivity (k) 
(W/mK) 

Thermal resistance (Rt) 
(m²K/W) 

Without green roof system 
NC 2.25 0.03 
LCC 12 0.40 0.19 
LCC 14 0.65 0.11 
Installed green roof system 
GR-NC 2.25 0.16 
GR-LCC 12 0.40 0.39 
GR-LCC 14 0.65 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 m2K/W, significantly higher than the 
NC roof type's 0.03 m2K/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 m2K/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 (Rt-value) to the thermal 
transfer value (Q-value) of various roof-type parameters. 

 

 

 

 

 

 

 

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  

Rt, (m²K/W) 
Thermal transfer value  

Q, (W/m2) 
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 Rt-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/m²), 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/m². 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/m² and 
6.82 W/m², 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/m². 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/m2. 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 

Green roof 
types 

Current study Reference study* 
Thermal Conductivity 

of LCC, 
W/mK 

Thermal Transfer 
Value, 
W/m2 

Thermal Conductivity 
of LCC, 
W/mK 

Thermal Transfer 
Value, 
W/m2 

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) 
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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. 

 

 

 

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. 

 
 
 
 
 
 

 

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.
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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/m³. 

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 µm 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/m², 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 
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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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