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ABSTRACT

Sustainability plays a vital role in modern engineering, particularly in urban pavement design. This
research explores the integration of solar energy with recycled materials to develop a durable and
eco-friendly pavement solution. Existing solar pavement systems often struggle with durability
and inefficient energy storage, limiting their practical use. To address these challenges, a novel
solar pavement slab was developed, incorporating photovoltaic panels, batteries, and LED lighting
within a lightweight concrete base enhanced with recycled materials.

A comprehensive experimental study was conducted to optimise the mechanical properties of
foamed concrete (FC) for walkable pavement slabs. Various recycled materials, including waste
foundry sand, recycled tyre steel fibres, and polystyrene, were incorporated to improve strength,
reduce self-weight, and enhance sustainability. Waste foundry sand was partially replaced for
normal sand, creating a more environmentally friendly concrete mix while minimising dependence
on virgin materials. Results indicate that replacing 25% of fine aggregates with waste foundry sand
increased compressive strength by 100% while reducing overall weight. Additionally,
incorporating steel fibres and controlled quantities of recycled materials further enhanced
structural performance. The final prototype, measuring 400 x 400 x 50 mm, featured a tempered
glass or acrylic optical layer over a photovoltaic module and was successfully tested under
different environmental conditions. The findings confirm the feasibility of using lightweight
foamed concrete with recycled materials to develop efficient and resilient solar pavements. This
approach not only enhances the sustainability of construction materials but also supports
environmental conservation by reducing carbon emissions. In situ testing demonstrated reliable
LED lighting and battery charging performance during summer, with battery voltages averaging
4.19 volts overnight. However, reduced sunlight in winter led to minor declines in performance,
highlighting the need for further optimisation. This study contributes to sustainable infrastructure
development by integrating renewable energy into urban paving solutions and encouraging the use
of recycled materials. Future research could focus on improving battery efficiency and extending

applications to snow-melting systems and street lighting.

Keywords: Solar Panel Design, Pavement Slab, Sustainable Development, Mechanical and

Electrical Investigation, Energy Efficiency, Recycled Material, Foam Concrete.
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CHAPTER 1

Chapter 1: Introduction

1.1 Research Motivation

For years, most of the materials currently used on roads and highways have remained unchanged.
Solar pavement is a new technology with significant potential for making transportation and
energy production more environmentally friendly. Scott and Julie first proposed this concept in
(2006) leading to the formation of the company Solar Roadways (SR), according to Hu et al.,
2021a). This innovation suggests the possibility of turning our roads into energy-generating assets,
which could help balance electricity use and alleviate stress on traditional power grids.

Recent advancements have focused on making pavements more sustainable in various ways.
Increasingly, recycled materials such as glass, asphalt shingles, recycled asphalt pavements,
recycled rubber tyres, and other additives in asphalt mixes, as well as recycled materials within
concrete, are being incorporated into pavements.

A study by Thompson et al. (2021) examined the durability and efficiency of solar cells in
photovoltaic pavements. The research concluded that it is possible to achieve acceptable efficiency
levels with solar cells integrated into pavement surfaces without significantly compromising the
pavement's structural integrity. However, issues such as temperature fluctuations, surface wear,
and load-bearing capacity remain major challenges. Additionally, solar cells are more expensive

and require more complex installation compared to conventional road surfaces, resulting in higher

1.2 Solar Walkable Pavement Slabs

Solar pavement represents a significant development in utilising solar energy by integrating
photovoltaic cells directly into pavement materials, allowing roads and pathways to generate
electricity from sunlight. Solar pavement was first introduced in the early 2010s to utilise vast
areas of pavement surfaces for energy production, particularly in urban and heavily populated
areas (Erdiwansyah et al., 202). Solar energy, a key component of renewable energy sources, is
expanding in applications ranging from basic rooftop panels to urban infrastructure. This
advancement is best illustrated by the development of solar pavements, which demonstrate the
synergy between energy technology and civil engineering. Harvesting solar energy from the
pavement is a novel approach that combines the utility of road surfaces with renewable energy

technology (Northmore & Tighe, 2012a).
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Solar pavements embed photovoltaic cells within a robust, transparent surface material capable of
withstanding vehicle and pedestrian traffic stresses. The electricity generated can be used for
various purposes, such as powering streetlights and traffic signals, charging electric vehicles,
providing energy to surrounding buildings, and feeding into the electrical grid (Baiju and Yarema,
2022). The main challenges for solar pavements include maintaining solar cell efficiency in
varying weather conditions, ensuring longevity, and achieving cost-effectiveness (Ardani et al.,
2021).

Solar Road is an experimental cycling path in the Netherlands that generates sustainable energy
using solar panels on the pavement surface. A 70-meter stretch of cycle path was completed in
November 2014 (Renewable Energy World, 2014). The roadway consists of a 2.5 by 3.5-meter
prefabricated sandwich panel with a top one-centimetre layer of rugged, textured, tempered glass
over crystalline silicon solar cells and a base layer made of concrete. The road is designed to avoid
soil damage expansion, and contraction caused by temperature changes. It includes a skid-resistant
coating and is tilted slightly to ensure rain washes off dirt, mud, ice, and snow (Shekhar et al.,
2015a). The Netherlands Organization (TNO) research institutions developed a solar road panel
for cycling paths (see Figure 1-1c). The panel they built was 1.5 by 2.5 meters, consisting of a
glass surface layer, crystalline silicon solar cells, and a concrete block housing. The trail
installation in North Holland was expected to be completed in 2012, but it has yet to be finished
(TNO, 2013; Northmore, 2014a) . See Figure 1-1a for examples of concrete-based solar paving

panels.

Figure 1-1: (a) Solar Cycle Path in the Netherlands, (b) Solar Road Prototype Panel
(Northmore, 2014)
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Despite the promising potential of solar pavement slabs in generating renewable energy, several
notable limitations restrict their broader application. One significant limitation is that these solar
slabs are typically constructed with concrete bases, making them heavy and difficult to handle.
The installation process requires the use of very heavy machinery, which not only increases the
complexity of the installation but also drives up costs due to the need for specialised equipment
and labour. This logistical challenge can make the arrangement of solar pavement slabs impossible,
especially in areas where access to heavy machinery is limited or where such machinery costs are
prohibitive (Northmore & Tighe, 2012).

Another key limitation is the cost-effectiveness of solar pavement slabs. At the same time, they
offer the dual functionality of serving as both pavement and a source of renewable energy, the high
costs associated with their production and installation. Based on available information, the 70-
meter stretch of the Solar Road cycling path in the Netherlands, which includes prefabricated solar
panels embedded within the pavement, cost approximately €3 million to build. The high costs are
largely due to the advanced materials used, including rugged, tempered glass and the integration
of photovoltaic cells into the concrete base. This translates to around €43,000 per meter of solar
road, making it a significant investment compared to traditional road construction (Erdiwansyah
et al., 2020).

1.3 The Role of Concrete in Pavements

Concrete is one of the most essential construction materials globally, renowned for its strength,
durability, and versatility. Composed mainly of cement, aggregates, and water, concrete provides
excellent compressive strength, making it ideal for a wide range of construction applications,
including buildings, bridges, and pavements. Its ability to be moulded into various shapes and sizes
before hardening makes it a preferred choice for complex architectural designs and large-scale
infrastructure projects.

In the context of paving, concrete is particularly valued for its durability and capacity to withstand
heavy loads and harsh environmental conditions. Concrete pavements are known for their long
lifespan, often exceeding 30 years with proper maintenance, and their resistance to deterioration
from vehicular traffic. This makes them especially suitable for high-traffic areas, highways, and
urban roads. Concrete's reflective properties also help reduce urban heat islands, contributing to

more sustainable urban environments (Neville, 2011).
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However, traditional concrete poses several challenges, particularly its significant weight and
environmental impact. The production and transportation of conventional concrete require
substantial energy and resources, and the process of cement manufacturing is a major contributor
to carbon dioxide emissions. These factors have driven the exploration of more sustainable
alternatives within the construction industry.

Researchers have extensively explored the use of recycled and composite materials in concrete to
enhance sustainability and address some of these challenges. By incorporating recycled materials
into new concrete mixes, the demand for virgin materials is reduced, and waste is diverted from
landfills. Recycled concrete has shown comparable performance to traditional aggregates in
various applications, including paving (Pacheco-Torgal et al., 2013).

Another innovative approach is the development of lightweight concrete, such as aerated concrete,
which incorporates air bubbles or lightweight aggregates to reduce the material's overall density.
This type of concrete is helpful in pavement applications where weight reduction is beneficial,
such as in areas with less load-bearing requirements or where ease of handling and transportation
are priorities. Lightweight concrete also offers improved thermal insulation and reduces heat
transfer through pavement surfaces (Narayanan & Ramamurthy, 2000).

When these approaches are combined using recycled materials within lightweight concrete
formulations, a more sustainable and efficient pavement solution emerges. Such concrete reduces
the environmental footprint of construction and maintains the structural integrity and durability
required for pavement applications. This makes it a promising option for creating solid pavement
bases that are both environmentally friendly and capable of supporting the necessary loads for
various types of traffic.

This combination of recycled and lightweight materials is particularly relevant for solar
installations, where integrating solar panels with concrete bases made from these innovative
materials can address issues such as the heavy weight of conventional solar slabs. By using lighter,
more sustainable concrete alternatives, the logistical challenges and costs associated with the
installation of heavy solar slabs can be mitigated. Similarly, in the case of solar bricks, which are
often made of plastic, incorporating recycled or composite materials could address durability
concerns. Using more robust and environmentally friendly materials can overcome plastic bricks'

limitations, such as their susceptibility to damage under heavy loads. This approach enhances the
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structural integrity of solar bricks and contributes to the overall sustainability of solar energy
projects.

When these approaches are combined, using recycled materials within lightweight concrete
formulations, a more sustainable and efficient pavement solution emerges. Such concrete reduces
the environmental footprint of construction and maintains the structural integrity and durability
required for pavement applications. This makes it a promising option for creating solid pavement
bases that are both environmentally friendly and capable of supporting the necessary loads for
various types of traffic.

Researchers have extensively explored the use of recycled and composite materials in concrete to
enhance sustainability and address some of the challenges associated with traditional construction
methods. This is particularly relevant for solar installations, where integrating solar panels with
concrete bases that incorporate recycled materials can mitigate issues such as the heavy weight of
conventional solar slabs. Using lighter, more sustainable concrete alternatives can reduce the
logistical challenges and costs associated with installing heavy solar slabs.

Similarly, in the case of plastic solar bricks, which are often made of plastic, incorporating recycled
or composite materials could address durability concerns. By using more robust and
environmentally friendly materials, it may be possible to overcome the limitations of plastic bricks,
such as their susceptibility to damage under heavy loads. This approach enhances the structural
integrity of solar bricks and contributes to the overall sustainability of solar energy projects.
Solar pavement, which incorporates solar panels onto road surfaces, represents a creative
innovation for researchers. This chapter investigates renewable energy innovations, focusing on
the role of solar pavement systems in modern energy technology. Incorporating solar pavements
into urban infrastructure signifies a move towards a more sustainable and integrated approach to

urban design and development, marking progress in renewable energy technology.

1.4 The Role of Recycled Materials Within Concrete

Researchers have extensively explored the use of recycled and composite concrete materials to
enhance construction sustainability. This approach is particularly relevant when integrating solar
panels with concrete bases that incorporate recycled materials, addressing both environmental
concerns and the durability challenges associated with solar installations. By combining recycled

materials with concrete in the foundations of solar panels, it is possible to reduce waste, lower
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production costs, and improve the overall sustainability of solar energy projects within the
construction industry.

Concrete is one of the most widely used building materials on earth, known for its excellent
mechanical properties, particularly its compressive strength. It is composed of cement, water, sand,
and coarse aggregate. Its applications range from structural uses to pavers, curbs, pipes, and drains.
Despite its advantages in terms of strength and stability, the heavy weight of concrete presents
challenges in transportation, handling, and load-bearing requirements for underlying structures.
The primary aim of these investigations is to understand the properties of recycled and composite
materials compared to conventional materials, focusing on their strengths and weaknesses
(Bolden, Abu-Lebdeh & Fini, 2013). Achieving sustainability in the construction industry is
increasingly vital, with recycled materials gaining popularity as sustainable components in
concrete production. While durable and useful, traditional concrete has a high carbon footprint due
to the energy-intensive manufacturing process of Portland cement. Incorporating recycled
materials such as steel tyre fibre, polystyrene, and foundry sand can reduce concrete's
environmental impact while retaining its structural integrity. The development of lightweight
concrete, exemplified by foamed concrete, represents a significant advancement in construction
materials. By introducing air pockets into the concrete mix, foamed concrete achieves reduced
density, enhancing its insulation properties and ease of handling while also reducing the use of raw
materials and the overall weight of structures.

Researchers are exploring ways to reduce the weight of concrete without significantly
compromising its structural integrity by introducing recycled materials. This approach reduces the
burden on global landfills and provides economically sustainable solutions. Using recycled
elements such as expanded polystyrene (EPS), fly ash, and rubber from disposed tyres has
significantly reduced the overall weight of concrete. With their lower density, these materials can
replace typical aggregates, contributing to a lighter overall product (Makul, 2020) .

Using lightweight concrete as the base material for solar slabs is central to this development.
Lightweight concrete, with its low density but appropriate structural strength, is an excellent choice
for solar pavement applications. It simplifies installation and reduces stress on the underlying
infrastructure. Recycling waste construction materials conserves natural resources and energy,
reduces solid waste, decreases air and water contaminants, and lowers greenhouse gas emissions.

The construction industry can recognise and benefit from using recycled waste and composite
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materials within concrete to produce lightweight concrete for various applications. Several

recycled materials were investigated to be utilised in this reach, including:

1. Waste foundry sand

Metal foundries widely use metal casting, which requires a substantial amount of foundry sand.
This sand is recycled and reused multiple times in these foundries before ultimately being disposed
of through landscaping. Utilising foundry sand in other engineering applications can help address
disposal challenges by repurposing the material (Bhardwaj & Kumar, 2017) . Foundry sand is
primarily composed of silica sand coated with burnt carbon and dust. Incorporating it into concrete
can improve strength and other durability characteristics. (Ganesh Prabhu, Hyun and Kim, 2014)
Foundry sand can be used as a partial or complete replacement for fine aggregates, promoting
sustainable infrastructure by repurposing industrial waste. This approach reduces the concrete’s
density and contributes to more effective management of industrial waste. This research explores
the potential civil engineering applications of foundry sand, demonstrating that they are both
technically feasible and environmentally safe. This study examines the effect of foundry sand as a
replacement for fine particles on compressive and flexural strength in concrete mixtures. Using

waste foundry sand in the concrete mix for the solar base is a noteworthy aspect of this innovation.

2. Polystyrene

Expanded polystyrene (EPS) is an innovative material used to develop lightweight concrete
composites. Incorporating EPS in concrete offers environmental benefits, such as recycling
polystyrene waste and producing lightweight concrete structures that reduce material consumption
and carbon footprint. Additionally, the enhanced thermal insulation properties of EPS concrete
contribute to energy-efficient buildings, significantly improving thermal insulation, structural

efficiency, and environmental sustainability in line with construction industry goals (Cadere et
al., 2018). Using recycled EPS in concrete prevents the material from ending up in landfills and

helps create sustainable building materials. However, the environmental impact of producing EPS,
a petroleum-based product, and the potential for microplastic pollution are critical factors that

require careful management and further investigation (Kharun & Svintsov, 2017).
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3. Recycle Steel Tire Fiber

The use of recycled steel tyre fibres in concrete is an innovative technique for enhancing the
mechanical properties and durability of concrete while addressing environmental issues related to
tyre waste (Aghaee et al., 2015) . Steel fibres extracted from recycled tyres serve as reinforcing
components in concrete mixtures, significantly improving various mechanical properties due to
steel's high tensile strength. According to Thomas and Ramaswamy, incorporating 1.5% steel tyre
fibre into the cement ratio of a concrete mixture increases tensile strength by 38% compared to
standard concrete. Additionally, adding 1.5% steel fibres increases the modulus of elasticity by
8.3% in normal-strength concrete, 9.2% in moderately high-strength concrete, and 8.2% in high-
strength concrete. These fibres act as micro-reinforcement, providing resistance against crack
propagation and enhancing the tensile strength and toughness of the composite material.

1.5 Aerated Concrete

Aerated Concrete is made of sand, cement, and foaming agents and does not contain coarse
aggregate. Typically, aerated concrete is produced by incorporating air into a slurry of cement and
fine aggregate during mixing, resulting in random air pockets. This lightweight cellular concrete
has a density between 400 and 1,850 kg/m? (Amran, Farzadnia & Ali, 2015a). Aerated concrete,
also known as foamed concrete, is recognised for its lower density, superior flowability, minimal
cement requirement, and remarkable thermal insulation properties. Figure 1-2 indicates the

examples of aerated concrete.

Figure 1-2: Aerated Concrete Block (Bradfords Building Supplies, 2024)
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The infusion of air bubbles into the concrete reduces its weight, making it especially useful in
applications where heavy machinery is not required for installationFoamed concrete is a cost-
effective option for fabricating large-scale, lightweight construction materials and components,
such as structural elements, pavements, foundations, walls, filling gaps, foundry sand, a byproduct
of the metal casting industry, has been used in this research as an alternative material to replace
fine aggregates within the foam concrete. Previously considered a waste product, this sand can be
repurposed, reducing landfill waste and providing a cost-effective alternative to natural sand in
concrete mixes. Its use not only aids in waste minimisation but also contributes to the circular
economy, where materials are reused and recycled to reduce environmental impact.
and road embankment infill. Its efficient production process enhances its appeal for extensive use.
Countries such as Germany, the United Kingdom, the Philippines, Turkey, and Thailand have
extensively adopted foamed concrete in construction (Thienel, Haller & Beuntner, 2020).

Waste

1.6 Problem Definition

The existing solar pavement materials, such as concrete, are inherently heavy, imposing significant
structural loads that can lead to subsidence and increased maintenance costs in urban areas. Their
production and transportation generate substantial carbon emissions, while their reliance on virgin
materials, such as natural aggregates, leads to resource environmental degradation. Additionally,
existing solar pavements do not incorporate recycled materials or contribute to sustainable
construction practices. Existing solar pavements, such as those installed in the Netherlands, are
also limited by the use of heavy concrete bases embedded with photovoltaic (PV) cells, making
them difficult to transport and install. These bases are primarily manufactured from virgin
materials, raising further environmental concerns. While some solar pavement solutions, such as
PLATIO Solar Pavers and Solar Brick Lights, integrate recycled materials, they remain limited in
functionality and scalability, failing to provide a comprehensive solution for large-scale
sustainable urban infrastructure. The construction industry, as a major consumer of raw materials,
has a crucial role in addressing these challenges by adopting lightweight, recyclable materials to
reduce environmental impact and enhance efficiency in urban development. In response to these
limitations, this research proposes the creation of a solar pavement slab incorporating recycled

materials and built-in electronic components to enhance durability, ease of installation, and energy
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efficiency. This approach aims to provide a practical and scalable alternative to conventional and

existing solar pavements, contributing to more sustainable urban infrastructure.
1.7 Aim and Objectives

1.71 Aim

The aim of this research is to develop sustainable, lightweight solar walkable pavement slabs using
a foamed concrete base incorporating various percentages of recycled materials. The study
includes experimental, numerical, and electrical analyses to evaluate the mechanical performance

and feasibility of the proposed solution.

1.7.2 Objectives
To achieve the aim of this research, the following objectives will be undertaken to ensure the

project is carried out accurately:

1. To manufacture a range of foamed concrete cubes with target densities between 800 and 1400
kg/m3 incorporating different mix designs.

2. To investigate the compressive and flexural behaviour of cubes and prisms containing various
percentages of recycled materials such as waste foundry sand, polystyrene, and recycled steel
tyres within foamed concrete.

3. To investigate the deflections of the solar pavement slab base through experimental testing,
analysing its structural response under a hydraulic testing machine to assess its performance.

4. To investigate the deflection of the solar concrete slab numerically by simulating models with
Finite Element Analysis (ABAQUS).

5. To monitor the energy absorption and performance of the solar panels, battery, LED lights,
and sensors integrated with the solar pavement slab, using data loggers to record and analyse
variations in energy generation and consumption during winter and summer conditions.

6. To monitor the humidity levels within the solar panel using an integrated humidity data logger,
analysing variations in environmental conditions during both winter and summer to assess their
impact on performance.

7. To analyse the performance of the electrical components integrated into the solar pavement
slab using MATLAB, based on data recorded via data loggers, evaluating their efficiency,

functionality, and response under varying environmental conditions.
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1.8 Scope of the Research

This research focuses on developing a walkable solar pavement slab by integrating photovoltaic
(PV) technology into lightweight concrete. The project follows a structured process that includes
design, material selection, manufacturing, and performance evaluation.

The first stage involves creating a draft design of the solar pavement slab using CAD software.
This ensures that the structural layout accommodates embedded solar components without
compromising functionality.

Next, mechanical testing is conducted on foamed concrete samples containing different recycled
materials, including waste foundry sand, polystyrene, recycled tyre fibres, and superplasticisers.
These tests determine the impact of material combinations on strength, self-weight, and durability,
leading to the selection of an optimal mix design.

Once the best composition is identified, the manufacturing stage begins, where the solar pavement
slabs are cast and prepared for testing. Experimental and numerical analysis is then performed to
evaluate mechanical behaviour and structural performance. The numerical validation is carried out
using Abaqus, where finite element analysis (FEA) is used to model and predict the structural
response under applied loads. The experimental analysis includes physical load testing of the slabs
to measure deflection and compare results with the numerical model. The deflection results from
both methods are then compared to ensure the accuracy of the mechanical analysis and validate
the reliability of the numerical simulations.

The final stage includes in-situ testing of the electrical performance of the slabs. Solar panels,
batteries, sensors, LED lights, and data loggers are integrated into the design to monitor energy
generation and efficiency under real environmental conditions during summer and winter.

This research provides a structured approach to developing a functional and durable solar

pavement slab, ensuring its feasibility for urban applications.
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1.9 Thesis Outline

Figures 1-3 explain the outline structure, which is evenly split into nine chapters, allowing for a

more explicit focus on specific aspects of the research.

Chapter 1: Introduction

!

Chapter 2: Literature Review

.

Chapter 3: Methodology

|
. !

Chapter 4: Foamed Concrete Design Chapter 6: Solar Slab Prototype
and Experimental Study Model Design
Chapter 5: Foamed Concrete Results Chapter 7: Experimental and
and Discussion Numerical Design of Solar Slab Base

Chapter 8: Experimental and Numerical
Results and Discussion

I

Chapter 9: Complete Prototype Design: Analysis,
Discussion and Evaluation

I

Chapter 10: Conclusions and
Recommendations

Figure 1-3: Thesis Structure
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Chapter 1: Introduction

This chapter provides a foundation for the research by discussing the global need for renewable
energy, mainly focusing on solar energy solutions. The chapter introduces the solar pavement
concept, explaining the motivations behind the development of solar walkable slabs and the
benefits of using recycled materials and foamed concrete. It outlines the overall objectives, aims,
and significance of the research. Additionally, it provides a summary of the thesis outline and

scope of the study, setting the stage for the upcoming chapters.

Chapter 2: Literature Review

This chapter explores existing technologies related to solar pavements and energy-harvesting
infrastructure. It reviews relevant studies on solar energy integration, the use of recycled materials
in construction, and the mechanical properties of foamed concrete. The literature provides insights
into design principles, material selection, and structural challenges, establishing the theoretical
framework for the thesis. The review identifies gaps in the current research, specifically in the
application of solar pavements using recycled and lightweight materials. These gaps highlight the
need for innovative approaches to address both sustainability and functionality, forming the basis

for the current research.

Chapter 3: Methodology

This chapter outlines the methodology used to develop the solar pavement slab. It includes a
detailed description of the CAD modelling and the design phase for both the foamed concrete and
the solar slab. The chapter explains the step-by-step process of prototype development, material
selection, and mechanical analysis. Both experimental and numerical testing methods are
presented, with a focus on Finite Element Analysis (FEA) using ABAQUS to assess structural

integrity and performance under various conditions.

Chapter 4: Foamed Concrete Design and Experimental Study

This chapter delves into the design of foamed concrete incorporating recycled materials,
examining its mechanical properties such as strength, thermal insulation, and weight. The
experimental procedure includes casting foamed concrete slabs and conducting tests to determine
their performance under different loads and conditions. The goal is to establish an optimal mix of
recycled materials and lightweight concrete for use in the solar pavement slab. The results of the
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foamed concrete design are discussed, providing insight into its feasibility for solar pavement

construction.

Chapter 5: Foamed Concrete Results and Discussion

This chapter presents the experimental results from the foamed concrete tests. It analyses the
mechanical properties, durability, and overall performance of the foamed concrete under applied
loads. The discussion explores the implications of these findings for the solar pavement slab design
and compares them with the expected performance based on the literature. If the foamed concrete

fails to meet performance expectations, potential modifications are considered.

Chapter 6: Solar Slab Prototype Model Design

This chapter focuses on the design of the solar slab prototype, integrating solar cells and electrical
components into the foamed concrete base. It covers the CAD modelling and construction of the
prototype, ensuring that all mechanical and electrical elements are properly embedded and function
as intended. The process of constructing the model is described, including details of how solar

cells, LED lights, and batteries are positioned within the slab.

Chapter 7: Experimental and Numerical Design of Solar Slab Base

This chapter covers both experimental tests and numerical simulations using Finite Element
Analysis (FEA) in ABAQUS. It evaluates the mechanical performance of the solar slab base under
different loads and operational conditions. If the slab exhibits early failure, alternative materials
are considered to improve the design. The chapter concludes with a discussion of the test and
simulation results, including any necessary design adjustments.

Chapter 8: Experimental and Numerical Results and Discussion

Detailed Analysis: This chapter presents the combined results of the experimental and numerical
tests conducted on the solar slab. It evaluates the overall performance, structural integrity, and
energy efficiency of the slab. The results are compared with benchmarks from existing literature,

and their implications for the broader field of solar pavement technology are discussed.

Chapter 9: Complete Prototype Design: Analysis, Discussion, and Evaluation
Final Design Evaluation: The complete prototype is analysed based on all previous tests and

simulations. The final design includes adjustments based on both mechanical performance and
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energy generation capabilities. The chapter discusses the success of the design and evaluates

whether the slab meets the project’s objectives for sustainability, functionality, and durability.

Chapter 10: Conclusions and Recommendations

Summary of Findings: The final chapter summarises the research findings, highlighting the
successful aspects of the solar pavement slab design and the challenges encountered.
Recommendations for future research and improvements to the solar slab design are presented,
along with suggestions for broader applications in urban infrastructure.
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Chapter 2: Literature Review

2.1 Introduction

This chapter provides a comprehensive review with regards to the utilise of renewable energy and
solar panels in the civil engineering sector, including the different types of solar panel applications
for various purposes. Next, it examines the role of solar panels in pavement systems, analysing
their benefits, challenges, and feasibility. The chapter then shifts focus to recycled materials in
construction, exploring their mechanical properties and suitability for pavement applications.
Finally, the review evaluates foamed concrete as a lightweight, sustainable solution in pavement
engineering, emphasising its potential when combined with recycled materials. Through this
structured review, the chapter aims to provide a thorough understanding of the latest advancements
in integrating renewable energy and sustainable materials into civil engineering, inspiring future

research and innovative applications in infrastructure development.

2.2 Alternative and sustainable materials in the civil sector

The construction industry has long been a cornerstone of urban development, facilitating the
growth of modern infrastructure. However, its operations heavily depend on finite natural
resources, leading to environmental concerns such as resource depletion, escalating carbon
emissions, and increasing construction waste. These issues have driven a global shift toward
sustainable practices in civil engineering, focusing on the adoption of innovative and eco-friendly
materials. Pavements, pedestrian walkways, and structural components can significantly benefit
from these alternative materials, which offer both environmental and structural advantages. The
construction industry is a significant contributor to greenhouse gas emissions, primarily due to
cement manufacturing, which accounts for roughly 8% of global carbon dioxide output.
Addressing these challenges requires innovative solutions that not only conserve resources but
also reduce environmental degradation and encourage waste recycling.

Incorporating sustainable materials into civil industry practices offers multiple environmental and
economic benefits. For instance, fly ash and recycled aggregates reduce dependency on virgin
resources and curtail emissions, while lightweight concrete and polystyrene contribute to energy-

efficient buildings. These materials collectively minimise construction waste, lower production
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costs, and enhance structural longevity, making them viable solutions for future infrastructure
projects.

Lightweight concrete is increasingly employed in pedestrian pathways and pavement systems due
to its low density and superior insulation properties. Formulated with lightweight aggregates such
as expanded clay, shale, or polystyrene beads, this type of concrete decreases the overall weight
of structures, enhancing their seismic resistance and reducing transportation expenses (Chandra &
Berntsson, 2002). Additionally, lightweight concrete provides better thermal performance,
resulting in improved energy efficiency, and is particularly advantageous in regions with weak soil
conditions as it lessens the load on the foundation.

Fly ash, generated from coal combustion, is a widely recognised pozzolanic material that enhances
the durability and workability of concrete. Substituting a portion of cement with fly ash lowers
greenhouse gas emissions, mitigates heat of hydration, and improves resistance to sulfate attack
(Pacheco-Torgal et al., 2011). Fly ash-based concrete is increasingly preferred in pavement
construction and pedestrian-friendly infrastructure due to its cost-efficiency and long-term
structural performance.

Recycled aggregates, sourced from demolished concrete and construction debris, offer a
sustainable substitute for natural aggregates. Their application in road construction and pedestrian
pathways reduces material costs and minimises waste disposal challenges (Tam et al., 2018).
Although recycled aggregates may require stringent quality checks to match the performance of
natural aggregates, they contribute to the conservation of raw materials and support the
development of environmentally conscious infrastructure.

Recycled tyre fibre, extracted from waste tyres, enhances concrete's toughness and impact
resistance. It is particularly beneficial in pedestrian walkways and pavement applications,
improving slip resistance and reducing the risk of cracking under dynamic loads (Gupta et al.,
2014). This material supports sustainable waste management and promotes eco-friendly
construction. The flexibility of tyre fibre-modified concrete makes it suitable for areas subjected
to frequent thermal fluctuations and heavy foot traffic (Gupta et al., 2014). It is particularly
beneficial in pedestrian walkways and pavement applications, improving slip resistance and
reducing the risk of cracking under dynamic loads (Gupta et al., 2014). This material supports

sustainable waste management and promotes eco-friendly construction. The flexibility of tyre
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fibre-modified concrete makes it suitable for areas subjected to frequent thermal fluctuations and
heavy foot traffic.

Recycled tyre rubber is another innovative material in sustainable construction. Ground rubber
particles can be incorporated into concrete to improve elasticity and reduce brittleness. Rubber-
modified concrete enhances shock absorption and reduces surface noise, making it ideal for
pedestrian pathways, playgrounds, and sports courts. It also diverts significant amounts of waste
tyres from landfills, contributing to better waste management practices (Ganjian et al., 2009).
Ground rubber particles can be incorporated into concrete to improve elasticity and reduce
brittleness. Rubber-modified concrete enhances shock absorption and reduces surface noise,
making it ideal for pedestrian pathways, playgrounds, and sports courts. It also diverts significant
amounts of waste tyres from landfills, contributing to better waste management practices.
Recycled plastic is emerging as a viable alternative material in the construction industry. Plastic
waste, including polyethene and polypropylene, can be processed into plastic aggregates or fibres
and incorporated into concrete mixtures. Recycled plastic concrete exhibits improved durability,
resistance to cracking, and reduced permeability. It is particularly suitable for non-structural
applications such as footpaths, cycle lanes, and urban landscaping. Moreover, using plastic waste
reduces environmental pollution and conserves natural resources (Saikia & de Brito, 2012). Plastic
waste, including polyethene and polypropylene, can be processed into plastic aggregates or fibres
and incorporated into concrete mixtures. Recycled plastic concrete exhibits improved durability,
resistance to cracking, and reduced permeability. It is particularly suitable for non-structural
applications such as footpaths, cycle lanes, and urban landscaping. Moreover, using plastic waste
reduces environmental pollution and conserves natural resources. Glass fibre-reinforced concrete
(GFRC) is valued for its tensile strength, lightweight nature, and resistance to cracking. This
composite material is often employed in architectural cladding, pedestrian pathways, and structural
repairs (Bentur & Mindess, 2007). GFRC minimises the need for steel reinforcement, reducing the
risk of corrosion and lowering long-term maintenance costs. Additionally, its versatility and
aesthetic appeal make it an ideal choice for urban landscaping projects.

Carbon fibre composites, though costly, offer unparalleled strength-to-weight ratios, corrosion
resistance, and durability. Increasingly utilised in bridge decks, pedestrian walkways, and
structural retrofitting, carbon fibre reinforcement extends the lifespan of infrastructure while

minimising maintenance requirements (Hollaway, 2010). Carbon fibre-reinforced concrete
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(CFRC) is also gaining traction in the development of ultra-thin pavements and lightweight
pedestrian bridges, highlighting its potential to revolutionise future construction methodologies.

The integration of alternative and sustainable materials in the civil engineering sector is pivotal in
mitigating environmental impacts and promoting resource efficiency. Lightweight concrete,
recycled steel tyre fibre, polystyrene, waste foundry sand, fly ash, recycled aggregate, recycled
tyre fibre, superplasticisers, glass fibre, and carbon fibre exemplify innovative solutions that align

with the principles of green construction.
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Figure 2-1: (a) Plastic Waste, (b) Recycled Rubber Tyre Fibre, (c) Glass Fibre, (d) Carbon
Fibre, (e) Recycled Aggregate, (f) Fly Ash

By embedding these materials into pavements and pedestrian infrastructure, the construction
industry can reduce waste generation, lower carbon emissions, and contribute to a circular
economy. Future research should emphasise optimising the composition of these materials and

exploring hybrid combinations to further enhance their structural and environmental performance.

2.2.1 Expanded Polystyrene (EPS)

Polystyrene, a synthetic polymer known for its versatility, is frequently incorporated into concrete
production as a lightweight aggregate and insulation agent. Expanded polystyrene (EPS) beads,
when used as a replacement for traditional aggregates, notably decrease concrete density while
enhancing its thermal insulation capabilities (Alengaram et al., 2011). These properties make EPS

concrete especially suitable for pedestrian walkways, non-load-bearing structures, and recreational
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surfaces where shock absorption and improved comfort are desirable, such as in parks and
playgrounds. By integrating EPS beads, concrete achieves a significant reduction in weight while
retaining adequate compressive strength, making it a practical choice for energy-efficient buildings
and lightweight construction projects (Cadere et al., 2018).

From a sustainability perspective, incorporating recycled EPS into concrete supports waste
reduction efforts by diverting non-biodegradable materials from landfills. This practice also
promotes the efficient use of resources; however, environmental concerns arise from the potential
release of microplastics and the reliance on petroleum-based production processes for EPS,
necessitating proper management strategies to mitigate these risks (Kharun & Svintsov, 2017).
The mechanical performance of EPS concrete is closely tied to the proportion of EPS beads in the
mix. Increasing the EPS content generally weakens the compressive and tensile strength due to the
lower stiffness of EPS compared to conventional aggregates (Vandhiyan et al., 2016). Nonetheless,
carefully optimised mix proportions can achieve a balance between reduced weight, thermal
insulation, and structural performance, making EPS concrete adaptable for both structural and non-
structural applications (Karolina et al., 2019).

The introduction of EPS as a key material has greatly benefited the development of lightweight
concrete composites. Aside from reducing material usage and lowering the carbon footprint
associated with concrete production, recycling polystyrene waste into concrete helps address
disposal issues, aligning with broader environmental sustainability goals (Kharun & Svintsov,
2017).

The influence of polystyrene on concrete's mechanical properties becomes evident as the EPS bead
content increases. Research by Vandhiyan et al. (2016) indicates that substituting 10% of coarse
aggregates with EPS beads slightly reduces concrete strength, whereas a 50% replacement results
in a significant decrease in density, transforming the material into lightweight concrete. Their
findings revealed that concrete density decreased between 3.5% and 23.5% as the EPS content
varied from 10% to 50%. The suitability of EPS concrete for non-structural applications, such as
wall panels and partitions, was highlighted in this study.

Further data support these trends. According to Nader et al. (2022), introducing 10% polystyrene
led to a reduction in compressive strength from 14.09 MPa to 9.41 MPa, while the density declined
by approximately 42%. Tensile strength experienced a comparable reduction, decreasing from

3.57 MPato 0.22 MPa. These reductions occur because the presence of soft, deformable EPS beads
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interrupts the continuity of the concrete matrix, diminishing both compressive and tensile
performance. Depending on the specific mix and EPS proportion, compressive strength values in
EPS concrete can range from as low as 1 MPa to over 17 MPa (Karolina et al., 2019). This
highlights the necessity for precise mix designs to meet performance demands across different

applications (Nader et al., 2022).

2.2.2 Recycled Steel Tyre Fibre

Recycled steel tyre fibres, recovered from end-of-life tyres, serve as a valuable reinforcement
material in concrete, enhancing its toughness, tensile strength, and resistance to cracking under
load. These fibres are particularly effective in high-traffic pedestrian zones and pavements, where
they improve impact resistance and minimize surface wear and slip hazards. Incorporating tyre
fibres into concrete not only boosts mechanical performance but also supports sustainable waste
management by reducing the accumulation of discarded tyres in landfills.

The use of steel tyre fibres helps to reduce dependence on conventional steel reinforcements,
leading to potential cost savings and a lower carbon footprint associated with steel production.
Their ability to increase fatigue resistance and prevent crack propagation makes them especially
suitable for pavements, bridge decks, and other load-bearing surfaces exposed to heavy or dynamic
loads. Research by Thomas et al. (2016) demonstrated that recycled tyre fibres improve tensile
strength, crack resistance, and impact durability, offering a sustainable approach to strengthening
concrete while addressing environmental concerns.

Experimental investigations have shown that adding 1.5% steel tyre fibre by cement ratio can
enhance the tensile strength of concrete by up to 38% and increase the modulus of elasticity by
approximately 8% compared to conventional concrete (Thomas & Ramaswamy, 2020). In
addition, tests involving crumb rubber and tyre steel fibres have indicated that optimal results were
achieved with 12.5% crumb rubber replacing fine sand and steel fibres added in proportions
ranging from 0.3% to 1.2% by mass. According to Ndayambaje et al. (2017), the combination of
12.5% crumb rubber and 1.2% steel fibres provided the best impact resistance, particularly at the
points of initial cracking and ultimate failure, making it a suitable mix for road pavements and
other applications requiring enhanced durability.

Steel fibres act as micro-reinforcements within the concrete matrix, bridging cracks and
distributing stress more evenly throughout the material. Their presence significantly improves

ductility, impact strength, and load-bearing capacity after cracking, which reduces the likelihood
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of sudden structural failures (Aghaee et al., 2015). These properties make steel fibre-reinforced
concrete highly effective in structures subjected to heavy loads and dynamic stresses.

From an environmental perspective, recycling steel tyre fibres helps mitigate the disposal
challenges posed by used tyres while also reducing the need for energy-intensive virgin steel
production, which is a major source of greenhouse gas emissions (Zhang et al., 2022). However,
achieving uniform dispersion of steel fibres in concrete can be challenging, requiring careful mix
design and proper handling techniques to prevent clumping and ensure consistent mechanical

performance across the structure (Zia et al., 2022).

2.2.3 Waste Foundry Sand (WFS)

Waste foundry sand, a by-product of metal casting, presents an eco-friendly alternative to natural
fine aggregates. Integrating foundry sand into concrete mixtures enhances compressive strength
and minimises shrinkage while alleviating pressure on natural sand resources (Singh & Siddique,
2012). Utilising this industrial by-product fosters circular economy principles by repurposing
waste materials and reducing environmental strain associated with sand mining. Foundry sand has
demonstrated remarkable performance in both rigid and flexible pavement applications under
diverse climatic conditions. Waste foundry sand (WFS) is an industrial by-product from metal
casting processes, offering an environmentally friendly alternative to natural sand in concrete
production (Sahare, 2019). Due to its fine particle size and chemical composition, WFS has been
found to enhance concrete strength, durability, and resistance to aggressive environmental
conditions (Rashid & Nazir, 2018).

The mechanical performance of WFS-containing concrete varies based on the replacement ratio
and material properties. While high WFS content may slightly reduce compressive and tensile
strength, optimised replacement levels can maintain or even enhance concrete performance
(Etxeberria et al., 2007). Research by Siddique et al. (2011) found that replacing 20% of natural
sand with WFS maintained comparable compressive strength, while higher replacement levels
required mix modifications.

Beyond mechanical performance, WFS has shown improvements in concrete workability and
durability. However, some studies indicate that the irregular shape of WFS particles may reduce
workability, necessitating the use of water-reducing admixtures to optimise mix performance
(Guney et al., 2010). Durability studies indicate that WFS improves resistance to freeze-thaw

cycles, sulfate attack, and chloride ion penetration, making it a promising material for long-term
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infrastructure applications (Siddique & Naik, 2004). Additionally, using WFS reduces the reliance
on natural sand extraction, contributing to sustainable aggregate consumption and reduced
environmental impact (Tittarelli, 2018).

Figure 2-2: (a) Polystyrene, (b) Waste foundry sand, (c) Recycle steel tyre fibre

The integration of alternative and sustainable materials in civil engineering is crucial for reducing
the industry’s environmental footprint while maintaining structural efficiency, cost-effectiveness,
and durability. The use of polystyrene, waste foundry sand, and recycled steel tyre fibres offers
viable solutions for pavement and structural applications, reducing resource consumption,
improving mechanical performance, and minimizing landfill waste.

As the demand for sustainable construction solutions increases, further research is required to
optimise material performance and expand applications in pavement engineering, lightweight
structures, and energy-efficient buildings. By embracing alternative materials, the civil
engineering sector can significantly lower its carbon footprint, reduce waste, and support circular
economy principles, contributing to long-term sustainability and innovation in construction
practices (Sohail et al., 2013).

2.2.4 Superplasticisers

Superplasticisers, also called high-range water reducers, play a vital role in enhancing the
workability of concrete mixtures without increasing the water content. These chemical admixtures
enable the production of high-performance concrete (HPC) and self-compacting concrete (SCC),
which demand superior flowability and self-consolidating characteristics without segregating the
mix components (Okamura, 1997). By promoting ease of placement and compaction, particularly
in complex formworks and reinforced structures, superplasticisers simplify construction processes

and contribute to achieving denser, more durable concrete (Mehta & Monteiro, 2006).
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The use of superplasticisers significantly reduces the water-to-cement ratio by dispersing fine
particles throughout the concrete matrix. This reduction in water content leads to denser concrete
with fewer voids, improving compressive strength and long-term durability (Neville, 2011).
According to Nwoye (2020a), these additives create a cohesive mix, enhancing the concrete's
structural integrity while maintaining desirable workability levels. Additionally, the slump level
of the concrete increases, allowing for easier placement and consolidation (Nwoye, 2020b).
Research indicates that incorporating superplasticisers can reduce water requirements by up to
30% without compromising workability (Eckert & Carrasquillo, 2020). Lower water-to-cement
ratios are associated with higher strength and reduced permeability, leading to concrete that
withstands harsh environmental conditions, including freeze-thaw cycles and chemical exposure
(Neville, 2011). Alsadey and Omran (2022) further highlight that precise water reduction
optimises cement hydration, enhancing strength while reducing porosity.

Superplasticisers contribute to accelerating early strength development in concrete, enabling
quicker formwork removal and earlier structural loading (Mehta & Monteiro, 2001). These
admixtures facilitate better cement particle dispersion, reducing the need for excess water and
improving the compactness of the concrete matrix (Nwoye, 2020). As a result, the final concrete
product exhibits enhanced mechanical properties and increased resistance to wear and
environmental stressors (Neville, 2011).

The environmental benefits of superplasticisers are equally notable. By decreasing cement and
water consumption, these admixtures contribute to reducing the carbon footprint associated with
cement production, which is a significant source of CO2 emissions (H et al., 2020; Nwoye & Obele,
2020). Thus, superplasticisers not only improve concrete performance but also promote
sustainability in construction practices.

Further research continues to explore advanced formulations of superplasticisers to improve their
compatibility with various cement types and other admixtures. This ongoing development is
expected to expand their application in innovative concrete technologies, such as ultra-high-
performance concrete (UHPC) and self-compacting concrete, fostering further improvements in
construction efficiency and material performance (He et al., 2020).

The present study adopted a 1% superplasticiser dosage relative to the cement content to optimise
both the mechanical properties and workability of the foamed concrete samples under

investigation. Additionally, alternative cement types, including high-strength and rapid-setting

43



CHAPTER 2

Portland cement conforming to BS 915:1983 standards, were considered to enhance the overall
performance of the concrete mix. Figure 4-4 outlines the specific recycled materials and additives
incorporated in this study. According to MPA Mortar (2021), adhering to guidelines from BS EN
998-1 and BS EN 998-2 ensures that additives are effectively integrated into the mix, improving
particle dispersion and reducing the water-to-cement ratio, ultimately contributing to a robust and

durable concrete structure.

2.3 Foamed Concrete

Foamed concrete is an innovative and sustainable construction material that offers lightweight
properties, enhanced thermal insulation, and resource efficiency, making it a viable alternative in
modern civil engineering applications. It is produced by introducing air voids into a cementitious
matrix, resulting in low-density concrete with improved workability and reduced material
consumption (Jones & McCarthy, 2005). Due to its self-compacting nature, foamed concrete
eliminates the need for extensive vibration during placement, contributing to lower labour costs
and energy consumption in construction projects (Kearsley & Wainwright, 2002).

One of the major environmental benefits of foamed concrete is its potential for incorporating
recycled materials, such as waste foundry sand, polystyrene, and steel tyre fibres, thereby reducing
dependency on natural resources (Mohammed et al., 2020). Additionally, its high porosity and air
content contribute to better thermal and acoustic insulation, making it suitable for energy-efficient
buildings and sustainable infrastructure (Amran et al., 2015). The absence of coarse aggregates in
foamed concrete production further reduces mining activities and environmental degradation,
promoting eco-friendly construction solutions (Ramamurthy et al., 2009).

Despite its lower compressive strength compared to conventional concrete, foamed concrete
demonstrates adequate mechanical performance for non-structural applications, lightweight
partitions, pavement sub-bases, and void filling (Jones & McCarthy, 2006). However,
advancements in mix design and material optimisation have enabled the development of higher-
strength foamed concrete suitable for load-bearing applications and infrastructure projects
(Gholampour & Ozbakkaloglu, 2018).

This chapter provides a comprehensive overview of foamed concrete's mechanical, durability, and
sustainability characteristics, analysing its potential as an alternative material in pavement and
civil engineering applications. A detailed evaluation of its performance when combined with

recycled materials is presented in later sections, offering insights into its feasibility for modern
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sustainable construction practices. The chapter concludes with a thorough discussion of the role of
foamed concrete in sustainable civil engineering, addressing both its benefits and limitations, along
with future research directions for enhancing its structural performance and environmental impact.
Foamed concrete, often termed lightweight cellular concrete, has become increasingly significant
in modern construction due to its low density, high thermal insulation properties, and ease of
application. This innovative material consists primarily of a cementitious binder, fine sand, water,
and a foaming agent, which collectively create a porous structure. Hamad (2014) characterises
foamed concrete as a material containing evenly distributed air voids introduced through the
addition of stable foam. The American Concrete Institute (ACI) outlines the importance of foam
uniformity in their guidelines (ACI 523.3R-14, 2003), while the performance and reliability of
foaming agents are evaluated according to standards like ASTM C869-91 and ASTM C796-97.
Typically, the air content in foamed concrete ranges between 6% and 35% by volume, influencing
both its density and mechanical performance.

The production process involves combining a pre-formed foam, created by mixing a foaming agent
with water and compressed air, with a cementitious slurry. The uniform dispersion of foam is
crucial to ensure stability and avoid segregation, directly impacting strength and load-bearing
capacity (Mydin & Wang, 2012). Foaming agents are categorised into protein-based and synthetic
types. Protein-based agents, such as the Propump 26 used in this research, are favoured for their
ability to produce small, uniform, and stable bubbles, leading to denser, more robust cellular
structures. They are also biodegradable and derived from natural proteins, making them an
environmentally preferable choice compared to synthetic counterparts (Jones & McCarthy, 2005).
Density variations in foamed concrete span from as low as 200 kg/m? to 1700 kg/ms, allowing
customisation to suit diverse applications, including non-structural fill, roof insulation, and
lightweight structural elements (Kearsley & Wainwright, 2001).

Parallel to foamed concrete, Lightweight Concrete (LWC) represents another class of low-density
construction materials valued for reducing dead loads, improving thermal efficiency, and
enhancing seismic resilience. LWC can be produced either by using lightweight aggregates such
as expanded clay, shale, or pumice or by incorporating air voids using admixtures or foaming
processes (Newman & Owens, 2005). These reductions in mass yield significant structural and

economic advantages. The lower self-weight decreases the load on foundations and structural
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members, enabling more slender and efficient designs in high-rise buildings and long-span bridge

constructions (Neville, 2011; Kan & Demirboga, 2009).Figure 2-3 illustrates the foam production.

Foaming agent

Figure 2-3: Foam Generation Process (Raj, Sathyan, & Mini, 2019)

Beyond structural efficiency, LWC exhibits improved insulation properties and increased fire
resistance due to its porous structure, attributes that enhance its suitability for both residential and
industrial applications, according to Raj, Sathyan, & Mini (2019) (Neville, 2011). Additionally,
its sound absorption characteristics improve acoustic performance in buildings, further amplifying
its functional appeal (ACI 213R-14, 2014). Innovative developments in lightweight concrete, such
as high-performance, lightweight concrete (HPLWC), have pushed the boundaries of strength and
durability, bridging the gap between conventional concrete and lightweight alternatives (Thienel
et al., 2020).

The historical trajectory of LWC reveals its longstanding utility in construction. Kan and
Demirboga (2009) and Thienel et al. (2020) note that ancient civilisations, including the Romans,
employed natural lightweight aggregates like volcanic pumice to construct monumental structures.
A remarkable example is the Pantheon in Rome, built around 128 AD, which incorporated
lightweight materials in its dome to reduce structural loads, enabling its remarkable span and
durability (Bremner, 2008). The decline of the Roman Empire saw a reduction in LWC usage,
attributed to the scarcity of suitable lightweight aggregates (Thienel et al., 2020).

The resurgence of LWC in the 19th and 20th centuries coincided with industrial advancements,

leading to the development of artificial lightweight aggregates such as expanded clay and sintered
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fly ash (Holm, 1983). These innovations revitalised LWC's potential, aligning with contemporary
demands for sustainable construction materials. The reduced consumption of raw materials and
lower transportation costs associated with LWC contribute to its environmental benefits,

reinforcing its role in modern green construction practices (Chandra & Berntsson, 2002).

2.4 Modern Applications and Sustainability

The modern development of LWC began in the early 20th century when industrial processes were
introduced to create artificial lightweight aggregates and aerated concrete as an alternative
sustainable civil industry material. These innovations marked the beginning of lightweight
concrete's journey towards becoming a fundamental part of the construction industry.

In recent years, the focus on sustainable and energy-efficient construction has further elevated the
importance of LWC. According to Junaid et al., its ability to reduce the overall weight of structures
leads to savings in foundation costs. It also contributes to reducing greenhouse gas emissions
through lower transportation and materials used.(2022)Additionally, the thermal insulation
properties of LWC play a crucial role in reducing energy consumption in buildings, which aligns
with global sustainability purposes.

The literature analysis highlights an increasing interest in developing more sustainable building
materials, particularly those incorporating raw, natural ingredients. The emphasis is on developing
materials such as Lightweight Concrete (LWC) that not only have improved physical and
mechanical qualities but also have lower density. Such advancements in material science are not
only targeted at enhancing the efficiency and performance of construction materials but also at
minimising their environmental impact, as mentioned by Junaidet al.(2022).

This shift towards sustainability reduces an awareness that the building sector contributes
significantly to environmental degradation, mainly through the extraction and consumption of vast
amounts of natural resources. The sector may drastically reduce its dependency on natural
resources by emphasising the reuse of waste materials and industrial byproducts. This strategy not
only improves waste management but also helps to conserve natural resources, resulting in a more
sustainable development trajectory for the construction industry.

Using such materials is consistent with global sustainability goals, providing a pathway for
decreasing the carbon footprint of new projects and encouraging the circular economy in the
building industry. The shift to employing sustainable building materials, including LWC, reflects

a broader commitment to environmental management and is a viable route for innovation and
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growth in construction technologies. Lightweight foam concrete (LWC) has emerged as a highly
sought-after material in the construction industry, owing to its versatility and the increasing
demand for sustainable and efficient building solutions. LWC can be differentiated into various
categories, each defined by its unique production technique and the materials used in its
composition. These classifications provide a broad spectrum of applications, from thermal
insulation to structural components, reflecting the adaptability of lightweight concrete in meeting

diverse construction needs.

2.5 Mechanical Property and Density of Lightweight Concrete (LWC)
According to Kohail et al. (2018), concrete can be classified into three types based on its unit
weight and compressive strength: low-strength concrete (less than 20 MPa and up to 1800 kg/ms3),
moderate-strength concrete (between 20 and 40 MPa and densities between 1800 and 3500 kg/m3),
and high-strength concrete (more than 40 MPa). Moderate-strength concrete, often plain concrete,
is the foundation for most structural engineering projects due to its strength and workability. High-
strength concrete, on the other hand, is used in specialised applications that require exceptional
performance under high loads or in harsh circumstances. The creation of lightweight concrete
(LWC), which ranges in strength from low to moderate depending on its composition and intended
purpose, uses natural and artificial lightweight aggregates.

Furthermore, according to Kohail et al. (2018) and Thienel et al. (2020b), natural materials such
as shales, clays, pumice, diatomite, volcanic cinders, and slates have an inherent quality that
reduces the overall weight of the concrete without significantly affecting structural integrity.
Alternatively, by-products such as iron blast furnace slag, clay, sintered fly ash, and shale serve as
artificial sources of lightweight aggregates, providing a sustainable solution by recycling industrial
waste into valuable construction materials. These lightweight aggregates are critical for making
LWC with desirable qualities such as reduced density, enhanced thermal insulation, and acceptable
strength for diverse construction applications, as Chandra and Berntsson (2002) emphasised.
According to(Kumar, Lakhani and Tomar, 2018), Lightweight Concrete (LWC) can have densities
ranging from 350 to 1800 kg/m? and compressive strengths between 1 and 30 MPa. LWC is known
for its excellent thermal insulation properties, and some varieties, such as lightweight aggregate
concrete, are used as structural materials.

According to (Hilal, 2015), the modern construction industry has seen a significant increase in

demand for LWC in structural applications due to its benefits, such as lower thermal conductivity
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and a higher strength-to-weight ratio. According to (Hama, 2017), structurally, LWC with
densities ranging from 1350 to 1850 kg/ kg/m3 can achieve compressive strengths that are more
significant than 17 MPa after 28 days, comparable to conventional-weight concrete. This makes it
especially useful for reducing dead loads on concrete structures. Lightweight concrete can be
prepared either by injecting air into its composition or by omitting the finer sizes of the aggregate

or even replacing them with a hollow, cellular, or porous aggregate.

2.6 Development and Innovation of Lightweight Concrete

Throughout the 20th century, advancements in technology and materials science pushed the
development of various forms of LWC. Innovations such as expanded clay and shale aggregates,
as well as synthetic foaming agents, have developed the applications of lightweight concrete,
explained by (Fathi, et.al., (2004) and Junaid et al., 2022). These developments improved the
material's structural properties and enhanced its thermal insulation, fire resistance, and sound

absorption capabilities.

2.6.1 Types of Lightweight Concrete

Lightweight concrete can be broadly classified into three main categories according to Fathi, M,
et al., (2004) and (Kan and Demirboga, 2009), based on its production method and the materials
used:

1. Lightweight Aggregate Concrete (LAC): Utilizes lightweight aggregates like expanded
clay, shale, or slate, which have a lower density compared to traditional aggregates. LAC is known
for its structural strength, thermal insulation, and reduced weight, making it suitable for a wide
range of applications, from residential buildings to bridges.

2. Foamed Concrete: Also known as cellular or aerated concrete, this type is produced by
incorporating air bubbles into the concrete mix through chemical or mechanical means. Foamed
concrete is characterised by its low density, excellent thermal insulation, and fire resistance,
making it ideal for insulation panels, void filling, and lightweight blocks.

3. No Fines Concrete: This variety excludes the use of fine aggregates, relying solely on course
aggregates. The result is concrete with large void spaces, offering unique permeability and
lightweight characteristics. Fines concrete is often used in applications requiring drainage or

reduced weight without high structural demands.
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2.6.2 Aerated Concrete

Aerated concrete type as it does not contain coarse aggregate and can be considered aerated mortar.
Typically, aerated concrete is made by introducing air or other gas into a cement slurry and fine
sand. In commercial practice, the sand is replaced by pulverised fuel ash or other siliceous material,
and lime may be used instead of cement. Aerated concrete is classified into two types: air-entrained
concrete and foam concrete (Thakur et al., 2022).

1. Air-entraining method: this method involves adding gas-forming chemicals to the mortar,
which react during mixing to form a porous structure. Examples include aluminium powder,

calcium carbide, and hydrogen peroxide.

Void  Coarse Aggregate Cement Paste CementPaste  Airbubbles  Cement Paste Lightweight Aggregate

Non- Fine Concrete Aerated Concrete Lightweight Aggrepate Concrete

Figure 2-4: Types of Foamed Concrete (Thakur et al., 2022)

2. Alternatively, the foaming method: this method creates pores mechanically through a pre
foaming process, where the foaming agent is combined with water before mixing, or a mixed
foaming process, where the foaming agent is directly mixed with the mortar.

The first method is usually used in precast concrete factories where the precast units are
subsequently sterilised in order to produce concrete with reasonably high strength and low drying
shrinkage. The second method is mainly used for in-situ concrete and is suitable for insulation roof
screeds or pipe lagging. Figure 2-4 shows the aerated concrete.

This research has focused on aerated concrete, which is a useful construction material
characterised by its lightweight, porous structure. As explained by Hamad (2014), foamed concrete
is made by mixing a cementitious material (usually Portland cement, fine sands, and a foaming

agent). This foam agent is introduced into the mix to create many tiny air bubbles throughout the
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material, significantly reducing its density compared to traditional concrete. As Okay (2010) and
Ramamurthy et al.(2009a) highlighted that the density of foamed concrete typically ranges from
400 kg/m3 to 1800 kg/m3, which is considerably lighter than standard concrete, which usually has
a density of about 2400 kg/m3. The concept of incorporating air bubbles into concrete to reduce its
density and improve specific properties dates back to the early 20th century. However, the
systematic development of foamed concrete began in the 1950s and 1960s, with its applications
initially focused on insulation and soundproofing due to its inherent thermal and sound-insulating
properties (Raj, Sathyan and Mini, 2019).

The Romans developed concrete's workability and durability by incorporating animal blood into

a mixture of small stones, sand, hot lime, and water, resulting in small air pockets in the mix.

(@) ()

Foam

Foam concrete

Sand Cement

Figure 2-5: The Components of Foamed Concrete (Raj, Sathyan & Mini, 2019)

However, Axel Eriksson's patent in 1923 officially documented the invention of Portland cement-
based foamed concrete. Figures 2-5 explain the foamed concrete components.

Abd & Jassam, (2019) demonstrated the production of foamed concrete, which involves creating
a stable foam using a foam generator, which is then mixed with a cement-based slurry. The foam
introduces a controlled amount of air into the mix, creating a matrix of evenly distributed air voids.
The result is a material that can be easily pumped and moulded into desired shapes, offering
significant advantages in handling and construction efficiency. Raj et al. (2019) also mentioned

that foamed concrete's low density is achieved without significantly compromising strength,
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making it an attractive option for many construction projects. Its cellular structure also provides
excellent thermal insulation, making buildings more energy efficient. Furthermore, its porous
nature allows for better sound absorption. In terms of sustainability, foamed concrete is considered
an eco-friendly construction material. Its ability to incorporate industrial by-products like fly ash
and slag as partial cement replacements reduces cement production's environmental impact.

Additionally, its lightweight nature leads to lower transportation costs and reduced emissions.

2.6.3 Specification

The British Cement Association (BCA) established a precedent in 1991 with its first report
outlining specifications for foamed concrete in the UK, which sparked a series of subsequent
publications between 1992 and 1995. These documents contributed to the construction industry's
understanding of foamed concrete by focusing on its benefits, characteristics, and application
guidelines, particularly emphasising its use in ground stabilisation and void filling. This period it
marked the initial recognition of the practical applications of foamed concrete in groundwork and
trench replacement. (OZLUTAS, 2015a).

The Highway Authorities and Utilities Committee's (HAUC) 1992 introduction of a specification
for the reinstatement of highway openings was a watershed moment. After its approval as a Code
of Practice, this specification was supplemented with an appendix that addressed the use of foamed
concrete in reinstatement. This code, which was formally enforced in January 1993, made a
substantial contribution to the standardisation of foamed concrete usage in the maintenance of
highways. (Beng, 2021).

In 2001, with assistance from Dundee University's Concrete Technology Unit (CTU), the
Highways Agency and the Transport Research Laboratory released an application guide, AG39,
titled “Specification for foamed concrete.” This publication offered comprehensive insights into
quality control, material properties, potential applications, and acceptance criteria, further

advancing the industry's knowledge base. (Hilal et al., 2015).
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Table 2-1: Published Specification of Foamed Concrete in the UK (Beng, 2021)

Published specifications for foamed concrete in the UK

Publishing Body/year Title of the specification Contents
BCA /1991 Foamed concrete Definition, properties, advantages
BCA /1994 Foamed concrete compaosition and Definition, properties,
properties Specification advantages, and potentialapplications
UKWIR /1995 Specification of foamed concrete Use as a reinstatement material
HAUC {2010) 1st & 2nd Specification for the General requirements for foamed concrete
Publications / 1992 & 2002 reinstatement of openings in highways as an alternative reinstatement material
TRL-Brady et. al TRL Report AG39 - Constituents, production,
with contributions of Specification for foamed concrete properties, uses, a guideline for
University of Dundee /2001 specifications, uses and quality control
Recycled and secondary aggregates in Specification on the use of recycled and
foamed concrete secondary

aggregates in the production

Specification and quality Constituent materials,
control of foamed concrete incorporating requirements, procduction
RSA cantrol, and end-of-life and recycling of RSA

foamed concrete
Concrete Society /2009 Concrete Guide 7 - Foamed concrete: Case studies, practicalities, properties,

application & specification quality control

Additionally, the UK Water Industry in 1995 expanded the scope of foamed concrete applications,
including its use as a reinstatement material. By 2004, specifications were also put forward for its
application in insulated building foundations, indicating a broadening approval for the material's
adaptability.

Internationally, Japan contributed to standardisation efforts by publishing an industrial standard,
JIS A 1162:1973, which focuses on testing methods for cellular concrete volume change,
recognising the importance of foamed concrete in construction.

Despite these advances and the growing body of guidelines and specifications, it is worth noting
that a unified standard or code of practice specific to foamed concrete as a structural material has
yet to be developed. This gap highlights an area of future development, emphasising the need for
comprehensive standards that address the properties, quality control, and broader applications of
foamed concrete in structural engineering (OZLUTAS, 2015). See Table 2-1, published

specification of foamed concrete in the UK
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2.6.4 Foamed Concrete Development

Over recent years, significant developments have occurred in the field of foamed concrete (FC),
including advancements in materials, manufacturing techniques, quality control, and properties.
These improvements have broadened the range of FC applications in construction. M. Amran et
al. (2020) explained that FC technology and materials have expanded their uses to include a wide
range of applications due to their strength, making them an appropriate construction material in
the industrialised building system. Its ability to fill cavities and voids over long distances without
requiring vibration or impact is a significant advantage. This material allows for quick, settlement-
free construction, providing excellent thermal insulation, superior freeze/thaw properties, and
substantial fire resistance.

According to Raj and Mini (2019), FC is utilised for many applications, including sound and
thermal insulation for floors, thermal protection for various roof types, well backfilling, cavity
filling, masonry grouting, the manufacture of building blocks and wall panels, the construction of
monolithic low-rise and individual houses, road sub-base maintenance, and bridge abutment and
ground stabilisation. Its development has been driven by continuous research and innovation,
focusing on improving its mechanical properties, durability, and environmental footprint. Foamed
concrete is praised for its adaptability, offering solutions to various construction challenges while
supporting the industry’'s move towards more sustainable practices (Ashrafian et al., 2020; Hashim,
2014). Technological advancements have significantly facilitated the successful application of
foamed concrete, enabling more precise examinations of its properties.

One of the critical areas of innovation in foamed concrete technology involves optimising its mix
design. Raj, Sathyan, and Mini (2019) have stated that research using various admixtures and
supplementary cementitious materials aims to improve the strength-to-weight ratio and durability
of foamed concrete. For instance, incorporating fly ash, silica fume, superplasticisers, and other
industrial by-products as partial replacements for cement in foamed concrete mixes has been
shown to improve the material's mechanical properties and sustainability profile (Jones and
McCarthy, 2005). The UK universities' progress in the development of foamed concrete is detailed
in Table 2-2.

54



CHAPTER 2

Table 2-2: Leading UK Researchers' Developments in Foamed Concrete (Hulusi et al., 2020)

Researcher/University Main Development
Jones, M.R. and McCarthy t2m4l f Development of thermally insulating foundations and evaluating several fresh
The Uni\rersity of Dundee properties of FCwith plastic densities range from 1000 to 1400 kg/m?®.

Rao lzma] / The University of Dundee Characterising 1000 and 1400 kg/m® foamed concretes produced with a wider
range of recycled secondary aggregates (RSA)than fly ash and demolition fines.

Developed foam ed concrete with no/minimal primary aggregates with a plastic

density of 500 kg/m?.

Yerramala, (2008) / The University of Evaluated the energy absorption potential of foamed concrete.
Dundee Explored the recycling potential of RSA foamed concrete for utilising it as fine

aggregate in new foamed concrete.

Othuman, I2010] The University of Evaluate the thermal and mechanical properties of FC at hightemperatures and
structural performance of compesite walling system with FC core.

Manchester

(BTG ECRPLE RN WA I STl Attempted to solve the stability issues in 300 kg/msfoamed concrete and gained
Dundee further understanding of instability.
Hilal, [2015] f The University of A comprehensive study on Properties and microstructure of pre-formed foamed
Nottingham concretes.

Shawnim and Foamed concrete development for structural purpeses: An investigation to the

Mohammad, (2018)/Nottingham viability of using alternative materials.
Trent University

Moreover, the development of advanced manufacturing techniques is another crucial aspect of
current research. Innovations in foam generation and mixing methods are aimed at producing more
uniform and stable foams, resulting in foamed concrete with better consistency and quality
(Nambiar and Ramamurthy, 2006). Additionally, the use of preformed foam and synthetic
surfactants has been explored to control the bubble size distribution and density of foamed concrete
more effectively, enabling the production of materials tailored to specific applications.

Sustainability is a significant driver of recent developments in foamed concrete technology. The
industry is focusing on reducing the carbon footprint of foamed concrete by optimising the use of
raw materials and incorporating waste materials as aggregates or fillers (Kearsley and Wainwright,
2001). The potential for recycling foamed concrete is also being investigated, with research into
the material's life cycle assessment and end-of-life reuse options. This aligns with the broader
construction industry's shift towards more environmentally responsible materials and practices.
Nottingham Trent University and other research institutions have conducted intensive
investigations into FC, examining its prospects and characteristics from various angles, resulting
in substantial progress. The ongoing development of foamed concrete aims to enhance its
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mechanical properties, durability, and environmental sustainability, making it an area of keen

research interest.

2.7 Foamed Concrete Current Applications

Lightweight foamed concrete (LFC) has gained significant interest in the construction industry
due to its unique properties, including lower density, good thermal insulation, and reduced material
cost. This material, characterised by its inclusion of air bubbles, has found a broad field of
applications ranging from structural elements to geotechnical fillings.

One notable application of LFC is in the construction of structural and non-structural elements.
According to Kearsley and Wainwright (2001), LFC is particularly advantageous for producing
lightweight blocks and panels due to its excellent workability and thermal insulation properties.
The reduced weight of LFC elements eases handling and transportation, leading to faster
construction times and lower overall costs (Kearsley and Wainwright, 2001)

In the realm of infrastructure, LFC has been applied in the construction of bridge abutments, where
its lightweight nature minimises settlements and reduces the loads imposed on underlying soils.
Jones and McCarthy (2005) highlighted the use of LFC in bridge construction, demonstrating its
capability to improve project sustainability while ensuring structural integrity. (Jones and
McCarthy, 2005a)

LFC is also widely used in geotechnical applications, such as backfill material for tunnels and
retaining walls. Its self-compacting nature and ability to flow into narrow spaces without requiring
mechanical compaction make it an ideal choice for such applications. Nambiar and Ramamurthy
(2006) explored its use as a filling material, emphasising its potential to enhance the stability of
underground structures while providing thermal and acoustic insulation. (Nambiar and
Ramamurthy, 2007). Figures 2-6 and 2-7 are examples of lightweight foamed concrete
applications. Furthermore, LFC's thermal insulation properties have led to its use in flooring
systems and roofing slabs, contributing to energy-efficient buildings. The material's inherent
ability to reduce heat transfer can significantly decrease heating and cooling demands, as discussed
by Mydin and Wang (2012), who assessed the energy-saving potential of LFC in building
applications (Mydin and Wang, 2012). In conclusion, the versatility and beneficial properties of
lightweight foamed concrete have facilitated its adoption in a wide array of construction
applications. From structural elements to geotechnical solutions and energy-efficient building

components, LFC continues to play a pivotal role in advancing sustainable construction practices.
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Figure 2-6: Lightweight Foamed Concrete Applications (www.dr-luca.com, 2009)

Despite its limited use in structural applications due to its low compressive strength, foamed
concrete has a wide range of applications in the construction industry due to its unique properties.
These applications primarily focus on non-structural and semi-structural roles, taking advantage
of the material's lightweight properties, thermal insulation, and ease of installation(MD Jalal, A

Tanveer, 1991). Consider the following applications in greater detail:

1. Thermal Insulation: foamed concrete is an excellent conductor because of its high porosity
and air content. It is used in roofs, floors, and walls to increase a building's energy efficiency
by lowering the need for heating and cooling.

2. Void Filling: because foamed concrete is fluid, it can be easily pumped into difficult-to-reach
places, which makes it perfect for filling gaps. This includes mine shafts, abandoned pipes,
and tunnels where placing them does not require the use of compacting machinery.

3. Soil Stabilization: loose soil can be stabilised with foamed concrete, which increases the soil's
strength and bearing capacity. This application is especially helpful for laying the groundwork
for pathways, roads, and lightweight buildings.

4. Precast Wall Elements/Panels: Foamed concrete is used to make precast wall panels and
components because of its lightweight and insulating properties. These panels provide quick
assembly and energy-efficient options for building construction.
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5. Slope Protection: Because of the material's moldability and adherence to various surfaces, it

can be used for landscaping and slope protection, preventing erosion and stabilising

embankments.

Application Dry Density Range
(kg/m3)

Roof Insulation Scread
http://alliedfoamtech.com

Road Sub-Base

200-1000
https://compositecellularco
ncrete.com
Raising Floor Level 400-1200
Prabhaetal., 2017)
Decorative Panels =1000
fsiwi.com
rench Reinstatement =1200
.rusmarinc.com/cell ular-
round Stabilisation 600 - 1000
.green buildingadviso r.com
400 - 1000
300 - 1600
Harbour fill 400 - 1600
.green buildingadviso r.com
1200 - 1800
400 - 1650
N on-Structural Walls: 800 - 1600
.greenbuildingadviso r.com
[Semi-Structural Walls 1200 - 1500

- e
- —— -

1.0- 3.5

1.0- 4.5

3.5- 5.5

4.5- 5.5

2.0-5.5

2.0-8.0

1.0-10.0

1.0-10.0

4.5-10.0

1.5-10.0

3.0-10.0

5.5-12.0

Has excellent thermalinsulation
properties and Does not add
significantly to the overall weight of
the roof

Reduce loads on wealk underlying
soils

No compaction needed, less weight,
High-performance void filling, used
for skin friction piles - Reduced
foundation cost

Enhance the appearance of buildings
without adding much extra loading t©
the structure

Self-levelling, filling smallcavities,
easily 1o pump with low pressure over
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Figure 2-7: Applications of Foamed Concrete (Beng, 2021)
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6. Road Sub-bases: Foamed concrete is a lightweight fill material used in road construction, and
it is especially effective at reducing settlements on weaker soils. It provides a solid foundation
for the road structure without adding significant load.

7. Bridge Abutment Backfill: Foamed concrete is the best material for backfilling in bridge
construction projects because of its lightweight nature, which reduces lateral loads on bridge
abutments.

8. Sound Insulation: Foamed concrete's cellular structure offers superior sound-absorbing

capabilities, which makes it a good choice for acoustic panels and sound barriers.

2.8 Production of Foamed Concrete

Foamed concrete, a material recognised for its lightweight and insulating properties, integrates air
bubbles into a cementitious mixture. This unique construction material is produced by combining
cement, water, fine aggregate, and a foaming agent, resulting in a mix that offers both structural
integrity and thermal insulation. (Hashim and Tantray, 2021). The initial step in the production of
foamed concrete is to prepare the base mix. This typically requires combining cement, water, and
any additional fine aggregates or additives needed for the specific application. The consistency
and composition of the base mix are critical factors determining the final properties of the foamed
concrete, such as density, strength, and thermal conductivity. (Dopfner, Schmeck and Berner,
1994)

Following the preparation of the base mixture, a foaming agent is added. This agent is typically a
surfactant that lowers the surface tension of the mixture, allowing air bubbles to form and stabilise
within it. The foaming agent can be added in a pre-formed manner, where foam is generated using
a foam generator and then mixed into the slurry. Alternatively, it can be added directly to the mix,
where the air is entrained mechanically. The incorporation of air bubbles is an important step that
has a direct impact on the density and insulating properties of the resulting material, as illustrated
in Figures 2-8. (Jones and McCarthy, 2005b) The consistency of the foamed concrete mixture
allows it to be easily poured into moulds or directly onto construction sites, making it a versatile
option for a wide range of applications. Foamed concrete is much lighter than regular concrete and
has a cellular structure that, once set, offers superior thermal insulation. This feature enhances a
building's energy efficiency while also lessening the strain on foundations and structures.
Moreover, the production process of foamed concrete allows for incorporating several additives

and waste materials, such as plasticisers, slag or fly ash, which can increase its mechanical
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properties and sustainability. (Othuman Mydin et al., 2014), emphasised the environmental
benefits of using such materials, mentioning that they can reduce the carbon footprint of foamed
concrete and contribute to the construction industry's sustainability areas. (Lin, Deng and Chen,
2022).

Pre-foaming

Air Compressor

L A 4

solution with Alr

()

’ Foam
Generator

(

Foaming Agent Foam

Figure 2-8: Foam Production from Foam Generator (EAB Associates, 2001)

2.9 Foamed Concrete Methods

Foamed concrete, an adaptable construction material known for its lightweight and insulating
properties, is made using two main methods: pre-foaming and mix-foaming. As explained by M.
Amran et al., (2020) and Hamad, (2014), Each method is crucial for controlling the mixing process

and ensuring the quality of the final product.

2.9.1 Pre-Foaming Method

The pre-foaming method consists of two significant steps: creating the base mix and stabilising

the preformed liquid foam separately. The pre-formed foam, which is essential to this method, can

be made using either dry or wet methods:

1. Dry Foam is developed by forcing a foam agent solution through a series of high-density
screens while compressed air is injected into a mixing chamber. Dry foam is distinguished by
its stability and the formation of bubbles less than 1 mm in diameter, allowing for a stable and
uniform mixture with the base material. This produces pumpable foamed concrete with
consistent quality and structure.

2. Wet Foam: In contrast, wet foam is created by spraying the foam agent solution through a
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fine mesh, resulting in bubbles ranging in size from 2 to 5 mm. Although the process is similar,
the resulting foam is less stable than dry foam, affecting the uniformity and stability of the
foamed concrete.

2.9.2 Mix-Foaming Method

The mix-foaming method involves mixing the surface-active agent directly with the base-mix
ingredients, such as the cement slurry while mixing. This integration forms a cellular structure
within the foamed concrete, critical for its lightweight and insulating properties. To ensure the
success of this method, the foam generated must be consistent and able to withstand the pressure
of the mortar until the cement begins to set. This stability ensures that a solid concrete matrix forms
around the air voids, contributing to the foamed concrete's structural integrity. As explained by M.
Amran et al. (2020), Hama (2017) and Hamad (2014), Pre-foaming and mix-foaming are required
for producing preferable foamed concrete, and each has advantages and applications. The
technique used will be determined by the equipment available, the desired properties of the foamed
concrete, and the construction specifications. The foam must be stable during the mixing and
setting phases to ensure foamed concrete's ideal structural and insulating properties.

2.9.3 Foaming Agent

Foaming agents made from broken-down proteins come from both animal parts (like blood, horns,
and hooves) and plants. This process splits protein molecules into smaller pieces, which makes
them more reactive and better at acting like detergents. Ramamurthy et al. (2009b) observed that
these protein pieces naturally act like detergents, reducing the surface tension of water and helping
to create and stabilise air bubbles in a liquid.

Indicated by Othuman Mydin et al., (2014), that mixing a foaming agent with water creates a
stable foam that produces foamed concrete. This foam, when introduced to the cementitious mix,
enables the protein-based surfactants to maintain the stability of air bubbles. The endurance of
these bubbles throughout the mixing, placing, and curing stages is crucial, as it ensures the
formation of consistent air voids within the concrete, contributing to its lightweight and thermal
insulation properties.

Rasheed & Prakash (2015) explain that protein foaming agents work by arranging surfactant
molecules at the air-water boundary. The water-attracting ends go into the water, and the water-

repelling ends stick outwards. This arrangement lowers the surface tension of the water, making it
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easier to form stable air bubbles. The protein molecules also create a flexible film around the
bubbles, preventing them from merging and collapsing.

Mydin & Wang (2012) mention that foaming agents are crucial in determining the density of
concrete. They do this by controlling the formation of air bubbles within the cement mixture. These
bubbles act as trapped air pockets, forming when foam agents are added to the mix. As reported
by OZLUTAS, (2015b)and Thakur, S., Goyal, M., Gupta, M., & Siddique, R. (2022), two primary
categories of foam agents are synthetic and protein-based, each playing a significant role in

crafting foamed concrete.

1. Protein-based agents form a denser, more durable bubble structure with closed cells, allowing
for the incorporation of more air and resulting in a strong network of stable air voids.
2. Synthetic agents, on the other hand, cause more significant expansion, resulting in a lower
concrete density,
Using protein-based foaming agents is particularly beneficial in applications requiring high
stability and uniformity of air voids, such as in lightweight concrete and insulation materials. Their
natural origin and biodegradability make them an environmentally friendly choice compared to
synthetic surfactants.
The amount of foaming agent added has a significant impact on the properties of the concrete, both
when fresh and after it has hardened. It has been observed that using too much foam reduces the
flowability of concrete. However, mixing duration has a significant impact on flow; longer mixing
times can increase air entrapment, but excessively long mixing may reduce air content by allowing
bubbles to escape. Furthermore, the use of water-reducing chemicals can destabilise the foam, so
they are generally avoided in foam concrete mixtures (OZLUTAS, 2015b).
The effectiveness and serviceability of foam agents for concrete should be evaluated using the
standards outlined in ASTM C 869-91 and ASTM C 796-97. In the case of foamed concrete, the
air void content ranges from 6% to 35% of the total volume. According to (ACI 523.3R-14, 2014)
and (Committee 2003) guidelines, foam is created by combining the foaming agent with water and
water-compressed air (from an air compressor) in specific proportions. This mixture is then passed
through a foam generator, which sets a specific discharge rate. Taylor, (1967) introduced an
alternative foam production method. Their method emphasises the importance of the foam agent's
dilution ratio, the formation process, the pressure of the compressed air, its density, and the

techniques used for incorporating and mixing the foam with the mortar, all of which influence the
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quality of the resulting foam. The quality of the foam is important because it determines the
stability of the foamed concrete, which influences its strength and rigidity. Unlike traditional
concrete, where the water-cement ratio has a significant impact on compressive strength, foamed
concrete's strength is primarily determined by the amount of foam added to the mix. The type of
foam agent used is essential; protein-based agents, for example, tend to increase compressive
strength more effectively than synthetic agents. Table 2-3 details the various surfactant types and

properties.

Table 2-3: Surfactant Types and Properties (Thakur et al., 2022)

Surfactant Example Properties Characteristics of foam Applications
type composition produced in foamed concrete

Alkyl sulfates Consistent, Stable and Larger with opened cells due In higher FCs density, good
easy to formulate to lower strength & higher for fast & and large placing
expansion
keratin and Stabilised, variable & In low FC density, when

- ; Firm texture, Stable, more i
Hydrolysed animal highly refined waterproofing and high

proteins substantial, and smaller strength are required

closed-cell bubbles

Experimental and theoretical analysis conducted by (Wee et al., 2006) revealed that including air
bubbles in foamed concrete significantly affects its compressive strength rather than its stiffness.
For optimal results, it is recommended that the foam be incorporated into the mix immediately
after its creation while it is still in a viscous state to ensure its stability. Adding foam-stabilizing
agents, such as fluorinated surfactants, can improve the foam's stability within the concrete
mixture. Propump developed the protein foaming agent Propump 26, which is used in this
experiment and is suitable for incorporation into mixture designs ranging from 200kg/m3 to
1700kg/ma3.

2.9.4 Water

The amount of water required for foamed concrete depends on the mix's components, including
any admixtures used. The water content is critical for achieving the desired level of uniformity,
consistency, and stability. According to (Nambiar and Ramamurthy, 2006), insufficient water

causes the mix to become too rigid, breaking bubbles while mixing and increasing the mix's
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density. In contrast, too much water creates a slurry that is too fluid to keep the bubbles in place,
causing them to separate from the mix and increase the final density. The recommended water-to-
cement ratio is usually between 0.4 and 1.25, corresponding to 6.5% to 14% of the target density.
Water quality is also important when producing foamed concrete; according to ACI 523.3R-93
guidelines, it should be clean, fresh, and potable. According to the British Cement Association,
the presence of organic contaminants can negatively impact the quality of protein-based foam
agents and the formation of foamed concrete mixes.

Non-potable water can still be used for foamed concrete if it allows the concrete to reach 90%
strength within 7 to 28 days, as observed with municipal water sources. Highlighted the
significance of modifying the sand content in proportion to the increase in the water/cement ratio
(\Valore, 1954). Rather than strictly following a preset water/cement ratio, Valore encouraged
estimating the correct amount of water based on the consistency of the mix. This approach ensures
that the mix remains workable in fresh-foamed concrete designs. An incorrect water level could
cause the cement to draw water from the foam, causing the foam to degrade rapidly. The British
Cement Association recommends keeping the water/cement ratio between 0.5 and 0.6 for best
results. Plasticisers play an essential role in improving the workability and stability of foamed
concrete. They act as water-reducing agents to improve fresh concrete performance by making it
easier to handle and shape without causing segregation. Supper plasticisers have a significant
effect on foamed concrete because of their ability to reduce the need for water mixing and thus
accelerate the strength development of the concrete. The recommended proportion of plasticiser is
between 0.45% and 5% of the foam agent's volume, providing a strategic way to improve the

concrete's characteristics and performance.

2.9.5 Ordinary Portland Cement

Cement is a fundamental binding agent in the construction industry, serving as a key ingredient in
concrete, which is the most widely used building material globally. It is produced through the
controlled processing of raw materials such as limestone, clay, shale, and other substances, which
are heated in a kiln to form clinker. This clinker is subsequently ground into a fine powder, with
gypsum added to regulate setting times, resulting in cement. Cement's hydraulic properties allow
it to set and harden upon mixing with water, enabling it to bond with other materials and provide
structural strength (Neville, n.d.; Mehta, 2014; Piggin, 2006).
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In the United Kingdom, Ordinary Portland Cement (OPC) is manufactured in accordance with
British Standard BS EN 197-1:2011. This standard, part of the broader European Norm (EN)
framework, outlines the composition, properties, and conformity requirements for OPC and other
cement types, ensuring product quality and performance consistency across the construction
industry (EN, 2011; ACI 523.3R-14, 2014). The OPC employed in this experimental investigation
was classified as CEM | 32.5N, meeting the requirements of BS EN 197: Part 1: 2000. This specific
grade of cement is commonly used in foamed concrete production due to its balanced performance
characteristics.

The chosen cement-to-sand ratio for this investigation was 1:2, in accordance with relevant British
Standards. This mix proportion was consistently applied across both mortar and foamed concrete
samples to ensure uniformity in mechanical properties. In foamed concrete production, OPC is
particularly valued for its compatibility with foaming agents. Its fine particle size and reactivity
facilitate the formation of a stable cellular matrix, crucial for achieving the target density, strength,
and durability.

Foamed concrete mixtures typically incorporate cement quantities ranging between 250-500
kg/m3. However, as noted by Meera and Gupta (2020), increasing the cement content beyond 500
kg/m3 can further enhance compressive strength for certain applications. Alternative cement types,
such as high-strength and rapid-setting Portland cement conforming to BS 915:1983, have also
been explored to improve the performance of foamed concrete, particularly in terms of early
strength development (Awang et al., 2014). The selection of cement type is guided by specific
project requirements and desired performance characteristics, highlighting the adaptability of
foamed concrete for diverse construction applications.

The ongoing advancements in cement technology underscore the importance of optimising cement
content and type in foamed concrete to enhance its mechanical and structural performance.
Tailoring these properties enables engineers to broaden the application range of foamed concrete,
from non-structural fills to load-bearing elements (Jones and McCarthy, 2005c). Adjustments to
the mix design, including water-to-cement ratio, choice of foaming agents, and incorporation of
supplementary materials like fly ash or silica fume, further refine the performance of OPC-based

foamed concrete (Ramamurthy, Kunhanandan Nambiar, and Indu Siva Ranjani, 2009b).
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2.9.6 Fine Aggregate

Fine aggregate, typically sand, plays a crucial role in conventional concrete by providing bulk,
strength, and stability to the mix. However, its utilisation within foamed concrete presents a
different scenario. Foamed concrete, known for its lightweight and insulating properties, primarily
relies on incorporating air voids rather than traditional aggregates for its structure. This
characteristic significantly influences the role and necessity of fine aggregate in its composition.
Studies have shown that while fine aggregate is a fundamental component of standard concrete
mixes, its presence in foamed concrete can be minimised or entirely omitted. According to
(Kearsley and Wainwright, 2001), the density and thermal conductivity of foamed concrete are
directly affected by the inclusion of fine aggregates. Their research suggests that reducing the
content of fine aggregate in foamed concrete can enhance its thermal insulation properties while
maintaining structural integrity (Jones and McCarthy, 2005d). In the production of foamed
concrete, the choice of aggregates is critical due to its impact on the material's structure, density,
and overall performance. The use of natural siliceous sand with a particle size of up to 4 mm, in
compliance with BS EN 12620, is a standard practice for creating the fine aggregate component
of foamed concrete. This specification ensures that the sand meets quality standards that are
suitable for achieving the desired properties in the final product. The absence of coarse aggregates
in foamed concrete formulations is deliberate, as the material's characteristic fine air void structure
is incompatible with larger aggregate sizes. (Nambiar and Ramamurthy, 2007)

The inclusion of bigger aggregates could compromise the integrity of the air voids, leading to
issues such as segregation, which would adversely affect the material's uniformity and strength.
Exploring sustainable alternatives to traditional fine aggregates has identified a range of materials
that can be incorporated into foamed concrete to enhance its environmental friendliness without
compromising its structural properties. These alternatives include chalk, lime, incinerator bottom
ash, crushed concrete, recycled glass, and Lytag fines. Using such materials not only contributes
to reducing the overall density of foamed concrete but also aligns with sustainable construction
practices by repurposing waste products as valuable resources in concrete production. This
approach not only mitigates the environmental impact associated with the extraction and
processing of virgin materials but also offers a pathway to addressing waste management
challenges by integrating by-products into the construction materials cycle. (Mohd Sari and
Mohammed Sani, 2017).
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The exploration of these alternative fine aggregates underscores the ongoing evolution in foamed
concrete technology towards more sustainable and environmentally considerate formulations. By
employing waste or by-products as raw materials, the construction industry can significantly
reduce its carbon footprint and resource consumption, making foamed concrete an even more
attractive option for a wide range of applications, from lightweight structural elements to insulation
and void filling. This shift towards incorporating alternative materials reflects a broader trend in
construction towards sustainability and environmental stewardship, emphasising the role of

innovative material science in achieving these goals.

2.10 Considerations

Density: Target densities for foamed concrete can range from 400 kg/m?3 to 1600 kg/ms3, affecting
both the thermal and mechanical properties.

Strength: While foamed concrete is not typically used for high-strength structural applications,
the mix design can be tailored to meet specific strength requirements.

Thermal Insulation: One of the critical advantages of foamed concrete is its excellent thermal
insulation properties, making it ideal for insulation layers on floors and roofs.

To achieve the desired characteristics, designing and producing foamed concrete requires careful
consideration of the mix design, material properties, and production techniques. Tailoring the mix
to specific applications allows for the optimisation of strength, density, and thermal properties,

making foamed concrete a versatile construction material.

2.11 Typical Properties of Foamed Concrete

Foamed concrete, or cellular lightweight concrete, is a versatile material characterised by its
lightweight, high porosity, and thermal insulation properties. Its unique properties are primarily
due to the incorporation of stable air bubbles within the cementitious matrix. Here are some of the
typical properties of foamed concrete, supported by academic literature:

2.11.1 Wet Density

The wet density of foamed concrete significantly influences its overall properties and is an
essential factor in its formulation. As highlighted by Neville (2011), almost all characteristics of
foamed concrete are closely linked to its designed density, which is directly impacted by the water

content used in the mix. Additionally, various studies have indicated that other factors, such as the
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type of fine aggregate, aggregate size, foam type, and sand-cement ratio, also affect the density of
foamed concrete.

A notable finding by Ramamurthy and Nambiar (2009) demonstrates that substituting sand with
fly ash in the concrete mix not only reduces its density but also enhances its strength. To maintain
a specific design density when using fly ash, adjustments in the volume of foam used are necessary,
ensuring that the foamed concrete achieves the target density.

In the field of foamed concrete research, empirical relationships have been developed to estimate
the density of foam concrete. A method proposed by Jones and McCarthy (2005) provides a
practical approach for calculating the approximate fully dry unit weight of foamed concrete; details

are shown in equation 2-1, as follows:

Where:

W, - Weight of dry aggregate in the batch, in kilograms
W.. - Weight of cement in the batch, in kilograms

V - Volume of concrete produced by the batch, in litres

The term 1.2Wct accounts for the combined weight of cement and the water of hydration,
considering that the water of hydration constitutes about 20% of the cement weight. This formula
provides a foundational guideline for professionals in the construction industry to predict and
adjust the density of foamed concrete effectively, enabling the optimisation of its structural and

insulating properties.

2.11.2 Dry Density

Foam concrete, an adaptable construction material, is distinguished by its low-density
characteristics, primarily due to the incorporation of tiny air bubbles, known as entrained air, into
the mortar or Portland cement paste. The density of foam concrete can vary widely, from 300
kg/m3 to 1900 kg/m3, allowing for a broad range of applications, from non-structural fillings to
structural components. Mohammed and Hamad (2014) elucidate that Structural Foamed Concrete
(SFC), designed for load-bearing applications, typically features densities between 1200 kg/m3 and
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1900 kg/m3. This contrasts with normal-weight concrete, which possesses densities ranging from
2240 kg/m3 to 2400 kg/ms3, underscoring foam concrete's lightweight advantage.

For structural applications, the American Concrete Institute's AClI 213R Committee (2003)
mandates that the concrete's strength should exceed 17.0 MPa, ensuring its capacity to support
structural loads effectively. This stipulation ensures that structural foam concrete maintains
adequate strength for building applications despite its lower density.

A pivotal aspect of foam concrete's behaviour, as highlighted by Babbitt et al. (2014), is the
difference between its wet density (freshly mixed concrete density) and dry density. Notably, the
wet density increases and decreases upon drying in an oven at a controlled temperature of 105+2

°C until a constant weight is achieved. This phenomenon is represented mathematically by the

equation 2-2.
105
Ddry = Dwet— ——
1.05
Where:

Ddry - The dry density of foamed concrete (kg/m3).
Dwet - The wet density of foamed concrete (kg/ms3).

This equation applies specifically to foamed concrete with densities ranging from 1400 kg/m? to
1900 kg/ms, providing a valuable tool for accurately determining the material's density post-
drying. This property is essential for precisely calculating material requirements and assessing
structural integrity in construction projects utilising foamed concrete.

Foamed concrete exhibits a wide range of densities, typically from 400 kg/m3 to 1600 kg/ms,
which can be adjusted based on the application requirements. The variation in density is directly
related to the volume of air bubbles introduced into the mix. Lower densities are favoured for
thermal insulation and fire resistance, while higher densities are used for structural applications
(Nambiar and Ramamurthy, 2006).

2.11.3 Thermal Conductivity
The thermal conductivity of foamed concrete is a critical property that defines its efficiency as an

insulating material in construction applications. The unique structure of foamed concrete,
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characterised by its air-entrained voids, contributes significantly to its low thermal conductivity,
making it an excellent material for thermal insulation purposes.

Foamed concrete's thermal conductivity typically ranges from 0.1 to 0.3 W/(m-K), depending on
its density and the size of the entrained air voids. The presence of air voids within the matrix
significantly reduces heat transfer through the material, as air is a poor conductor of heat. This
property is advantageous in building construction, where foamed concrete can be used to improve
energy efficiency by minimising heat gain or loss through walls, floors, and roofs.

According to Jones and McCarthy (2005), the relationship between the density of foamed concrete
and its thermal conductivity is inversely proportional; as the density decreases, the thermal
conductivity also decreases. This relationship is attributed to the increased volume of air voids in
lower-density foamed concrete, which enhances its insulation properties.

Kearsley and Wainwright (2001) conducted extensive research on the thermal properties of
foamed concrete. They found that by adjusting the density and composition, foamed concrete can
be tailored to meet specific thermal performance requirements. Their findings underscore the
material's versatility in construction, mainly when thermal insulation is a priority.

The adaptability and thermal efficiency of foamed concrete make it suitable for various
construction applications, from residential to commercial buildings, where energy conservation
and thermal comfort are essential. Its low thermal conductivity, lightweight nature, and mechanical
properties position foamed concrete as a sustainable building material that contributes to the

energy efficiency of structures.

2.11.4 Workability

The workability of foamed concrete is a fundamental characteristic that affects its handling,
mixing, placing, and finishing properties. Workability refers to the ease with which a concrete mix
can be manipulated to fill the formwork correctly and encapsulate reinforcements without
segregation or bleeding. For foamed concrete, workability is paramount due to its unique
composition and the presence of air voids.

Foamed concrete exhibits naturally high workability due to its cellular structure, which is
comprised of dispersed air bubbles throughout the cementitious matrix. This characteristic makes
it highly flowable and suitable for various applications, including void filling, insulation, and
lightweight construction. According to Kearsley and Wainwright (2002), the inclusion of foam in

the concrete mix increases the fluidity of the mix, allowing it to conform to the shapes of moulds
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and formworks easily and to flow into and around intricate reinforcements without the need for
excessive compaction efforts.

The viscosity and stability of the foam-concrete mix are crucial for maintaining workability. Jones
and McCarthy (2006) have highlighted that the stability of the foam within the mix is essential to
prevent the air voids from collapsing during mixing, transporting, and placing, which could
adversely affect the uniformity and structural integrity of the final product. The optimal
consistency ensures that the foamed concrete can be pumped over long distances or to great heights
without losing its homogeneous nature.

Furthermore, the workability of foamed concrete can be adjusted by modifying the mix design,
such as altering the water-to-cement ratio and foam content, or by incorporating additives like
superplasticisers. Ramamurthy et al. (2009) demonstrated that by carefully selecting and balancing
these components, the workability of foamed concrete can be tailored to meet specific application
requirements, whether for ease of placement in complex forms or for achieving a desired surface
finish. Foamed concrete possesses high workability due to its fluid nature, allowing it to be easily
pumped and filled into moulds or cavities without the need for compaction. This property
facilitates its use in complex forms and hard-to-reach areas (Ramamurthy et al., 2009).

The inherent workability of foamed concrete, combined with the ability to fine-tune its properties
through mixed design adjustments, makes it a versatile and user-friendly material for construction
projects. Its ease of application enhances productivity and opens possibilities for innovative

architectural and structural designs.

2.11.5 Durability

The durability of foamed concrete, like that of conventional concrete, is a measure of its ability to
resist weathering action, chemical attack, abrasion, or any other deterioration process while
maintaining its original form, quality, and serviceability when exposed to its environment.
Durability is crucial for ensuring the longevity and integrity of structures made from foamed
concrete.

Foamed concrete’s unique structure, characterised by a matrix of air voids, impacts its durability
in several ways. The presence of air voids within the material can influence its permeability, water
absorption, and resistance to freeze-thaw cycles, which are key factors in determining the
material's durability. According to Kearsley and Wainwright (2001), the closed-cell structure of

foamed concrete significantly reduces its permeability compared to conventional concrete, thereby
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enhancing its resistance to water ingress and the diffusion of harmful substances that could lead to
deterioration.

Jones and McCarthy (2005) have noted that the durability of foamed concrete is also influenced
by its mix design, particularly the type and quantity of cement used, the density of the foam, and
the addition of any pozzolanic materials such as fly ash or silica fume. These components can
enhance the microstructure of foamed concrete, improving its resistance to chemical attack and
reducing its susceptibility to degradation processes like carbonation and chloride ingress.
Moreover, the freeze-thaw resistance of foamed concrete is another critical aspect of its durability.
Lightweight foamed concrete with a sufficiently closed-cell structure can exhibit excellent
resistance to freeze-thaw cycles, as the air voids within the material act as buffers to accommodate
the expansion of freezing water, thereby reducing internal stresses. Mydin and Wang (2012) have
highlighted the importance of optimising the air void distribution within foamed concrete to
maximise its freeze-thaw durability, especially in cold climates.

The durability of foamed concrete can be further enhanced through surface treatments and the use
of protective coatings that shield the material from harsh environmental conditions. Such
treatments can mitigate the effects of UV exposure, moisture, and chemical attacks, extending the
service life of foamed concrete structures.

Studies have shown that foamed concrete has good durability, exhibiting resistance to freeze-thaw
cycles, water absorption, and sulphate attack, which is essential for maintaining its structural

integrity and longevity (Kunhanandan Nambiar and Ramamurthy, 2007).

2.11.6 Fire Resistance

The fire resistance of foamed concrete is a significant attribute, contributing to its applicability in
various construction scenarios, especially in contexts where fire safety is paramount. Due to its
fundamental properties and composition, foamed concrete exhibits commendable fire resistance
characteristics. This resistance is primarily due to its low thermal conductivity and air voids within
its structure, which help insulate the material against heat transfer during fire exposure. According
to studies by Hager (2013), the porous structure of foamed concrete contributes to its thermal
insulation properties, reducing the heat transfer rate through the material and thereby slowing the
rise of temperature on the unexposed side of a fire barrier.

Moreover, the composition of foamed concrete, predominantly consisting of incombustible

materials like Portland cement and aggregates, further enhances its fire resistance. When exposed
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to fire, the material does not emit toxic fumes or smoke, a critical consideration in assessing
building materials' fire performance.

Research by Mydin and Wang (2012) indicates that foamed concrete can maintain its structural
integrity and continue to provide insulation in high temperatures typical of building fires. The
performance of foamed concrete in fire tests, including those measuring integrity, insulation, and
load-bearing capacity, demonstrates its suitability for use in fire-rated applications.

It is also noteworthy that adding certain pozzolans and fire retardants can improve the fire
resistance of foamed concrete. These additives can enhance the material's ability to resist spalling,
increase its thermal stability, and reduce heat conductivity, making foamed concrete an even more
effective barrier against fire spread.

Due to its air voids and low density, foamed concrete has excellent fire resistance properties. It
can withstand high temperatures without significant degradation, making it suitable for fire-rated

applications (Mydin and Wang, 2012).

2.11.7 Compressive Strength

The compressive strength of foamed concrete is a fundamental property indicating its ability to
withstand loads without failure. This characteristic is crucial for evaluating the material's
suitability for various construction applications, ranging from non-load-bearing walls to structural
components in buildings. The compressive strength of foamed concrete largely depends on its
density, controlled by the volume of air bubbles introduced during manufacturing.

The compressive strength of foamed concrete generally ranges from 1 MPa to 25 MPa, depending
on the density and mix design. Higher densities result in greater strength, making the material
suitable for various structural and non-structural applications (Kearsley and Wainwright, 2001).
Studies by Jones and McCarthy (2005) have demonstrated that the compressive strength of foamed
concrete can vary significantly, typically ranging from as low as 1 MPa for very low-density mixes
(around 400 kg/m3) to over 25 MPa for higher-density variants (approaching 1600 kg/ms3). This
wide range allows foamed concrete to be tailored to specific requirements, whether for lightweight
insulation or structural applications with higher strength.

Table 2-4, as outlined by Hamad (2014), presents typical properties of foamed concrete, including
its compressive strength. With minimum strengths reaching 25 N/mm?2, foamed concrete
demonstrates potential for use in structural applications. See Figure 2-9 for the density design of

cement with different mixing ratios. This data suggests that with careful mix design and quality
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control, foamed concrete can be optimised to meet various structural requirements, expanding its

applicability in the construction industry.

Table 2-4: Mechanical Properties of Foamed Concrete (Hamad, 2014)

. 3 . Modulus of elasticity E
Dry density (kg/m?) Compressive strength (MPa) (GPa)
400 0.25-1.0 0.25-1.0
600 0.5-1.5 0.5-1.5
800 1.0-2.0 1.0-2.0
1000 2.0-4.0 1.5-2.5
1200 3.0-6.0 2.0-4.0
1400 4.0-8.0 3.0-6.0
1600 7.0-12.0 5.0-8.0
1800 10.0-15.0 7.0-12.0
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Figure 2-9: Density for Different Cement-to-Sand (C/S) Ratios (Nambiar & Ramamurthy, 2006)

Further research by Ramamurthy, Kunhanandan Nambiar, and Indu Siva Ranjani (2009) has

highlighted the impact of mix design on the compressive strength of foamed concrete. They found

that factors such as the water-to-cement ratio, type of foaming agent, and incorporating additives
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like silica fume or fly ash can significantly affect compressive strength. By optimising these
parameters, the mechanical properties of foamed concrete can be enhanced to meet or even exceed
those of conventional concrete for specific applications. Hamad (2014) further explores the
relationship between compressive strength and density in foamed concrete, indicating that specific
formulations of this material can achieve the required durability and strength needed for structural

roles.

2.11.8 Flexural Strength

Flexural strength refers to the ability of a material to resist bending under load. Flexural strength
is vital in the context of foamed concrete because it indicates the material's capacity to withstand
service loads and impacts without failing. The flexural strength of foamed concrete is influenced
by its density, with higher densities generally exhibiting higher strengths. Studies by Kearsley and
Wainwright (2002) found that the flexural strength of foamed concrete can range from 0.5 to 3.5
MPa, depending on its density and mix composition. Including fibres or other reinforcing materials
can further enhance the flexural strength of foamed concrete, making it more resistant to cracking
and deformation under load.

Design codes of practice typically emphasise compressive strength as a foundational metric, using
it to infer other mechanical properties such as tensile strength, modulus of elasticity, and Poisson's
ratio. Various empirical models and theories have been crafted to estimate the splitting tensile
strength of foamed concrete based on its known compressive strength. According to Resan et al.
(2020), while the American Concrete Institute (ACI) model does not specifically address
lightweight concrete, subsequent studies leveraging ACI guidelines suggest a square root
relationship between cylinder compressive strength and splitting tensile strength. Furthermore,
research indicates that the power of compressive strength in these calculations typically ranges
from 0.4 to 0.6 (ASTM C496-96, 1996). Lee et al. (2017) have noted that the splitting tensile
strength of foamed concrete generally represents about 10% of its cylinder compressive strength,
while its flexural strength accounts for approximately 10-15% of the same. The modulus of rupture
can be calculated using several formulas, one of which is provided in ACI 318-05 (2004), shown

as Equation 2-3:

fr=0.62\f'c
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Where:

fr - represents the flexural strength (MPa)

f'c - signifies the compressive strength (MPa)

It's noted that the splitting tensile strength of foamed concrete is generally lower compared to that
of equivalent lightweight aggregate concrete and normal-weight concrete. However, foamed
concrete formulations that use a cement-sand base tend to exhibit higher tensile strength than those
containing superplasticisers. This increased tensile strength enhances the shear capacity between
the paste phase and sand particles, contributing to overall structural integrity (Babbitt et al., 2014).
Such insights are crucial for developing and refining applications of foamed concrete in

construction, ensuring they meet required specifications and performance expectations.

2.12 Renewable Energy

Renewable energy plays a crucial role in reducing carbon emissions and promoting environmental
sustainability in the construction and transportation sectors. Among various renewable energy
sources, solar energy is one of the most widely utilised due to its abundance and efficiency (Gao
et al., 2021). Solar panels, which convert sunlight into electricity through photovoltaic (PV)
technology, have significantly advanced over the years, with various types of solar cells now
available, including monocrystalline, polycrystalline, and thin-film solar cells (Sharma et al.,
2020). Each type offers different efficiencies, costs, and applications, making them suitable for
various engineering solutions, including infrastructure development (Kalogirou, 2019).

One of the emerging applications of solar energy in civil engineering is solar pavement, which
integrates PV technology into road surfaces, walkways, and other transportation infrastructure.
Solar pavements offer a dual function—providing structural support while generating renewable
electricity (Chen et al., 2022). This innovative approach contributes to smart and sustainable urban
infrastructure, reducing dependency on non-renewable energy sources (Zhang et al., 2021).
Various prototypes and pilot projects worldwide have demonstrated the potential of solar
pavement, highlighting challenges such as efficiency, durability, and economic feasibility (Tuffner
et al., 2020). For instance, the Solar Roadways project in the United States and the SolaRoad in
the Netherlands have provided key insights into the real-world performance of solar pavements
(Huang et al., 2020).
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2.13 Photovoltaic Solar Panels

Photovoltaic (PV) solar panels are devices designed to capture sunlight and convert it into
electricity, playing a crucial role in renewable energy generation. These panels consist of multiple
photovoltaic cells arranged in a grid-like pattern, which generate electricity through the
photovoltaic effect (Liu et al., 2012). Made from semiconductor materials, typically silicon, these
cells produce direct current (DC) electricity when exposed to sunlight, which can be used directly,
stored in batteries, or converted into alternating current (AC) for residential, commercial, and
industrial applications (Ritchie and Roser, 2018b). Over the years, continuous advancements in
solar technology have led to greater efficiency and affordability, making PV systems more
accessible and widely adopted.

Solar panels provide a sustainable, clean, and reliable source of energy. Unlike fossil fuels, they
operate without emitting greenhouse gases, significantly reducing carbon footprints and
contributing to environmental sustainability (Zieminska-Stolarska, Pietrzak, and Zbicinski, 2021).
Even when considering emissions from manufacturing and installation, solar energy has a
considerably lower environmental impact than conventional energy sources (Kostopoulos et al.,
2018). Technological advancements have led to solar panels achieving efficiencies exceeding
22%, marking a significant milestone in the industry (Smith et al., 2021).

Among renewable energy sources, solar power stands out due to its abundance, adaptability, and
cost-effectiveness. The International Energy Agency (IEA, 2020) has recognised solar
photovoltaics as the cheapest source of electricity in history, accelerating its global deployment.
As of 2020, solar PV accounted for approximately 3% of global electricity generation, with
projections indicating rapid growth in the coming years (IRENA, 2021). This expansion is driven
by declining production costs, improvements in efficiency, and government incentives supporting
renewable energy adoption (Ranabhat et al., 2016).

Currently, the three most common types of PV solar panels are monocrystalline, polycrystalline,
and thin-film. Each type varies in efficiency, cost, and application suitability, allowing for
flexibility in different energy systems (Energy Saving Trust, 2020). The scalability of solar
technology has enabled its integration into various sectors, from large-scale solar farms to small
rooftop installations, making it a key component of the global transition toward renewable energy
(IEA, 2021).
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Monocrystalline Solar Panels: These panels are made of single-crystal silicon, making them
extremely efficient at converting solar energy into electricity. They are distinguished by their
uniform dark colouration and rounded edges. Their efficiency can range between 15% and 20%,
which is higher than other types. However, this efficiency comes at a higher cost, making them a
premium choice in the market (Northmore, 2015).

Polycrystalline Solar Panels: Made up of multiple silicon crystals, these panels have a distinctive
blue, speckled appearance. They have a slightly lower efficiency (13% to 16%) than
monocrystalline panels but are more cost-effective. This makes them a popular option for
residential and commercial installations without space constraints (Nayak et al., 2019).
Thin-film solar Panels: Created by depositing one or more layers of photovoltaic material (such
as amorphous silicon, cadmium telluride, or copper indium gallium selenide) on a substrate, thin-
film solar panels are lightweight and flexible, with an efficiency range of approximately 10% to
13%. They are less susceptible to high temperatures and shading than crystalline silicon panels.
While they require more space due to their lower efficiency, their manufacturing process is simpler
and potentially less expensive (Northmore, 2015).

[

Monocrystalline Polycrysta

Figure 2-10: Types of Solar Panels (Northmore, 2015)

While monocrystalline panels offer the highest efficiency, they come at a higher cost.
Polycrystalline panels provide a more cost-effective solution with slightly lower efficiency.
Despite being the least efficient, thin-film panels are the most cost-effective and installation-
friendly option. Emerging technologies such as PERC and bifacial panels offer higher efficiency
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and the potential for greater energy output, though they are more expensive. The choice among
these options depends on the specific needs of the installation site, budget constraints, and long-
term energy goals.

2.13.1 Types of Solar Panels
Solar panels are available in various types to suit different applications and budgets. Among the

most common types are:

1. Rooftop Solar Panels: Rooftop solar panels are the most widely recognised and commonly used
type. They are installed on the roofs of homes and buildings, using otherwise unused space. This
type is popular in residential and commercial sectors due to its efficiency and ability to reduce
electricity bills (Office of Energy Efficiency & Renewable Energy, 2020).

2. Canopy Solar Panels: Canopy solar panels are installed on structures such as building front
canopies, petrol stations and bus stops. These panels provide shade while generating electricity,
making them a dual-purpose solution. Canopies are often used in parking lots or public spaces to

create power and offer protection from the elements (Solar Energy Industries Association, 2022).

Figure 2-11: Types of Solar Panels on the Market (The Eco Experts, n.d.)

3. Flat Roof Solar Panels: These panels are installed on flat roofs, commonly found in commercial
buildings. They can be mounted on racks that allow optimal tilt angles to maximise sun exposure
throughout the year (International Renewable Energy Agency, 2021).
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4. Floor-Mounted Solar Panels: Floor-mounted solar panels are typically used in large open spaces,
such as solar farms or fields. These systems can be more easily adjusted for angle and orientation
compared to rooftop panels, and they are often used for large-scale energy production (Sharma,
2019).

5. Wall-Mounted Solar Panels: Wall-mounted or facade solar panels are integrated into the sides
of buildings. These panels are particularly useful in urban areas where roof space may be limited.
They contribute to the building’s energy efficiency by generating power and reducing the need for
other materials on the building's exterior (Kalogirou, 2014). Figure 2-11 shows examples of

various solar panel installations.

2.13.2 Benefits of Solar Panels
Solar panels offer numerous benefits, both for individual users and society as a whole:

1. Reduction in Energy Bills: Solar panels can significantly reduce or even eliminate electricity
bills for homeowners and businesses by generating electricity on-site. This is particularly
beneficial in areas with high electricity rates (Energy Saving Trust, 2023).

2. Environmental Impact: Solar energy is a clean and renewable source of power, producing no
greenhouse gas emissions during operation. By reducing reliance on fossil fuels, solar panels help
mitigate climate change and reduce environmental pollution (National Renewable Energy
Laboratory, 2022).

3. Increased Property Value: Properties equipped with solar panels often see an increase in market
value. Buyers are increasingly aware of the long-term savings and environmental benefits
associated with solar energy, making solar-equipped homes more attractive (Zillow, 2019).

4. Energy Independence: Solar panels enable individuals and businesses to produce their own
electricity, reducing dependency on the grid and providing a measure of energy security,
particularly in areas prone to power outages (U.S. Department of Energy, 2021).

5. Government Incentives: Many governments offer incentives for installing solar panels, such as
tax credits, rebates, or feed-in tariffs. These incentives can significantly reduce the initial cost of
installation, making solar energy more accessible to a broader range of consumers (International

Energy Agency, 2020).
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2.14 Solar Pavements

In contrast to traditional pavements, solar walkable pavement slabs offer a transformative
opportunity to align urban infrastructure with sustainability and net-zero goals. By integrating
photovoltaic (PV) cells into the pavement surface, these slabs can generate renewable energy
directly from sunlight, thereby contributing to the reduction of greenhouse gas emissions.
Additionally, the use of recycled materials in the construction of solar pavements can further
enhance their environmental benefits by reducing the reliance on virgin resources and minimising
waste (Fthenakis & Kim, 2019).

In the context of growing environmental concerns and the need to reduce carbon emissions,
transforming these conventional pavements into solar walkable pavement slabs presents a
significant opportunity to contribute to renewable energy generation within urban environments.
Solar walkable pavements integrate photovoltaic (PV) cells into the surface of the pavement,
allowing these everyday structures to harness solar energy and convert it into electricity. Building
upon the success of traditional solar panels, innovative applications such as solar pavements are
emerging as promising solutions in the fight against global warming. Solar pavements integrate
photovoltaic technology into walkways and roads, transforming ordinary surfaces into energy-
generating platforms (Schoenenberger, 2019). This innovative approach maximises the utilisation
of urban spaces, particularly in densely populated areas where available land is limited for
conventional solar installations.

Implementations of solar pavements have demonstrated their potential effectiveness and
practicality. For example, projects in countries like the Netherlands and France have successfully
integrated solar cells into cycling paths and highways, generating clean energy while maintaining
the functionality of the infrastructure (de Lima et al., 2020). These systems not only contribute to
renewable energy production but also offer additional benefits such as powering streetlights, traffic
systems, and even electric vehicle charging stations directly from the pavement itself.
Transitioning to renewable energy sources, with a strong emphasis on solar technologies, is
essential for effectively tackling global warming (Ma et al., 2019). The continued development
and distribution of solar panels and innovative solutions like solar pavements offer sustainable and
efficient means to reduce greenhouse gas emissions and pave the way toward a greener and more

resilient future. Embracing these technologies on a global scale will be critical in meeting
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international climate goals and ensuring environmental sustainability for generations to come
(Kern, 2020).

For years, most of the materials currently used on roads and highways have remained unchanged.
However, a recent change has been made to make pavements more sustainable in various ways.
More recycled materials, such as glass, asphalt shingles, recycled asphalt pavements, recycled
rubber tyres, other additives in asphalt mixes, or recycled materials within the concrete, have been
used in pavements. Researchers have developed these technologies in order to make pavements
more sustainable (Northmore, 2014).

Solar pavement technology, which integrates photovoltaic (PV) technology into pavement
surfaces, has emerged as a promising approach to enhancing sustainability in infrastructure.
Various types of solar panels, including monocrystalline, polycrystalline, and thin-film
technologies, have been explored for pavement applications. While monocrystalline solar cells
provide higher efficiency, thin-film cells offer better flexibility and integration into concrete
surfaces. The use of solar energy in civil engineering extends beyond pavement applications to
include renewable energy solutions for urban environments, contributing to reduced dependence
on traditional energy sources and improved energy efficiency in smart cities. However, several
challenges must be addressed to facilitate the widespread adoption of sustainable materials and
solar-integrated pavement technology. Issues such as durability, cost-effectiveness, and energy
storage solutions require further research and development. The lack of standardised regulations
and performance guidelines creates uncertainties in their application, necessitating more extensive
material testing and performance monitoring. Additionally, concerns regarding long-term
durability and material property variability highlight the need for ongoing innovation and industry

collaboration to optimise material compositions and enhance mechanical properties.

2.15 Solar Pavement Structure

A solar slab panel with a three-layer composite structure consisting of transparent, optical, and
base layers. The transparent layer handles direct vehicle interaction and allows solar radiation to
pass through to the optical layer. Solar Road Panels are made of tempered glass, which is 4-5 times
stronger than non-tempered glass. Further testing has revealed that the surface of the panel road is
less slippery than a standard road and is easy to maintain. During winter, these panels can melt
snow, making driving safe while also collecting sunlight. The optical layer transfers the load from

the transparent layer to the base layer by directing it around the embedded solar cells within the
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structural cut-outs. Lastly, the base layer supports the structure, transferring the load to the
structured base beneath the panel, which could be made of a concrete housing base, according to
Northmore & Tighe (2012b) and Kehagia, Mirabella & Psomopoulos (2019a).

The polycarbonate transparent layer samples are optical grade scratch-resistant polycarbonate, also
known as hard-coated and scratch-resistant Lexan polycarbonate or safety glass, which is another
suitable material for the solar tile's top layer. Polycarbonate is approximately 250 times more
impact-resistant than standard glass, making it superior in terms of impact resistance. Additionally,
the polycarbonate samples were given a scratch-resistant coating with nano SiO2 sprayed on the
surface to extend their lifespan and ensure efficient light transmission to the solar panel

(Assessment, 2023b). See Figures 2-12a and b illustrate solar roadway structural layers.
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Figure 2-12: Layers of Solar Roadways (Rahman et al., 2017&Northmore & Tighe, 2016)

2.16 Existing Research on Solar Pavements

In 2009, American electrical engineer Scott Brusaw introduced the concept of Solar Roadways,
aiming to replace traditional asphalt and concrete pavements with energy-generating surfaces. His
design features hexagonal solar panels functioning as paving tiles, each composed of multiple
layers to ensure durability, functionality, and safety. The top layer consists of toughened, skid-
resistant glass capable of supporting vehicles. In contrast, underlying layers include LED lighting
for road markings, a circuitry layer for energy management, and a base layer for structural support.
This innovative approach generates renewable energy and integrates features like illuminated road
signals and potential heating elements to prevent snow and ice accumulation.

The production of these solar panels involves several critical steps to ensure they meet the required
standards for durability, energy efficiency, and safety. The top layer is crafted from tempered,

textured glass that is strong and transparent enough to allow sunlight to reach the photovoltaic
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cells beneath. High-efficiency solar cells are embedded within the panels to capture solar energy
and convert it into electricity. The LED lights and associated circuitry are installed to provide
illumination and communication capabilities. The various layers are assembled into a cohesive
unit, ensuring all components are securely integrated and protected from environmental factors.
Each panel undergoes rigorous testing to assess its structural integrity, energy output, and safety
features before deployment. The Solar Roadways project has garnered significant attention and
support, including funding from the U.S. Department of Transportation for research and
development. Pilot installations have been implemented in various locations to evaluate the panels'
performance in real-world conditions. While challenges such as cost, durability, and energy
efficiency remain, ongoing research and development efforts continue to refine the technology to

create sustainable, energy-generating roadways in the future.

Figure 2-13: Solar Roadways (Scott Brusaw)

In 2016, Zha et al. proposed an innovative design for solar pavements, introducing a hollow-plate
structure composed of three distinct layers. Surface Transparent Protection Plate: This top layer is
made of polymethyl methacrylate (PMMA), a transparent material chosen for its durability and
ability to protect the underlying components while allowing sunlight to reach the solar cells.
Middle Solar Panel Layer: Positioned beneath the protective plate, this layer contains the solar
cells responsible for converting sunlight into electricity. Prefabricated Concrete Hollow-Base
Layer: Serving as the foundation, this bottom layer is a hollow concrete slab designed to support
structural loads and house the necessary electrical components.

The design aims to integrate energy generation into pavement structures without compromising
their primary functions. The hollow base not only reduces the weight of the pavement but also

provides space for housing electrical wiring and other necessary infrastructure. The PMMA
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transparent layer ensures that the solar cells are protected from environmental factors while
maintaining high light transmittance. This configuration allows the pavement to generate
electricity while still serving as a functional roadway. To optimise the structural performance and
economic feasibility of the design, Zha et al. conducted a series of analyses using the ANSYS
software. They examined various parameters, including the panels' length and width, the sidewalls'
thickness, and the PMMA layer's thickness. Based on their findings, they recommended an
optimised structure with dimensions of 50 cm x 50 cm x 25 c¢m, featuring a 2 cm thick PMMA
layer, 10 cm thick sidewalls, and a 10 cm thick baseplate. This configuration was determined to
offer a balanced combination of mechanical strength, safety, and cost-effectiveness. This hollow-
plate solar pavement design represents a significant advancement in the integration of renewable
energy technologies into civil infrastructure, offering a promising approach to sustainable roadway

development.

Figure 2-14: Hollow-Plate Solar Pavement Layers (Zha et al., 2016)

PLATIO Solar Paver: The PLATIO Solar Paver is an innovative, sustainable, and walkable
building material designed to integrate solar energy harvesting into functional urban surfaces. It
features high-performance solar cells embedded beneath heavy-duty, anti-slip, scratch-, and
impact-resistant glass panels, ensuring both efficiency and durability in high-traffic areas. A
sturdy, load-bearing frame structure supports the surface and protects internal cables, allowing it
to withstand pedestrian and light vehicular loads. The frame is uniquely produced using recycled
plastic waste, with no virgin plastic materials involved, promoting a circular economy approach
and reducing plastic pollution. Each paver measures 353 mm x 353 mm x 41 mm and weighs 7.4
kg per unit, with a nominal peak power output of 21 Wp per paver (PLATIO Solar, n.d.). This
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combination of renewable energy generation and waste reduction results in a durable and eco-
friendly product capable of providing decades of reliable performance. PLATIO Solar Pavers are
suitable for various applications, including public spaces, residential pathways, commercial
developments, and smart cities, enabling urban environments to reduce their carbon footprint while

producing clean energy. Figures 2-15 are sourced from the official website PLATIO Solar.

Figure 2-15: Platio Solar Pavement (PLATIO Solar Paver)

(https://www.smartpaverenewableenergy.com/platio-solar-pavers/)

TNO Solar Road Panels: The Netherlands Organisation for Applied Scientific Research (TNO)
is at the forefront of developing innovative, energy-efficient systems. One of its pioneering
projects involves the development of Solar Road panels, a concept that integrates photovoltaic
technology directly into road surfaces. This project aims to generate renewable energy and create
a multifunctional infrastructure that contributes to broader sustainability goals (TNO, 2013).

The panels are designed as modular units, each measuring 1.5 by 2.5 meters. Their layered
construction is a key feature, incorporating a glass top layer that protects the photovoltaic cells
from weather-related damage while allowing sufficient sunlight to pass through. Beneath the glass,
crystalline silicon solar cells convert sunlight into electrical energy, and a concrete slab base
provides essential structural support, ensuring stability and durability under the varying loads and
weather conditions typical of the Dutch climate (Northmore, 2014b).

TNO has collaborated with industry partners such as Ooms Avenhon Groep, a firm specialising in
civil infrastructure, and Imtech, an electrical and mechanical engineering consultancy focused on
refining the energy generation and distribution aspects of the project. This interdisciplinary
approach allows the solar road panel concept to be specifically tailored for the Dutch environment
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by initially targeting cycling paths. Using these paths as a controlled testing environment enables
evaluation of performance, safety, and durability before the technology is considered for broader

applications on busier vehicular roads (TNO, 2013).

Figure 2-16: Solar Roadways (TNO, 2013)

Despite the promising design, the project has experienced setbacks. The planned installation on a
North Holland cycling path, initially scheduled for the summer of 2012, has been delayed. Such
postponements are not uncommon in innovative infrastructure projects. They can result from
technical challenges, such as ensuring the panels can withstand harsh weather and mechanical
stresses over time, as well as the need to meet stringent regulatory and safety requirements and
overcome logistical issues during integration. These challenges highlight the complexities of
transitioning from a conceptual prototype to a fully operational system integrated into existing
infrastructure (Northmore, 2014b).

Overall, TNO’s Solar Road panels represent a significant step toward incorporating renewable
energy solutions into everyday infrastructure, emphasising both the potential benefits and the

practical challenges of pioneering such innovative technology.

The Netherlands: The Netherlands pioneered solar pavements by constructing a solar cycle path
and a bike lane paved with glass-coated solar panels. Field testing over one year demonstrated that
the installation could generate around 70 kWh/m?/year, an output sufficient to power a small

household (Papadimitriou, Psomopoulos and Kehagia, 2019). This innovative approach converted
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a common urban infrastructure into a renewable energy source, proving that everyday surfaces can
contribute to sustainable energy generation.

Researchers conducted both field and laboratory evaluations to assess the system's performance.
Continuous energy output monitoring in the field provided a realistic measure of the system's
capacity under actual usage conditions. Laboratory tests complemented these findings by
simulating environmental stressors, such as UV radiation, temperature fluctuations, and
mechanical wear, to evaluate the durability and structural integrity of the solar panels.

Despite the promising energy results, significant challenges were identified. The solar panels
employed in the project were considerably heavier than conventional pavement materials. This
increased mass necessitated more robust mounting systems, complicating the installation process
and raising concerns about the scalability of such technology in broader urban settings (Northmore,
2019). Moreover, the anti-slip coating, essential for ensuring safe cycling and pedestrian traffic,
was found to deteriorate over time. Prolonged exposure to sunlight and fluctuating temperatures
led to the peeling of this layer, thereby potentially compromising both the safety and the efficiency
of light transmission to the photovoltaic cells (Shekhar et al., 2015b).

Figure 2-17: Netherlands Solar Cycle Path (SolaRoad, 2014)

These findings underscore the need for advancements in material science to improve the viability
of solar pavements. Future research should focus on developing lighter composite materials that
reduce installation challenges and enhancing the formulation of anti-slip coatings to withstand
prolonged environmental exposure. By addressing these limitations, it will be possible to harness
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the full potential of solar pavement technologies while ensuring long-term performance and safety.
The Netherlands solar cycle path has provided invaluable insights into the feasibility of energy-
generating pavements. Although the project achieved an impressive energy yield, the issues related
to panel weight and coating durability highlight critical areas for future improvement. Addressing
these challenges will be key to advancing solar pavement technology from experimental stages to
widespread urban application, ultimately contributing to more sustainable and resilient

infrastructure solutions.

George Washington University (GW) Campus in Ashburn, Virginia: The walkable solar
photovoltaic pavement system at George Washington University’s Ashburn campus exemplifies
an innovative approach to integrating renewable energy into urban design. Developed as a
demonstration project, this system transforms a pedestrian pathway into an energy-generating
asset, marking what is believed to be the world’s first walkable solar-panelled pathway (George
Washington University). Engineered with safety and durability in mind, the pavement meets anti-
slip standards and can withstand point loads of up to 400 kg. This robust design ensures that the
pathway remains safe and functional under typical pedestrian use and light loads. At the same time,
its maximum power output of 400 watts enables it to function as a mini power station powering

450-embedded LED lights for nighttime illumination (Engineering, Belnor).

Figure 2-18: Walkable Solar Pavement System (Onyx Solar)

The system utilises amorphous silicon (a-Si) solar cells, which generally achieve an efficiency of
6-8%, lower than that of crystalline silicon cells, but are chosen here for their suitability in
building-integrated photovoltaic (BIPV) applications. A key design element is the translucent front

glass surface, which enhances the aesthetic appeal, ensures pedestrian safety and provides the
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necessary protection for the solar cells. However, this glass cover reduces solar absorption,
limiting the system's overall power output (Yang, 2016; George Washington University).

Despite these efficiency limitations, the project serves as a valuable proof-of-concept. It
demonstrates the feasibility of embedding solar PV technology into urban surfaces and highlights
the potential for further innovation in sustainable infrastructure. Future research may focus on
improving cell efficiency and optimising the design balance between aesthetic appeal and energy
capture, paving the way for broader adoption of BIPV solutions in diverse urban environments.

Jinan City, Shandong Province, China: Jinan City’s solar highway project represents a
pioneering step in integrating renewable energy directly into transportation infrastructure.
Completed as a trial section in 2017 along the Jinan Expressway, the project spans approximately
5,875 square metres and is engineered to generate nearly one million kilowatt-hours of electricity
annually—enough to power roughly 800 households (Hossain et al., 2021). The strategic
placement along the city’s ring road minimises transmission losses by supplying energy directly
to nearby consumers, enhancing overall efficiency.

A robust three-layer structure underpins the highway’s design. The top layer consists of a durable,
transparent protective material that not only shields the embedded solar cells from environmental
wear and tear but also reduces glare and improves safety. The middle layer houses the photovoltaic
cells, while the bottom insulating layer provides structural stability and protection from mechanical
stresses. This multilayer approach is critical in ensuring the road can withstand both passenger and
heavy vehicle loads while maintaining its energy-generating capabilities (Kehagia, Mirabella and
Psomopoulos, 2019a).

An innovative aspect of this project is its integrated snow-melting capability. By utilising a portion
of the generated electricity to heat the road surface during winter, the system helps prevent the
accumulation of snow and ice. This not only improves road safety but also reduces the reliance on
traditional, labour-intensive snow removal methods. Such dual functionality underscores the
potential for solar road projects to contribute to broader urban sustainability and operational
efficiency goals.

Despite the promising outcomes, several challenges remain. The initial installation costs are
notably high due to specialised materials and construction techniques. Additionally, concerns
about long-term durability under extreme weather conditions and the relatively lower efficiency

of solar cells compared to conventional rooftop installations continue to be areas of active
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investigation (Hossain et al., 2021; Kehagia, Mirabella and Psomopoulos, 2019a). Nevertheless,
the Jinan project serves as a valuable proof-of-concept, offering essential insights into how
renewable energy solutions can be seamlessly integrated into everyday infrastructure and

providing a basis for future improvements in design and cost-effectiveness.

Figure 2-19: Solar Highway in China ((Hossain et al., 2021)

Tourouvre-au-Perche, France: The Wattway Solar Road, France pioneered the development

of solar road technology with the installation of Wattway, a one-kilometre stretch of photovoltaic
pavement in Tourouvre-au-Perche, Normandy. Constructed using Colas' Wattway technology, this
2,880 m2 solar roadway was designed to integrate renewable energy production into road
infrastructure by embedding thin photovoltaic panels capable of withstanding vehicular traffic
(Kesari & Kumar, 2021). In addition to this large-scale project, a separate solar road trial was
conducted at the Sense City experimental site in Marne-la-Vallée, near Paris, in 2016. This testbed
simulated real urban conditions, including partially shaded areas from buildings, trees, and street
fixtures, to evaluate solar road efficiency under diverse environmental factors. The system was
accessible to pedestrians, cyclists, and light vehicles and was installed on a 195%x85 cm?
prefabricated concrete slab embedded with three 60 W photovoltaic panels. Each panel was coated
with a 1 cm semi-transparent protective layer developed by IFSTTAR (French Institute of Science
and Technology for Transport, Development, and Networks) to enhance durability and optimise
solar absorption (Vizzari et al., 2021).

Development and Functionality of the Wattway Solar Road. The Tourouvre-au-Perche Wattway
solar road was officially launched in December 2016, marking the first full-scale deployment of

photovoltaic road technology. The project, spearheaded by Colas, aimed to replace conventional
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asphalt surfaces with durable solar panels that could generate electricity while serving as a
functional roadway. Unlike Solar Roadways in the United States, which utilised hexagonal
interlocking modules, Wattway panels were ultra-thin and designed to be directly installed onto
existing roads, allowing for a less invasive implementation process (The Guardian, 2016).

This photovoltaic road surface covered 2,800 square metres of resin-coated solar panels,
generating electricity intended to power the village's street lighting system. The skid-resistant layer
ensured that vehicles could safely traverse the surface, making it a potential sustainable alternative

to conventional road construction (The Guardian, 2016).

Figure 2-20: (a) Solar Roadway, (b) Solar Concrete Slab Prototype (IFSTTAR)

Despite the innovative approach, the project encountered major setbacks. The cost of generating
electricity from Wattway Road was estimated at £14.50 per kilowatt-hour, far exceeding the £1.10
per kilowatt-hour produced by traditional solar panels (Popular Mechanics, 2019). This stark
difference raised concerns about economic feasibility and long-term viability. Additionally, the
road’s actual energy production was significantly lower than expected, achieving only half of its
projected output in the first year. Over time, the structural integrity of the panels deteriorated, with
reports of delamination, surface cracking, and efficiency losses due to dirt accumulation and traffic
load. The panels struggled to withstand heavy vehicles and harsh weather conditions, leading to
further degradation (BBC, 2021). A solar road in France consists of approximately 2,880 m? of
solar panels, built using Colas Watt way technology and runs for one kilometre in Tourouvre-au-
Perche (Kesari & Kumar, 2021). In 2016, a large-scale experimental installation of a solar road
was completed at the Sense City site, an experimental platform in Marne-la-Vallée near Paris. This
installation mirrored authentic urban conditions, including areas partially shaded by neighbouring
structures, trees, and masts, and was accessible to light vehicles, pedestrians, and bicycles. The
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system was implemented onto a 195x85 cm? concrete slab comprising three parallel-connected 60
W PV panels, each covered by a 1 cm semi-transparent layer designed by IFSTTAR (Vizzari et
al., 2021).

2.16.1 Benefits of Solar Walkable Pavements

1. Energy Generation: By integrating PV cells into the pavement, solar walkable slabs can
generate electricity directly from sunlight. This energy can be used to power streetlights, traffic
signals, or even nearby buildings, reducing the reliance on grid electricity generated from fossil
fuels (Liu et al., 2017).

2. Space Efficiency: Solar pavements utilise existing infrastructure, such as sidewalks and
pedestrian pathways, to generate renewable energy without requiring additional land (Kamel &
Sadik, 2017).

3. Aesthetic and Functional Integration: Solar walkable pavements are designed to blend
seamlessly with existing urban landscapes. They retain the aesthetic appeal and functionality of
traditional pavements while adding the capability to produce renewable energy. This integration
supports the creation of smart cities that prioritise sustainability and innovation (Zhang et al.,
2020).

4. Environmental Impact: Replacing conventional pavements with solar walkable slabs contributes
to reducing carbon emissions. The energy generated by solar pavements is clean and renewable,
helping cities move closer to their net zero due to carbon emissions. Additionally, using recycled
materials to construct these slabs can further reduce the environmental footprint of urban
infrastructure projects (Fthenakis & Kim, 2019).

5. Challenges and Considerations: While solar walkable pavements are promising, several
challenges need to be addressed. These include ensuring the durability of PV cells under constant
foot traffic, maintaining efficiency in varying weather conditions, and the initial installation cost.
However, ongoing advancements in material science and PV technology are gradually overcoming
these challenges, making solar pavements a viable option for future urban development.

The transformation of existing walkable pavements into solar walkable pavement slabs represents
a practical and innovative approach to urban sustainability. By converting everyday pedestrian
pathways into energy-generating surfaces, cities can contribute to renewable energy production,

reduce their carbon footprint, and move towards a more sustainable future. The integration of this
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technology not only optimises space use but also aligns with global efforts to combat climate

change.

2.16.2 Solar Paving Bricks

Solar brick lights have emerged as innovative solutions in urban illumination, combining aesthetic
appeal with energy conservation. These modern lighting fixtures integrate photovoltaic cells,
energy storage systems, and LED technology into a durable, transparent, and waterproof structure,
offering reliable, sustainable, and cost-effective lighting solutions (Solar Centre, n.d.). The design
of solar brick lights is particularly ingenious—the top surface contains solar cells that absorb
sunlight during the day, storing the captured energy in an integrated battery, which powers the
embedded LEDs when darkness falls. Their robust structure allows these units to be embedded
into various surfaces, such as pavements, driveways, and public squares, providing ambient
lighting and improving nighttime visibility (Brix, 2002). These lights operate on clean, renewable
energy, producing zero emissions during use and reducing the dependence on grid electricity,

thereby helping to mitigate climate change (Hu et al., 2021c).

Figure 2-21: Examples of Solar Paving Bricks

(ttps://www.exteriorlights.co.uk/product/Paverlight-solar-brick-light)

Compared to traditional lighting systems, solar brick lights eliminate electricity costs and require
minimal maintenance, lowering their lifetime costs despite a potentially higher initial investment.
Their durability and extended lifespan further reduce the need for frequent replacements and
repairs, making them an economically attractive solution in the long run. Additionally, solar brick

lights enhance safety through low-voltage operation, reducing wiring costs and electrical hazards.
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A single day of solar charging can power a brick for up to eight hours to guide pedestrians at night.
Figure 2-21 shows an example of a solar-powered ground lighting system designed to illuminate
pavements and pathways, guiding people safely after dark. These solar paving bricks offer a long
service life and represent an innovative, sustainable, and economical lighting solution for modern

urban environments (Brix, 2002).

2.16.3 Current Application of Solar Bricks

Solar bricks are increasingly used in various urban and residential projects due to their dual
functionality and aesthetic appeal. They are commonly installed along pathways, driveways, and
sidewalks to provide necessary illumination for safety at night, enhancing both security and the
visual appeal of outdoor spaces (Patel & Kumar, 2021b). In public parks and recreational areas,
solar bricks light up walking trails and seating zones, promoting sustainability while reducing the
need for extensive wiring and trenching. Additionally, they are popular in commercial and
residential landscaping projects, where they create illuminated borders around gardens, patios, and
courtyards. See Figure 2-22 for the solar brick light available online via the Solar Centre.

Their ability to function off-grid also makes them an attractive option for emergency lighting in
municipalities, providing reliable illumination during power outages. Moreover, solar bricks are
increasingly integrated into sustainable urban development projects, particularly in smart city

initiatives prioritising energy efficiency and renewable energy sources (Smith & Lee, 2022a).

Figure 2-22 Solar Brick (Solar Centre)

Despite their advantages, solar bricks have several significant limitations. One of the main
challenges is their high initial cost, typically around £30, which can be a deterrent for many
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potential users. Additionally, their performance is highly dependent on sunlight, making them less
reliable in regions with low solar exposure. The LED lights in solar bricks often produce
insufficient brightness, particularly in areas where strong illumination is necessary for safety.
Another critical issue is the limited battery life and energy storage capacity. Due to the compact
design of solar bricks, the embedded batteries are small, restricting the amount of energy they can
store. Consequently, the stored energy may only power the lights for a few hours at night (Patel &
Kumar, 2021b).

Moreover, the materials used in the construction of solar bricks, often plastic, raise durability
concerns. While plastic is lightweight and cost-effective, it may not be strong enough to endure
heavy loads and continuous pressure from vehicles or frequent pedestrian traffic. This can lead to
issues like cracking, deformation, or even failure, particularly in high-traffic areas. The compact
size of the bricks further limits their energy storage and light output, which may necessitate the
installation of additional units to achieve adequate lighting. This can increase costs and complicate

installation processes (Smith & Lee, 2022).

2.17 Solar Garden Lights

Solar garden lights are outdoor lighting fixtures that utilise solar panels to absorb sunlight during
the day and convert it into electrical energy stored in rechargeable batteries. This energy is then
used to power LED lights during the night. Solar garden lights are used for decorative and security
purposes in gardens, pathways, and driveways. Their popularity stems from their ease of
installation, low maintenance, and the ability to operate independently of the electrical grid.

A study by Sharma et al. (2022b) highlights the advantages of solar garden lights, noting their
contribution to reducing carbon footprints and electricity bills (Sharma et al., 2022b).

2.17.1 Current Application of Solar Garden Lights

Solar garden lights have become a popular choice for enhancing outdoor spaces in both residential
and commercial environments. These lights are often placed along walkways, driveways, and
garden perimeters to provide illumination that improves visibility and adds to the landscape's
aesthetic appeal. In residential settings, they are commonly used to light up patios, decks, and
gardens, creating inviting spaces for evening activities, as can be seen in Figures 2-23. Commercial
properties, such as hotels, restaurants, and shopping centres, utilise solar garden lights to beautify

outdoor areas while promoting energy efficiency. Moreover, in public parks and recreational
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spaces, solar garden lights are installed to illuminate trails, playgrounds, and picnic areas,
enhancing safety without the need for extensive electrical infrastructure. The growing trend of
integrating solar garden lights into sustainable urban designs reflects their importance in modern

landscape architecture (Johnson & Miller, 2022).

Figure 2-23: Solar Garden Lights Available in the UK (Solar Centre)

However, solar garden lights have their drawbacks. One notable issue is their relatively high cost,
with prices often starting around £19.99 per unit, which can be considered expensive, especially
when multiple units are required to illuminate a larger area adequately. Additionally, the
illumination provided by these lights tends to be less bright, which can limit their effectiveness in
situations where stronger lighting is needed. Another limitation is the battery capacity; many solar
garden lights are equipped with batteries that provide less than 4 hours of light at night, particularly
in conditions without sufficient sunlight during the day. This short battery life can result in the
lights turning off before the night is over, which reduces their utility and may necessitate the
purchase of additional lights or replacement batteries, further increasing the overall cost (Davis &
Thompson, 2021).

2.18 Concrete

Over the years, concrete has been an essential building material that has progressed to fit the needs

of contemporary engineering and architecture. It is the most utilised material in the world after
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water, with an estimated 21 to 31 billion tonnes used globally in 2006. Concrete is a fundamental
component of modern architecture (Jean Pierre Jacobs, 2009). It comprises coarse aggregates
(gravel or crushed stone), fine aggregates (sand), water, cement, and other admixtures (Buenfeld
& Okundi, 2018). These components are primarily sourced locally and available in large
quantities, providing flexibility and accessibility for concrete manufacturing.

A critical element of concrete's adaptability is its ability to incorporate recycled materials. For
example, aggregates derived from recycled concrete can sometimes replace raw resources,
increasing the sustainability of the construction process (Fang, Hong & Zhang, 2018). Concrete
can also incorporate by-products from other industries, such as waste foundry sand, fly ash from
coal combustion, slag from steel manufacturing, and silica fume, which are used to create
supplementary cementitious materials. These additions help reduce waste and improve concrete
performance, such as durability and strength (Makul, 2020b) (Wang et al., 2021).

The use of recycled materials in concrete, such as crushed recycled concrete aggregate, has gained
popularity. This strategy addresses waste management concerns and promotes environmentally
friendly construction techniques. Recycled materials can alter the density, workability, and
durability of concrete, making it suitable for various uses, including non-load-bearing structures,
pavements, and barriers (Eastern, 1997).

Composite and other recycled materials represent further innovations in concrete technology.
These materials combine conventional concrete with additives such as glass fibre, steel tyre fibre,
carbon fibre, polystyrene, rubber tyre fibre, and plastics to improve the mechanical properties of
concrete. Fibre-reinforced concrete, due to its enhanced tensile strength, ductility, and resistance
to shrinking and cracking, is an excellent material choice for structures subjected to severe stress
or dynamic loads (Amran, Farzadnia & Ali, 2015b).

2.19 The Use of Concrete in Pavements

Concrete pavements have been used for centuries, with early applications dating back to the
Roman Empire. The Romans pioneered road construction using pozzolanic concrete, a blend of
lime, volcanic ash, and aggregate, known for its impressive durability (Mehta & Monteiro, 2014).
Modern concrete pavements emerged in the late 19th century, with the first Portland cement
concrete pavement laid in 1891 in Bellefontaine, Ohio, USA (Tayabji & Lim, 2006). Since then,
developments in reinforced concrete, jointed concrete pavements, and continuously reinforced

concrete pavements (CRCP) have enhanced performance and extended service life.
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The 20th century witnessed the expansion of concrete pavements due to the growing demand for
robust transportation infrastructure. Innovations such as fibre reinforcement, high-performance
concrete, and the use of supplementary cementitious materials (SCMs) have contributed to
increased pavement longevity and reduced maintenance costs (ACI, 2010). More recently,
sustainable practices, including the incorporation of recycled aggregates and industrial by-
products, have gained prominence as the industry seeks to minimise environmental impact while

maintaining performance standards.

Figure 2-24: Walkable Pavement Slab, (University of Leicester, 2023)

2.19.1 Limitations of Traditional Pavements

1. Heavy Materials: Traditional pavement materials like concrete and asphalt are inherently
heavy, which can impose significant loads on the underlying infrastructure. This is particularly
relevant in urban areas where the weight of the pavement can contribute to subsidence and
increased maintenance costs over time (Pacheco-Torgal & Jalali, 2011). The production and
transportation of these heavy materials also contribute to substantial carbon emissions, further
exacerbating their environmental impact.

2. Non-Recycled, Resource-Intensive Materials: Conventional pavements are often

constructed using virgin materials, such as natural aggregates, Portland cement, and bitumen,
which are extracted from the earth and processed through energy-intensive methods. This reliance
on non-recycled materials not only depletes natural resources but also generates significant carbon
emissions during extraction, processing, and transportation (Miller & Harnisch, 2008).
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Additionally, the use of these materials does not contribute to the circular economy or sustainable
resource management.

3. Sustainability: Traditional pavements, while functional, do not contribute to sustainability,
particularly the aim of achieving carbon emissions. They do not generate renewable energy, reduce
carbon footprints, or integrate recycled materials, making them passive components in the urban
environment. As cities and governments around the world increasingly focus on reducing carbon
emissions and promoting sustainability, these pavements offer little in terms of contributing to
these broader environmental goals (UNEP, 2018). Figure 2-24 shows examples of using typical

concrete pavement slabs.

2.19.2 Benefits and Challenges of Using Alternative Materials in Concrete Pavements

The use of innovative materials in pavement construction has become increasingly significant due
to the need for more durable, sustainable, and cost-effective solutions. As infrastructure demands
grow and environmental concerns rise, researchers and engineers continue to explore new
materials that enhance pavement performance while addressing the limitations of conventional
materials such as asphalt and Portland cement concrete. This discussion focuses on incorporating
new materials into existing walkable pavement slabs, which provide pedestrian-friendly surfaces
and are essential for urban infrastructure.

Integrating recycled and alternative materials into existing slabs presents numerous benefits,
including increased longevity, reduced environmental impact, and improved structural
performance. New materials such as recycled foundry sand, recycled steel tyre fibre, polystyrene,
and superplasticisers offer innovative solutions that enhance the functionality and sustainability of
walkable pavement slabs. However, there are also significant challenges related to cost, material
availability, compatibility with existing infrastructure, and long-term performance reliability. This
discussion explores the advantages and challenges of using these materials in walkable pavement

slabs, ensuring that they meet the demands of durability, safety, and environmental sustainability.

2.19.3 Benefits of Using New Materials in Walkable Pavement Slabs

One of the most significant benefits of using new materials in pavement construction is enhanced
durability and longevity. Traditional pavement materials, such as asphalt and concrete, often
experience degradation over time due to environmental exposure, heavy traffic loads, and chemical

reactions. Including recycled steel tyre fibre improves the toughness and tensile strength of
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concrete, reducing cracking and extending pavement life (De Belie et al., 2018). Similarly, the
incorporation of superplasticisers enhances the workability of concrete while maintaining its
strength, allowing for more efficient construction and reduced material waste (Mehta & Monteiro,
2014).

Sustainability is another crucial advantage. Incorporating recycled foundry sand as a replacement
for natural sand in concrete production reduces the environmental impact associated with sand
mining and the disposal of industrial waste (Van Dam et al., 2015). Additionally, polystyrene-
based lightweight concrete provides excellent thermal insulation, reducing energy demands for
adjacent buildings and creating a more comfortable walking surface in extreme climates
(Pomerantz, Akbari & Harvey, 2000). The use of these materials in walkable pavement slabs
contributes to a circular economy, promoting resource conservation and waste reduction.

The use of alternative materials also improves pavement performance under various environmental
conditions. For example, recycled steel tyre fibres enhance the impact resistance of pavement
slabs, making them more resilient to mechanical loads and environmental stresses (Graybeal,
2014). Meanwhile, the inclusion of superplasticisers allows for a reduction in water content
without compromising workability, resulting in high-strength, durable pavement surfaces. These
advancements help extend the lifespan of pavements while reducing the frequency of repairs and
maintenance.

In addition to mechanical and environmental benefits, the application of these materials contributes
to cost savings. Recycled foundry sand and polystyrene are often more affordable than virgin
aggregates, making them a cost-effective alternative in pavement construction (Buswell et al.,
2018). The durability of fibre-reinforced concrete reduces long-term maintenance costs, while
superplasticisers lower water consumption, reducing material costs without sacrificing
performance. These factors collectively improve the economic feasibility of sustainable pavement

solutions.

2.19.4 Challenges of Using New Materials in Walkable Pavement Slabs

Despite the numerous advantages, the adoption of new materials in pavement construction presents
several challenges. One of the primary obstacles is the variability in material properties. Recycled
foundry sand may contain residual contaminants that can affect the strength and durability of

concrete, necessitating strict quality control measures (Van Dam et al., 2015). Similarly,
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polystyrene can introduce air pockets within the concrete mix, potentially reducing compressive
strength if not properly formulated (Mehta & Monteiro, 2014).

Material availability and supply chain constraints also pose significant challenges. The sourcing
of high-quality recycled foundry sand and steel tyre fibres depends on the availability of industrial
waste streams, which may not be consistent across different regions (Buswell et al., 2018).
Furthermore, polystyrene recycling infrastructure varies globally, impacting its feasibility as a
large-scale pavement material. Ensuring a stable and reliable supply of these materials requires
careful planning and coordination among industries.

Compatibility with existing construction techniques is another important consideration. The
integration of recycled materials into concrete formulations may require adjustments in mix
design, curing methods, and finishing techniques (Tayabji & Lim, 2006). For instance,
polystyrene-based lightweight concrete requires specialised handling during mixing and
placement to prevent segregation and maintain uniformity. The need for modified construction
practices can lead to increased labour costs and extended project timelines.

The long-term performance and durability of these materials remain areas of active research. While
initial studies suggest that recycled steel tyre fibre and foundry sand enhance mechanical
properties, their behaviour under prolonged exposure to freeze-thaw cycles, chemical attacks, and
heavy pedestrian traffic requires further validation (De Belie et al., 2018). Extensive field testing
and monitoring are essential to ensure that these materials meet the performance standards required
for long-term infrastructure applications.

Regulatory acceptance and industry adoption also present barriers to the widespread use of these
alternative materials. Existing pavement design codes and specifications are primarily based on
traditional materials, and incorporating recycled or alternative components often requires rigorous
testing and certification (Graybeal, 2014). Policymakers and industry stakeholders must work
together to update standards and promote the safe and effective use of sustainable materials in
pavement construction.

The use of recycled foundry sand, recycled steel tyre fibre, polystyrene, and superplasticisers as
alternative materials for walkable pavement slabs presents numerous benefits, including enhanced
durability, sustainability, cost-effectiveness, and improved mechanical performance. These
materials contribute to resource conservation, reduce reliance on virgin aggregates, and offer

innovative solutions for modern pavement engineering. However, challenges related to material
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variability, supply chain limitations, construction compatibility, long-term performance, and
regulatory acceptance must be addressed to facilitate broader adoption. Continued research,
industry collaboration, and advancements in construction practices will be essential in ensuring
the successful integration of these materials into mainstream pavement design, paving the way for
more sustainable and resilient urban infrastructure.

However, the use of recycled materials in construction has become essential for reducing
environmental impact and enhancing sustainability (Silva et al., 2017). Materials such as
polystyrene, waste foundry sand, and recycled steel tyre fibres offer alternative solutions in civil
engineering by improving material efficiency while reducing waste accumulation (Thomas and
Gupta, 2020). Studies have shown that incorporating recycled materials in pavement structures
enhances mechanical properties, reduces carbon footprint, and improves long-term sustainability
(Tam et al., 2018).

In pavement engineering, the inclusion of recycled materials in foamed concrete can lead to
lightweight, durable, and sustainable pavement solutions (Jones and McCarthy, 2005). Foamed
concrete, which consists of a cementitious matrix with air voids, provides excellent thermal
insulation and reduced material consumption (Rohith and Kumar, 2021). When combined with
recycled components, it further improves the sustainability of pavement structures, making them

more energy-efficient and environmentally friendly (Mohammed et al., 2020).

2.20 Reflection on the Literature Review

The necessity of this research is strongly justified in the context of existing literature, which
highlights both the increasing demand for sustainable construction materials and the urgent need
to improve the durability and efficiency of walkable pavement slabs. While previous studies have
demonstrated the benefits of recycled materials such as foundry sand, steel tyre fibres, polystyrene,
and superplasticisers, their specific application in modifying existing walkable slabs remains an
area that requires further exploration. The literature confirms that these materials contribute
significantly to reducing environmental impact, conserving natural resources, and enhancing
mechanical properties (Mehta & Monteiro, 2014; Van Dam et al., 2015). However, challenges
such as material variability, compatibility with traditional concrete, and regulatory acceptance
persist, necessitating continued research and real-world validation.

Reflection on the literature review further underscores the necessity of this research. TNO, the

Netherlands Organization for Applied Scientific Research, in collaboration with Ooms Avenhorn
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Groep and Imtech, has explored innovative approaches to integrating solar energy into
infrastructure. Their research focuses on the development of solar road panels designed for cycling
paths, incorporating a glass top layer with crystalline silicon solar cells embedded in a concrete
slab base. This initiative aligns with the broader goal of sustainable transportation by harnessing
renewable energy while maintaining the structural integrity required for public pathways. The
study contributes to the knowledge of energy-efficient infrastructure by demonstrating the
feasibility of embedding solar cells within road surfaces while considering durability and climatic
adaptability (TNO, 2013; Northmore, 2014b).

PLATIO has contributed to the field by introducing a solar paver system designed as a walkable
and sustainable energy generator with a surface of 353 mm x 353 mm x 41mm. The research
behind this product emphasises the use of high-performance solar cells protected by durable, anti-
slip, scratch-resistant glass panels. A key innovation lies in the use of a frame structure made
entirely from recycled plastic waste, reducing the environmental impact while ensuring long-term
structural stability. By eliminating the need for new plastic materials, this study advances the
understanding of circular economy applications in renewable energy systems. The findings from
this research support the broader goal of integrating photovoltaic technology into urban
landscapes, making clean energy more accessible for pedestrian-friendly environments (PLATIO
Solar). The proposed solar pavement slab design builds on this concept by incorporating a
lightweight foamed concrete base, integrating recycled materials such as foundry sand and steel
tyre fibres, and offering improved mechanical properties while maintaining cost-effectiveness and
sustainability.

Zha et al. (2016) have expanded the scope of solar pavement technology by proposing a hollow-
plate structure composed of three functional layers. Their study explores the use of polymethyl
methacrylate (PMMA) as a transparent protective layer, ensuring the longevity and efficiency of
the underlying solar cells. The middle layer integrates photovoltaic technology, while the bottom
prefabricated concrete hollow-base slab provides structural support and facilitates the integration
of electrical components. A significant contribution of this research is the optimisation of
pavement design using ANSYS simulations, assessing structural integrity, weight reduction, and
economic feasibility. The findings from this study contribute to the knowledge of multi-functional
pavement systems, demonstrating a method to integrate renewable energy while maintaining road

usability (Zha et al., 2016). The proposed solar pavement slab expands upon this concept by
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incorporating self-contained power storage, reducing installation complexity, and increasing the
adaptability of the design for walkable pavements, ensuring higher durability and efficiency in
urban environments.

The current solar pavement slab design demonstrates a distinct advantage in several key areas
when compared with existing products such as solar brick lights and solar garden lights available
online from Solar Centre, as well as the solar pavement slab from Solar Patio. This comparison
focuses on the integration of self-contained devices, use of materials, product weight, cost, and
overall functionality.

1. Self-Contained Devices: The proposed solar pavement slab is designed as a fully self-contained
unit, integrating solar panels, cavities for electrical devices, and potentially LED lighting within a
single, cohesive structure. This integration ensures efficient energy generation and reliable
performance. In contrast, the solar brick and garden light, while also self-contained, are smaller
and less powerful, providing lower light illumination compared to the current design. These
products, available from Solar Centre, may be effective for decorative purposes but lack the robust
energy generation capacity and brightness offered by the proposed solar pavement slab. Although
made from recycled materials, the solar pavement slab from Solar Patio is not self-contained. It
requires separate wired connections that are not included with the purchase, which adds
complexity and potentially increases the overall cost.

2. Material Use and Sustainability: The current solar pavement slab is planned to be constructed
from foamed concrete, which not only makes it lightweight but also incorporates recycled
materials in order to minimise waste. This approach contrasts with the solar brick lights and solar
garden lights, which are not made from recycled materials. While these products fulfil specific
aesthetic purposes, their lack of sustainable materials and higher costs may detract from their
appeal in environmentally-conscious markets. The Solar Patio slab, on the other hand, is made
from recycled materials, which is a positive aspect. However, its lack of self-contained
functionality and the need for additional wiring reduce its overall convenience and sustainability
when compared to the current design.

3. Weight and Ease of Installation: The lightweight nature of the proposed solar pavement slab,
due to its foamed concrete composition, offers significant advantages in terms of installation and
handling. This makes it suitable for a wide range of applications, particularly in urban

environments where ease of installation is crucial. The solar brick light and solar garden light are
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naturally lightweight due to their smaller size, but this also limits their application to smaller-scale,
less demanding uses. The Solar Patio slab, while likely more substantial due to its recycled material
content, does not benefit from the same ease of installation as the current design, especially given
the need for additional wiring.

4. Cost and Value: In terms of cost, the solar brick light and solar garden light from Solar Centre
are noted to be relatively expensive, considering their limited functionality and smaller size. The
current design, with its integrated devices and use of sustainable materials, offers a more cost-
effective solution over the long term, especially when considering its superior light illumination
and energy generation capabilities. The Solar Patio slab, being very expensive and requiring
separate purchases for connections, further underscores the cost-effectiveness of the proposed
design, which provides a more comprehensive solution in a single product.

5. Overall Functionality: The proposed solar pavement slab outperforms the existing products in
terms of overall functionality. Its ability to combine multiple features—such as solar energy
generation, LED lighting, and sustainability—into one cohesive, self-contained unit makes it a
more attractive option for both consumers and developers. The solar brick light and solar garden
light, while functional for specific decorative purposes, do not offer the same level of integrated
performance or environmental benefits. The Solar Patio slab, despite being made from recycled
materials, is less convenient and more costly due to its non-self-contained nature and the need for
additional components.

When comparing the proposed solar pavement slab with existing products on the market, it is clear
that the current design offers several advantages, particularly in terms of sustainability, cost-
effectiveness, and integrated functionality. Its use of recycled materials, lightweight construction,
and self-contained design make it a superior choice for sustainable infrastructure projects. While
existing products like solar brick lights and solar garden lights may serve specific niches, they do
not match the comprehensive benefits provided by the current solar pavement slab design.
Similarly, the Solar Patio slab, although sustainable, falls short in terms of functionality and cost-
efficiency, further highlighting the advantages of the proposed design.

By investigating the integration of these innovative materials into existing slabs, this study builds
upon prior findings and addresses knowledge gaps related to long-term performance, cost-
effectiveness, and implementation strategies. The distinct advantages of the proposed slab in terms

of sustainability and self-contained functionality emphasise the practical significance of this study.
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Unlike other solar pavement products currently available, the proposed design integrates
innovative material usage, ensuring improved performance and environmental benefits while
maintaining economic feasibility. The insights gained from this research can inform industry best
practices, contribute to policy development, and support the transition towards more resilient and
eco-friendly infrastructure. Ultimately, the adoption of these sustainable materials in walkable
pavement slabs aligns with global efforts to create sustainable urban environments, reinforcing the
importance of this research in advancing both theoretical knowledge and practical applications in
pavement engineering.

Materials and the urgent need to improve the durability and efficiency of walkable pavement slabs.
While previous studies have demonstrated the benefits of recycled materials such as foundry sand,
steel tyre fibres, polystyrene, and superplasticisers, their specific application in modifying existing
walkable slabs remains an area that requires further exploration. The literature confirms that these
materials significantly reduce environmental impact, conserve natural resources, and enhance
mechanical properties (Mehta & Monteiro, 2014; Van Dam et al., 2015). However, challenges
such as material variability, compatibility with traditional concrete, and regulatory acceptance
persist, necessitating continued research and real-world validation.

By investigating the integration of these innovative materials into existing slabs, this study builds
upon prior findings and addresses knowledge gaps related to long-term performance, cost-
effectiveness, and implementation strategies. The insights gained from this research can inform
industry best practices, contribute to policy development, and support the transition towards more
resilient and eco-friendly infrastructure. Ultimately, the adoption of these sustainable materials in
walkable pavement slabs aligns with global efforts to create sustainable urban environments,
reinforcing the importance of this research in advancing both theoretical knowledge and practical
applications in pavement engineering.

The use of recycled foundry sand, recycled steel tyre fibre, polystyrene, and superplasticisers as
alternative materials for walkable pavement slabs presents numerous benefits, including enhanced
durability, sustainability, cost-effectiveness, and improved mechanical performance. These
materials contribute to resource conservation, reduce reliance on virgin aggregates, and offer
innovative solutions for modern pavement engineering. However, challenges related to material
variability, supply chain limitations, construction compatibility, long-term performance, and

regulatory acceptance must be addressed to facilitate broader adoption. Continued research,
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industry collaboration, and advancements in construction practices will be essential in ensuring
the successful integration of these materials into mainstream pavement design, paving the way for

more sustainable and resilient urban infrastructure.

2.21 Summary

This chapter discusses the integration of photovoltaic cells into pavement slabs, known as solar
pavement slab technology, contributing to urban sustainability by producing clean energy and
reducing impervious surfaces. Additionally, the chapter covers the use of recycled and composite
materials in concrete, which lowers the concrete's weight and improves its mechanical properties
like compressive and tensile strength. Foamed concrete, characterised by its low density and good
thermal and sound insulation properties, is highlighted for its suitability in weight-sensitive
construction applications, with recent developments enhancing its strength and stability. Overall,
the chapter emphasises the environmental and economic benefits of these innovative materials in
reducing the construction industry's carbon footprint and managing waste more effectively.
Based on an extensive literature review and the findings of the researcher’s studies that have been

discussed in this chapter, the following summary can be reached:

1. Introduce the solar panel, the current application with regards to the type of solar panels
available and the current application.

2. Solar pavement technology integrates photovoltaic cells into pavement slabs to generate
electricity while serving typical paving functions. The primary benefits include producing
clean energy and reducing impervious surface areas, thereby contributing to urban
sustainability.

3. Recycled materials (such as carbon fibre, glass fibre, polystyrene, steel tyre fibre, rubber tyre
fibre, plastic, and shredded carpet) are used within the concrete samples to enhance their
physical and mechanical density.

4. Waste foundry sand has been used in the construction industry to replace normal sand,
minimising waste and reducing the cost of the product while maintaining environmental
sustainability.

5. Foamed concrete is a lightweight concrete made by incorporating air bubbles into the cement

mix. This type of concrete is known for its low density, good thermal insulation, and sound
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absorption properties. Recent developments have improved the strength and stability of
foamed concrete, making it a viable option for a broader range of construction projects.

. The current application of foamed concrete has been used in the construction industry in
non/semi-structural applications such as void filling materials and thermal and sound insulation
but not in structural applications when higher strength is required.

FC mechanical properties could be influenced by its density, cement/sand ratio, and additives
that are added to FC mixes.
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Chapter 3: Thesis Methodology

3.1 Introduction

This chapter presents the methodology adopted to achieve the research objectives of developing a
sustainable solar walkable pavement slab. The methodology integrates material selection,
experimental investigations, and numerical simulations to ensure that the final slab meets both
structural and functional performance requirements. The research aims to develop a lightweight
foamed concrete slab incorporating recycled materials and photovoltaic components capable of
generating renewable energy while supporting pedestrian traffic.

The research approach began with an extensive literature review to understand the mechanical
behaviour of foamed concrete, the potential use of recycled materials, and the requirements for
integrating solar technology into pavement systems. Based on this review, suitable materials were
selected, including waste foundry sand, recycled tyre fibres, polystyrene, and superplasticisers.
These materials were incorporated into the foamed concrete mix to enhance its structural
performance while promoting sustainability.

Subsequently, a series of experimental tests were conducted to optimise the foamed concrete mix
and evaluate its properties, including compressive strength, flexural behaviour, density, and
workability. The optimised mix was used to produce prototype slabs, which underwent load-
deflection testing to assess their structural performance under pedestrian loading conditions. In
parallel, finite element analysis (FEA) using ABAQUS software was employed to simulate the
slab's structural response numerically.

Following the validation of the prototype, the final slab was constructed with integrated
photovoltaic components. In-situ testing was carried out to monitor the slab's structural stability,
surface durability, and energy generation performance under real-world conditions. Performance
data were collected during both winter and summer seasons, allowing for a comparative
assessment of energy efficiency across different environmental conditions.

This chapter provides a detailed account of the step-by-step methodology employed throughout

the study, forming the basis for the practical and analytical work presented in the following phases.
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3.2 Research Design and Rationale

The study adopts a mixed-methods approach, combining qualitative and quantitative research
methods to understand the subject matter comprehensively. This approach allows for a holistic
analysis, integrating numerical data with contextual insights. The research design is structured into
distinct phases, each addressing specific aspects of the study:

3.2.1 Phase 1: Research and Material Development

This phase represents the initial research and development phase, focusing on establishing a
fundamental understanding of the materials and design requirements necessary for developing the
solar walkable pavement slab. This phase consists of a systematic approach divided into three key
stages, beginning with a comprehensive literature review and culminating in the development and

evaluation of foamed concrete mixes incorporating recycled materials.

Stage 1: Literature Review and Design Input

The first stage involved conducting an extensive literature review to gather knowledge regarding
foamed concrete, solar pavement systems, and the utilisation of recycled materials in concrete
applications. The review aimed to identify best practices, understand mechanical performance
requirements and explore innovative material combinations. Key areas of focus included the
mechanical behaviour of lightweight foamed concrete, its suitability for pedestrian pavement
applications, and the structural challenges associated with integrating photovoltaic systems into
concrete slabs.

The review also examined the impact of incorporating recycled materials into concrete,
particularly waste foundry sand, polystyrene, and tyre fibres. Research indicated that these
materials could enhance certain mechanical properties, such as reducing density and improving
tensile strength, while contributing to sustainable construction practices. The findings from this
review provided critical design input for the subsequent material selection and mix development

stages, ensuring the proposed slab module would meet both structural and functional requirements.

Stage 2: Material Selection and Solar Module Draft Design

Based on the literature review, suitable materials were selected for the foamed concrete mix,
emphasising sustainability and mechanical performance. The selected materials included waste
foundry sand, polystyrene, recycled tyre fibres, and superplasticisers. These materials were chosen

for their potential to enhance the strength, durability, and workability of the foamed concrete.
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Waste foundry sand served as a partial replacement for fine aggregates, offering improved particle
packing and reducing environmental waste. Polystyrene particles contributed to reducing the slab’s
weight and enhancing thermal insulation properties. Recycled tyre fibres were included to enhance
tensile strength and crack resistance, while superplasticisers improved the workability and flow of
the concrete mix, allowing for better compaction.

Concurrently, a draft design of the solar module was developed to ensure seamless integration of
structural and photovoltaic components in the pavement slab. This conceptual design aimed to
balance mechanical performance with energy-generating capabilities. Factors such as the
positioning of solar cells, concrete cover thickness, and load-bearing capacity were considered to

prevent compromising the slab’s structural integrity.

Stage 3: Development of Foamed Concrete Mixes and Experimental Evaluation
The third stage focused on developing and testing various foamed concrete mixes with densities
ranging between 800 kg/m3 and 1400 kg/m3. Experimental trials were conducted using concrete

cubes and prisms to evaluate the concrete mixes' mechanical and physical properties.

The key tests performed included:

e Workability Test: Assessing the ease of handling and placing the foamed concrete and its
flow behaviour and stability.

e Flexural Test: Evaluating the tensile strength and resistance to bending forces to ensure the
slab could withstand pedestrian and light vehicular loads.

e Compressive Test: This measures the load-bearing capacity and overall compressive
strength, which is critical for assessing the slab’s ability to support structural loads.

e Density Test: This test determines the weight and lightweight characteristics of the
concrete, ensuring the slab remains easy to transport and install.

e Crack Propagation Test: Observing the formation and growth of cracks under applied load,

this test identifies potential weaknesses in the concrete matrix.

Multiple mix variations were prepared, adjusting the proportions of foaming agents, recycled
aggregates, and fibre content. Each mix underwent rigorous testing to assess its suitability for the

intended application. If a blend failed to meet the mechanical performance criteria, modifications
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were made to the material composition, and the testing process was repeated until an optimal mix
was achieved.

Phase 1 concluded with the successful development of a suitable foamed concrete mix with
recycled materials. This mix demonstrated desirable mechanical properties, including sufficient
compressive and flexural strength, reduced density, and improved crack resistance. It was deemed
appropriate for use in the solar pavement slab, meeting both structural and sustainability goals.
The outcomes of Phase 1 provided a solid foundation for Phase 2, which involves prototype
development, experimental testing, and numerical validation. The selected mix and draft design
guided the fabrication of the prototype slab, ensuring it could undergo further evaluation in later

phases to assess its long-term performance and energy-generating potential.

3.2.2 Phase 2: Prototype Development, Experimental, and Numerical VValidation

This phase represents the transition from material research and mix development to the production
and performance evaluation of a prototype solar slab base. This phase focuses on developing the
physical module, subjecting it to experimental testing, and validating its performance through
numerical analysis. structural requirements and the functional integration of solar components,
ensuring that the slab would be capable of supporting pedestrian loads while serving as a platform

for solar energy generation.

Stage 4: Production and Module Design

Building upon the outcomes of Phase 1, a prototype solar slab module was designed and produced.
The foamed concrete mix incorporating recycled materials was used to cast the slab. The design
process considered both the structural requirements and the functional integration of solar
components, ensuring that the slab would be capable of supporting pedestrian loads while serving
as a platform for solar energy generation.

The production of the slab involved careful mixing, pouring, and curing processes to achieve the
desired density and mechanical properties. Particular attention was paid to ensuring uniform
distribution of the recycled materials within the foamed concrete matrix. This process resulted in
the fabrication of a full-scale prototype slab, which served as the basis for experimental evaluation

and numerical modelling.
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Stage 5: Experimental and Numerical Analysis
Following the production of the prototype, experimental and numerical analyses were conducted
to evaluate its structural behaviour under load. The primary objective was to assess the slab's

deflection performance and compressive strength.

1. Experimental Analysis:

Experimental testing was carried out to measure the deflection of the slab under loading conditions
representative of pedestrian traffic. The slab was supported at its edges and subjected to a series
of load increments, with deflection measurements recorded at key points using displacement
measurement devices. The aim was to determine the load-deflection behaviour and assess the
slab’s stiffness and load-bearing capacity.

In addition to slab deflection testing, compressive strength tests were performed on concrete cubes
produced alongside the slab. These tests provided a baseline assessment of the mechanical

properties of the foamed concrete mix used in the slab's construction.

2. Numerical Analysis:
Finite element analysis (FEA) was employed using ABAQUS software to simulate the structural
performance of the solar slab under load. A 3D numerical model was developed based on the actual

dimensions and material properties of the prototype. The analysis included:

e Meshing: A detailed finite element mesh was generated to represent the slab accurately.
e Boundary Conditions: Supports were modelled to replicate the experimental setup.
e Load Application: Incremental vertical loads were applied to simulate pedestrian loading
conditions.
The primary focus of the numerical analysis was to predict the deflection behaviour of the slab
under load and identify stress distribution patterns. The results from the FEA model were
compared with the experimental load-deflection data to assess the accuracy of the numerical

predictions.

Stage 6: Experimental and Numerical Results and Discussion
The experimental deflection measurements and compressive strength results were analysed

alongside the numerical FEA outputs. The comparison of experimental and numerical deflection
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data provided insights into the slab’s structural behaviour and the reliability of the computational

model.
Key findings from this stage included:

e Load-Deflection Behaviour: The experimental and numerical load-deflection curves
showed good agreement, validating the numerical model.
e Structural Capacity: The slab demonstrated sufficient stiffness and load-bearing capacity
for pedestrian use.
e Compressive Strength: Cube testing confirmed that the foamed concrete mix achieved the
desired compressive strength, meeting design expectations.
The integration of experimental and numerical results provided a comprehensive understanding of
the prototype slab’s performance. The validation of the numerical model ensured its reliability for
future design optimisation and structural assessments.
Phase 2 successfully demonstrated the structural feasibility of the solar slab prototype. The
combined experimental and numerical analysis validated the slab’s load-bearing capacity and
deflection performance, confirming that the foamed concrete mix with recycled materials was
suitable for the intended application. These findings paved the way for Phase 3, which focuses on

final product assembly, system integration, and in-situ testing.

3.2.3 Phase 3: Construction, Integration, and Testing

This phase represents the final and most critical phase in the development process, transitioning
from validated prototypes to the walkable solar pavement slab's construction, assembly, and in-
situ testing. This phase involves integrating structural and photovoltaic components, final product
fabrication, and real-world performance evaluation to ensure the slab meets structural and

functional requirements.

Stage 6: Construction of Walkable Solar Pavement Slab

The phase commenced with constructing the final walkable solar pavement slab based on the
outcomes and validated design from Phase 2. The slab was cast using the optimal foamed concrete
mix incorporating recycled materials, ensuring that the mechanical properties, density, and

structural capacity identified in earlier testing were consistently achieved.
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The slab was produced under controlled conditions to prevent inconsistencies in density and
surface defects. Careful attention was given to ensuring uniform thickness across the entire slab,
as deviations could compromise the structural performance and affect the integration of the solar
components. Proper curing procedures were applied to enhance the mechanical strength and long-
term durability of the slab. The surface was finished to achieve a smooth but slip-resistant texture,

suitable for pedestrian use while allowing efficient placement of photovoltaic elements.

Stage 7: Installation of Electrical Devices and Material Assembly

Upon successful casting and curing, the next stage involved integrating the photovoltaic
components into the slab. The solar modules were carefully embedded into pre-designated recesses
on the slab surface. Electrical wiring and connections were installed to link the solar cells to the
power management system, ensuring functional performance.

Material assembly also included securing the protective covering over the solar modules to
safeguard against pedestrian traffic and environmental exposure. The assembly process aimed to
ensure that the structural integrity of the slab was not compromised during the embedding of the
photovoltaic components. Detailed checks were performed to verify electrical continuity and

confirm that the solar module connections were secure and capable of efficient energy output.

Stage 8: Final Product Design and Manufacturing

After the structural and electrical integration, the slab was subjected to a final evaluation.
Adjustments were made where necessary to optimise the product’s robustness, functional
efficiency, and surface quality. The final product design incorporated refinements in placing solar
cells and surface finishing techniques to enhance slip resistance and ensure aesthetic appeal
suitable for public environments.

The manufacturing phase ensured that the slab was a complete unit, combining structural strength
with photovoltaic functionality. This marked the transition from laboratory-scale development to

a product suitable for field installation and performance assessment.

Stage 9: In-Situ Testing
The last stage of Phase 3 involved placing the slab in a real-world environment to assess its
performance under actual operational conditions. In-situ testing aimed to evaluate the structural

behaviour, surface performance, and energy generation capability of the slab:
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e Structural Stability: The slab was subjected to pedestrian loading to monitor for any signs
of deformation, cracking, or surface degradation. Load-bearing performance was assessed
under various weather conditions to ensure durability.

e Surface Performance: The wear resistance and slip resistance of the slab were examined to
confirm its suitability for public foot traffic. Observations were made regarding its
resilience to environmental factors such as rain, temperature variations, and dirt
accumulation.

e Energy Generation: The photovoltaic system's energy output was monitored throughout
different times of the day to evaluate its efficiency under natural sunlight conditions.
Additionally, sensors were installed to monitor solar panel performance and battery storage
during both winter and summer seasons. Energy absorption data was collected over these
periods, and the performance of the system in winter was compared with that in summer.
This comparative analysis provided insights into seasonal variations in energy efficiency.

Observations and data from the in-situ testing provided valuable insights into the slab’s operational
performance. Any minor deficiencies observed during field testing were documented, and potential
improvements were noted for future design iterations.

Phase 3 successfully demonstrated the transition from prototype validation to practical application.
Integrating structural and photovoltaic components resulted in a functional, walkable solar
pavement slab capable of withstanding pedestrian traffic while generating renewable energy. The
in-situ testing phase confirmed the slab’s ability to perform reliably in real-world conditions,
validating its structural stability, durability, and energy generation capacity. Monitoring solar
panel and battery performance across different seasons added further depth to the evaluation,
enabling the identification of efficiency patterns under varying environmental conditions. These
findings concluded the development process and paved the way for potential large-scale

production and deployment in public spaces.

3.3 Ethical Considerations

Ethical considerations were carefully observed throughout the entire research and development
process, spanning all phases from material selection and prototype development to final product
testing and in-situ evaluation. The primary ethical focus was on ensuring environmental

sustainability, user safety and data integrity.
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Sustainability was a guiding principle across all phases. Recycled materials, including waste
foundry sand and tyre fibres, were integrated into the foamed concrete mix to minimise the
environmental impact of the pavement slab. This approach reduced waste and conserved natural
resources, aligning with global efforts toward sustainable construction and renewable energy
solutions.

Safety was prioritised at every stage. During Phase 1, material testing ensured that the selected
components were structurally sound and suitable for public use. In Phase 2, prototype evaluation
involved rigorous structural testing and deflection analysis to confirm the slab's load-bearing
capacity and resilience. Phase 3 ensured that both structural integrity and slip resistance were
maintained. Electrical safety was also critical when integrating solar modules, adhering to standard
protocols to prevent hazards.

Data integrity and research transparency were upheld consistently. Results from laboratory
experiments, finite element analysis, and in-situ testing were accurately recorded and reported. All
performance evaluations were conducted impartially, ensuring the final assessment of the slab's
mechanical and energy generation capabilities was reliable and bias-free. Across all phases, the
research was guided by professional ethics, emphasising environmental responsibility, user safety,

data accuracy, and the pursuit of sustainable innovation.

3.4 Summary

The development process of the walkable solar pavement slab was executed in three
interconnected phases. Phase 1 involved material research and development, selecting recycled
materials and optimising a foamed concrete mix with suitable mechanical properties. Phase 2
progressed to prototype production and performance validation through experimental deflection
tests and numerical analysis using ABAQUS, ensuring the slab’s structural reliability. Phase 3
finalised the slab’s construction, integrating solar panels and electrical components, followed by
in-situ testing under real-world conditions. Performance was monitored during winter and summer
to evaluate structural stability, energy output, and surface durability. Ethical considerations
throughout the research ensured sustainability, safety, data integrity, and social responsibility,
resulting in a functional slab capable of supporting pedestrian traffic while generating renewable

energy.
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Chapter 4: Foamed Concrete Design and Experimental Study

4.1 Introduction

This chapter describes the first part of the experimental program in this study, which is concerned
with creating and improving the mechanical characteristics and densities of concrete built with
recycled materials. This phase involves design mix trials to make foamed concretes with densities
ranging from 800 to 1400 kg/m3, both with and without additives, and with different percentages
of recycled material ratios by volume. The work focuses on key mechanical qualities, such as
compressive and flexural strength, to optimise these values for pavement applications.

This chapter aims to evaluate the mechanical properties and density of foamed concrete samples
containing recycled materials, ultimately selecting the optimal formulation for the final product.
The materials and additives employed in laboratory trials are outlined, while the investigation
includes analysing key performance indicators such as compressive strength, tensile strength,
hardness, and density. Achieving an appropriate balance between density and mechanical strength
is crucial before any mixture can be deemed suitable for the intended application. Details of the
production techniques involving both conventional and recycled materials are provided in the
methodology chapter. Additionally, the inclusion of superplasticisers is introduced as a means to
enhance workability and improve mechanical performance. This structured evaluation ensures that
the chosen foamed concrete formulation meets both performance criteria and industry standards.
The experimental phase involved the production of foamed concrete samples with densities
ranging from 800 kg/m?3 to 1400 kg/ms3. Some samples incorporated additives, while others were
prepared without them to assess the influence of supplementary materials on the concrete's
characteristics. This process facilitated a detailed analysis of the mechanical and physical
properties relevant to the proposed application.

Over 150 samples were produced, including 100 mm x 100 mm x 100 mm cubes and 100 mm x
100 mm x 50 mm prisms, ensuring compliance with established testing standards. The samples
incorporated various recycled materials and density variations, enabling a comprehensive
examination of how these factors affect mechanical performance, durability, and overall suitability

for use in solar walkable pavement slabs.
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4.2 Material Selection

In the initial phase, both conventional and recycled materials will be used. The following sections
have identified and detailed the specific materials needed for this project. Below is a list of both

recycled and standard materials:

4.2.1 Standard Material

The normal materials (standard) in the experiment are introduced, including sand, cement, water,
and a foaming agent. These fundamental components are essential in creating the foam concrete
mixture as a base for the material development, each contributing to the overall properties of the
final product. Sand provides the necessary bulk and strength, cement acts as the primary binder,
water facilitates the chemical reactions needed for setting, and the foaming agent introduces air
bubbles to achieve the desired lightweight structure. The typical materials used to manufacture

foam concrete are listed below:

4.2.2 Fine Aggregate (Sand)

Fine aggregate, such as sand, is essential in traditional concrete for adding bulk, strength, and
stability. However, in foamed concrete, known for its lightweight and insulating qualities, the use
of fine aggregate plays a different role. This type of concrete primarily depends on air voids instead
of traditional aggregates for its structure, which alters the need for and impact of fine aggregate.
When producing foamed concrete, selecting appropriate aggregates is essential for influencing the
product's mechanical and physical properties. This experiment used a 1:2 ratio of one part cement
and two parts sand with a particle size of up to 4 mm, which complies with BS EN 12620 and is
commonly used for foam concrete.

To obtain finer sand particles around 0.2 mm or less from river-washed sand initially sized between
0.5 mm and 4 mm, a series of sieving steps using progressively finer sieves is required. Start with
a sieve that retains particles larger than 5 mm to remove the coarser particles. Then, use
intermediate sieves such as 2 mm (2000 pm), 1 mm (1000 pum), and 0.5 mm (500 pum) to narrow
down the particle sizes progressively. To achieve particles around 0.2 mm or less, employ finer
sieves of 0.25 mm (250 pm) and 0.2 mm (200 pm).

Begin by placing the river-washed sand sample on the largest sieve (5 mm) and shaking or
vibrating the sieves to allow particles to pass through to the next smaller sieve. Collect the particles

that pass through each sieve and transfer them to the subsequent finer sieve, continuing this process
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until reaching the 0.2 mm (200 um) sieve. For particles finer than 0.2 mm, use a sieve with a size
of 0.15 mm (150 pum) to collect the finest particles.

By following this step-by-step sieving process, you can efficiently reduce the size of the river-
washed sand to obtain finer particles around 0.2 mm or less, making them suitable for specific
applications such as foam concrete. Figure 4-1 provides a visual representation of the washed river

sand and cement materials utilised in this experimental work.

Figure 4-1: (a) River Washed Sand, (b) Ordinary Portland Cement

4.2.3 Ordinary Portland Cement (OPC)

In this investigation, Ordinary Portland Cement (OPC) 32.5N was employed, adhering to the
British Standard BS EN 197: Part 1: 2000. This type of cement is commonly used in the production
of foamed concrete due to its suitable mechanical properties. The OPC used in this experimental
work facilitated the development of a stable and durable foamed concrete mix. A cement-to-sand
ratio of 1:2 was adopted in accordance with relevant British Standards, ensuring proper workability
and strength development within the produced slabs. This ratio was applied consistently across
both the mortar and foamed concrete mixes used in the experiment.

The compatibility of OPC with foaming agents is vital for producing foamed concrete. Its reactive
nature and fine particle size contribute to forming a stable cellular structure, which is crucial for
achieving the desired density and strength. The effectiveness of OPC in foamed concrete is
reflected in its positive impact on strength, workability, and durability—factors that are essential
for applications ranging from substructure to structural use.
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4.2.4 \Water

The quantity of water required in concrete depends significantly on the components of the mix,
including any added admixtures. Water plays a fundamental role in achieving concrete uniformity,
consistency, and stability. It helps moisten aggregates, initiates chemical reactions with cement,
and improves the mix’s workability. The proportion of water added is determined by the water-to-
cement ratio, guided by the BS: EN:1008:2002 standard. Insufficient water can make the concrete
too rigid, potentially breaking bubbles during mixing and increasing density, as Nambiar &
Ramamurthy (2006) noted. Conversely, excess water may result in a fluid slurry, causing bubble
separation and increased density. Typically, the water-to-cement ratio ranges from 0.4 to 1.25,

aligning with 6.5% to 14% of the target density.

Figure 4-2: Normal Water

Water quality is crucial, especially in the production of foamed concrete. Guidelines from ACI
523.3R-93 emphasise the need for water to be clean, fresh, and potable. Organic contaminants can
degrade the effectiveness of protein-based foam agents and the integrity of foamed concrete mixes.
Even non-potable water can be acceptable if it allows the concrete to achieve 90% of its strength
within 7 to 28 days, similar to the performance observed with municipal water sources.

Valore (1954) highlighted the importance of adjusting the sand content relative to changes in the
water/cement ratio. The British Cement Association recommends maintaining a water/cement

ratio of about 0.5 to 0.6 for optimal results. The often-used water-to-cement ratio in this study is
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constantly about 0.5%, and it is strategically recommended that this ratio enhance the concrete’s

performance and characteristics.

4.25 Foaming Agent

In this study, protein-based surfactants were chosen for their efficacy in producing high-quality
foamed concrete. According to Ramamurthy and Nambiar (2009), protein surfactants are known
for creating more stable and closed cells within the foam, significantly enhancing the strength of
the resulting foamed concrete. Foamed concrete with protein surfactants exhibits a strength-to-
density ratio of about 50-100% higher than concrete made using synthetic surfactants.

The foam was prepared using a 5% aqueous surfactant solution in a dry system generator, resulting
in foam densities that ranged between 43 and 53 kg/m. Figure 4-3 depicts the foam-making
process, including the foaming agent, machine, and foam itself.

Figure 4-3: Foaming Agent and Foam Generator

Propump designed the protein foaming agent Propump 26, which was utilised in this study and is
appropriate for integration into mixture designs ranging from 200 kg/m?3 to 1700 kg/m3. In this
research, a specific commercially available protein-based surfactant, ProPump Protein 26, was
used to generate preformed foam aimed at producing low-density foamed concretes with
reasonable strength. The concentration of the surfactant solution used to create the foam was
consistently 50 grams per litre of water, producing foam with a targeted density of 50 + 5 kg/mé.
The preformed foam was created using a 4% aqueous surfactant solution in a dry system generator,

achieving a foam density ranging from 41 to 52 kg/m3.
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Additionally, recycled materials such as waste foundry sand, polystyrene, and recycled steel tyre
fibre are incorporated into the foam concrete to minimise density while maintaining mechanical
strength, including compressive and flexural strength. The use of superplasticisers further
enhances these properties by improving the workability and overall performance of the concrete.
This combination of materials ensures an environmentally friendly approach without

compromising on quality and strength.

4.2.6 Waste Foundry Sand

The use of waste foundry sand (WFS) as a replacement for natural sand in concrete production
was critical to this experimental investigation. WFS is a byproduct generated during the metal
casting process, where molten metal is poured into sand moulds and left to cool and harden before
the casting is removed. This process results in used foundry sand, often discarded as waste.
Integrating WFS into concrete mixes provides an environmentally beneficial alternative to
traditional waste disposal methods.

This study used WFS to partially and fully replace natural sand in concrete at four replacement
levels: 25%, 50%, 75%, and 100%. The goal was to assess the effects of different WFS proportions
on the concrete's workability, compressive strength, and tensile strength. It was observed that
increasing the WFS content reduced the workability of the concrete. This behaviour is attributed
to the finer particle size and higher surface area of WFS, which increased water demand by
approximately 15% compared to natural sand.

The particle size distribution of the WFS used in this experimental work typically ranged from 0.6
mm to 0.15 mm (No. 30 to No. 100 sieve), with a small fraction (5-12%) being finer than 0.075
mm (No. 200 sieve). This aligns with the general characteristics of foundry sand, as noted by
FHWA.DOT.GOV. This uniform grain size contributed to the changes in workability and
performance observed during mixing and casting.

The mechanical properties of concrete containing WFS were monitored closely. Previous research
highlights mixed results concerning the influence of WFS on concrete strength. According to
Siddique et al. (2011), incorporating WFS can slightly reduce compressive strength due to
differences in physical characteristics compared to natural sand. Similarly, Etxeberria et al. (2007)
noted that higher WFS content might lead to minor reductions in strength, though some studies

have indicated comparable or improved strength at specific replacement levels. Tensile strength is
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similarly affected, with Singh et al. (2013) suggesting that low to moderate WFS replacement
levels generally maintain acceptable performance.

The WFS used in this experiment was sourced from William Lee Ltd, located at Callywhite Lane,
Dronfield, Derbyshire, S18 2XU. This material was obtained through the Castings Development
Centre, which can provide detailed specifications regarding the sand particle size and

characteristics upon request.

4.2.7 Polystyrene

This experiment incorporated EPS beads into concrete mixes at volume-based additions of 10%,
20%, and 30%. These varying proportions aimed to minimise the concrete samples' overall self-
weight while evaluating their mechanical properties. Particular attention was given to ensuring
that the surface finish of the samples remained smooth, with no visible EPS particles exposed on
the surface, to enhance both aesthetics and durability. The mixing procedure was also carefully
controlled to achieve a uniform distribution of EPS beads throughout the concrete matrix. Proper
compaction techniques were employed to prevent segregation and ensure consistent density across
all samples. The curing process was closely monitored to ensure optimal hydration and strength
development, as variations in the curing environment can significantly affect the performance of

lightweight EPS concrete.

4.2.8 Recycled Steel Tyre Fibre

Another set of experimental mixes involved the incorporation of 1% recycled steel tyre fibre into
the concrete by weight of cement. This addition was intended to enhance the mechanical properties
of the concrete, particularly its tensile strength and crack resistance. The fibres were uniformly
dispersed throughout the mix to ensure consistency and prevent clumping. Special attention was
paid to the workability of the concrete during mixing, as introducing steel fibres can sometimes
lead to difficulties in achieving a smooth and even mix. The surface finish of the samples was
carefully assessed to ensure that the steel fibres were not protruding from the surface, thereby
maintaining a clean appearance and ensuring that the samples met the required quality standards.
The samples were also properly compacted to avoid voids and ensure uniform density, and the

curing process was closely monitored to promote optimal strength development.
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4.2.9 Superplasticisers

The superplasticiser was introduced into the concrete mix at a dosage of 1% by cement weight.
The superplasticiser was added to enhance the workability and flowability of the fresh concrete,
particularly in mixtures incorporating recycled materials or fibres, which tend to reduce the ease
of mixing and placing. Including the superplasticiser facilitated better compaction and reduced the
water-cement ratio without compromising workability, improving the concrete’s strength and
durability. Special attention was given to ensuring uniform dispersion of the admixture to prevent
segregation or bleeding. The samples were monitored during casting and curing to evaluate the
influence of the superplasticiser on the final surface quality and mechanical performance of the

hardened concrete. Figures 4-4 illustrate the recycled and additives used in this experiment.

Figure 4-4: Waste Foundry Sand, (b) Polystyrene, (c) Recycle Steel Tyre Fibre, (d)

Superplasticiser

4.3 Experimental Design

The mix design for M20 normal mortar involves a carefully proportioned mix of cement, sand,
and water to achieve a target compressive strength of 20 MPa. For this mix, a typical ratio used
According to BS EN 998-2, a prescribed mortar mix proportion for achieving an M20 strength
class can be approximately 1:2 (cement to sand) by volume, with a water-cement ratio of 0.50,
resulting in a mix that provides high strength suitable for structural applications. Approximately
576 kg of cement, 960 kg of sand, and 259 litres of water would be required to produce one cubic
meter of M20 mortar. While British Standards such as BS 5628-1 and BS EN 998-2 provide
guidelines for traditional mortar design. Table 4-1 design for three cubes and three prisms made
of standard concrete mortar as (Control).
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It is important to note that there are no specific British Standards (BS) for the design of foamed
concrete. Foamed concrete mix design is typically determined through experimental testing and
customisation based on the desired density and strength. It is different from traditional concrete
due to the incorporation of foam and its lightweight nature. Tables 4-2 and 4-3 provide the design
of foamed concrete mixes containing various recycled materials, with a specific target density of

1400 kg/mé3. Each design includes three cubes and three prisms tested for their mechanical

properties.
Table 4-1: Design Mix for Standard Concrete Mortar
SR Description of Building Concrete Number of | 28 days
Number Sample (Cube) Number Grade design mix | testing
and (Prism) date
Control 100 x 100 x 100 1 M20 1 28
mm 2
3
Control 100 x 100 x 500 2 M20 1 28
mm 2
3
Key Points:

Recycled Materials in the Mix Designs:

e NFC (Normal Foamed Concrete): This serves as the control without any recycled materials.

e WFS (Waste Foundry Sand): Normal sand was replaced with 25%, 50%, 75%, and 100%
WES in the mix. The WFS mixes aim to evaluate the effects of replacing fine aggregates
with recycled sand.

e Polystyrene (PO): Using 10%, 20%, and 30% polystyrene in the mix reduces the concrete's
density while enhancing its lightweight properties.

e Recycled Steel Tyre Fibre (RSTF): Adding 1% of RSTF acts as reinforcement, improving
the tensile and flexural strength.

e Superplasticiser (SPs): A 1% superplasticiser is added to improve the workability and

compressive strength by reducing the water-cement ratio.
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Table 4-2: Foamed Concrete Mix Design for Cubes with a Target Density of 1400 kg/m3

SR Description of Sample | Building | Target Density | Number Curing
Number (Cubes) Number (kg/m~3) of cubes Period

NFC 100 x100 x 100 mm 1 1400 1 28
2
3

WFS 100 x100 x 100 mm 2 1400 1 28
25% 2
3

WEFS 100 x100 x 100 mm 3 1400 1 28
50% 2
3

WFS 100 x100 x 100 mm 4 1400 1 28
75% 2
3

WEFS 100 x100 x 100 mm 5 1400 1 28
100% 2
3

PO 10% 100 x100 x 100 mm 6 1400 1 28
2
3

PO 20% 100 x100 x 100 mm 7 1400 1 28
2
3

PO 30% 100 x100 x 100 mm 8 1400 1 28
2
3

RSTF 100 x100 x 100 mm 9 1400 1 28
1% 2
3

SPs 1% 100 x100 x 100 mm 10 1400 1 28
2
3

Each design under evaluation involved fabricating three cubes and three prisms (see Tables 4-2
and 4-3). All cubes were cured for 28 days to ensure consistent strength development, and their
average weights were recorded to evaluate density and uniformity. In total, 30 cubes and 30 prisms
were produced across designs targeting a density of 1400 kg/m?, providing a robust dataset for

assessing material performance.
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Table 4-3: Foamed Concrete Design for Prisms with a Target Density of 1400 kg/m?3

SR Description of Building Target Number of | Curing
Number Sample (Prism) Number Density Prisms Period
(kg/m~3)

NFC 100 x100 x 500 mm 1 1400 1 28
2
3

WFS 100 x100 x 500 mm 2 1400 1 28
25% 2
3

WFS 100 x100 x 500 mm 3 1400 1 28
50% 2
3

WEFS 100 x100 x 500 mm 4 1400 1 28
75% 2
3

WFS 100 x100 x 500 mm 5 1400 1 28
100% 2
3

PO 10% 100 x100 x 500 mm 6 1400 1 28
2
3

PO 20% 100 x100 x 500 mm 7 1400 1 28
2
3

PO 30% 100 x100 x 500 mm 8 1400 1 28
2
3

RSTF 1% | 100 x100 x 500 mm 9 1400 1 28
2
3

SPs 1% 100 x100 x 500 mm 10 1400 1 28
2
3

Additional foamed concrete mixes were designed for 800, 1000, and 1200 kg/m3 density,
following the same procedure as in Table 4-2 for 1400 kg/m? cubes. The same approach was used
to prepare and test three cubes for each design to assess their compressive. Table 4-2 provides
examples of designing foamed concrete with a desired density of (1400kg/m”3).

Based on performance criteria, the best sample for the final product will be selected from all the

recycled materials tested. The final decision regarding the optimal material will be determined and
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discussed in the following chapters, where detailed analysis and results will guide the selection
process.
The Experimental study has been practically carried out by the following procedures in order to

fulfil the objectives fully, as indicated in the above design and development phases:

4.3.1 Foamed Concrete Mixing Design

There is no standard specification for foamed concrete mix design, encouraging the usage of the
absolute volumes approach in their study—a method that has been used in various research
projects (Gangatire and Suryawanshi (2016). This approach includes critical initial procedures
such as determining the water-to-cement (wi/c) ratio, aiming for a specified plastic density, and
calculating the cement amount, all of which are required for constructing foamed concrete mixes.
As Ramamurthy and Nambiar (2009) note, this approach enables precise proportioning based on
absolute volumes.

Lee et al. (2014) discovered that the optimal wi/c ratio for foamed concrete is often between 0.4
and 0.6. However, adding a superplasticiser can decrease this ratio even further to around 0.25,
improving the mix's properties by producing higher fluidity and increased strength. Nonetheless,
because no superplasticiser was utilised for all the samples, a w/c ratio of 0.5 was used. This ratio
provided acceptable consistency for the majority of the mixtures tested, efficiently accommodating
a variety of densities and constituent materials. This method represents a reasonable compromise
between achieving the specified mechanical properties and ensuring workable mix uniformity.
To illustrate the process, Figure 4:5 in the study displays various foam-making products, including
the foaming agent, machine, and the foam itself, highlighting the equipment and materials involved

in this method.

4.3.2 Foamed Concrete Calculation

To calculate the mix proportion, use the absolute volume method (ACI-523.3R-93,1993).
According to Ruiwen (2004), the cement content in a conventional FC with or without sand must
be between 250 and 500kg/m3, and the optimal water-cement ratio of foam concrete must be
between 0.5 and 0.6. In this experiment, foam concrete was made with a 1:2 sand and cement
mixture and a water ratio of 50%. The working example below explains how to calculate the

design mix proportion for the control mix design with a 1600kg/ m3 wet density.

e Plastic density of foamed concrete required = 1600 kg/ m3
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e W/C=05

e Specific cement gravity= 3.15

e The specific gravity of sand = 2.35
e Unit weight of water= 1000 kg/m?
e Unit weight of foam = 45 kg/m3

e Total mass of raw materials 1 m3 x 1600 kg/m3=1600 kg

Table 4-4: Experimental Calculations for Foamed Concrete

Material Mass kg in m”3 Calcs Volume

Cement 457.15 1 0.145
45715 X 1= 1000

Sand 914.275 1 0.39
914.275 x—235x1000

water 228.571 1 0.228

228.575x 11000
Total 0.736
Air Volume 1m"2 - 0.736 0.236

The air content in foam produced by Propump 26 foaming agent is about 95 %

Therefore 0.236/0.95 = 0.248 m3 x 1000 = 248 L

The amount of foaming agent required to produce 248 L of foam is 0.8mL x 248L/1L
=198.5ml/950 = 0.2 m®

The amount of water required to produced 248L of foam is 45g x 248 L/ 1 L = 11160g
=>11.16kg

Calculations for the samples in this experiment were carried out by using the same method above
detailed in table 4-4.

4.3.3 Material Selection to Produce Foamed Concrete

The materials used to produce foam concrete include:

1. Cement: Ordinary Portland Cement (OPC) is commonly used, but the type can vary based on

specific requirements.
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2.

3.

Fine Aggregate: Natural siliceous sand with a particle size of up to 4 mm is typical. However,
alternative materials like fly ash, crushed glass, and others can also be used to achieve specific
properties or reduce density.

Water: Water quality should be compatible with concrete production and free from harmful
quantities of salts, organic materials, etc.

Foaming Agent: A surfactant used to create stable air bubbles in the mix. The choice of
foaming agent can significantly influence the density and strength of the foamed concrete.
Admixtures: Superplasticizers can be added to enhance workability and reduce water content,

improving mechanical properties.

4.3.4 Mix Design
The desired final density and strength determine the mix design of foamed concrete. Unlike

traditional concrete, the mix design for foamed concrete is often based on the volume of materials

rather than weight, considering:

1
2
3.
4

Desired plastic or dry density

. Cement-to-water ratio (C/W)

Volume of foaming agent

. Aggregate type and volume

4.3.4.1 Mixing Procedure
The following steps systematically explain the foamed concrete design procedure. See Figure 4-5

for the design procedure:

1.

2.

Dry Mixing: Mix the dry components (cement and any solids like fine aggregate or additives)
in a mixer for a few minutes to ensure uniform distribution.

Water Addition: Add water (and any liquid admixtures) to the dry mix gradually, ensuring a
homogenous mixture.

Foam Generation: The foaming agent is diluted with water and processed through a foam
generator to produce stable foam.

Incorporating Foam: The generated foam is carefully mixed with the slurry, ensuring even
distribution without collapsing the bubbles. This step is crucial for achieving the desired

density.
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5. 4. Moulding: Once mixed, the foamed concrete is poured into moulds or directly applied to the
desired area. The mixture should be levelled and compacted slightly to ensure even filling and
reduce the likelihood of air pockets.

6. Curing: To achieve its full strength, foam concrete requires curing, like traditional concrete.
Curing methods can include covering with wet burlap, plastic sheeting, or applying a curing
compound, and it typically needs to be kept moist for at least seven days.

7. Demoulding and Testing: After sufficient curing, the foamed concrete is removed from the
moulds if applicable. It can then be subjected to various tests to determine its density,

compressive strength, thermal conductivity, and other relevant properties.
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Figure 4-5: Foam Production Process for Foamed Concrete — (2) Foam Generator, (b) Foam,

(c) Rotary Drum Mixer

4.3.5 Examine Flowability
In the fresh state, foamed concrete undergoes tests to determine its consistency and wet density.
These tests are crucial for ensuring the mixture is workable and conforms to the required

specifications for application:

1. Consistency Test: This test measures the flowability and spread of foamed concrete,
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which indicates how easily it can be placed and compacted. The consistency is typically assessed
using a flow table test or a slump test, depending on the desired accuracy and specific requirements
of the project.

2. Wet Density Test: Wet density is measured immediately after mixing to verify that the
concrete's density aligns with the design specifications. This test is essential for calculating the
yield of the concrete and ensuring the correct proportion of foam has been added to achieve the
targeted lightweight properties.

4.3.5.1 Examine Samples at Fresh State and Consistency

The workability of foamed concrete, precisely the flow behaviour, is typically evaluated using the
modified Marsh cone method, which Dhir introduced in 1999 at Dundee University. This method
has been widely adopted in subsequent research to assess the viscosity and fluidity of foamed
concrete mixtures, as documented by various researchers, including Brady et al. (2001), Ozlutas
(2015), Hilal (2015), Mohammad (2011), Hilal (2015), and Mehta (2017).

4.3.5.2 Foamed Concrete Flowability
1. A Marsh cone is attached to a stand. See Figure 4-6.
2. After closing the nozzle, the cone is filled with 1.5 litres of foamed concrete.

3. Determine how long it takes for 1 litre of foamed concrete to flow through the confined

opening.
Table 4-5: Flow Time and Behaviour Classification (Jones et al., 2003)
Main Class Flow Rate Sub Class Description of Flow
1 1 Letter in < 1 Minute A Constant flow
2 1 Letter in > 1 Minute B Interrupted flow
3 0.5 Letters < Efflux <1 Letter C Completion of flow after
gentle tamping
4 Efflux < 0.5 Letters D Low flow
5 No Flow E No flow

The modified Marsh cone setup, depicted in Figure 4-6, provides detailed dimensions and the
arrangement necessary to carry out this test effectively. The modified Marsh cone is an adaptation

of the traditional Marsh cone used in cement and mortar viscosity measurements. This specialised
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cone is designed to allow foamed concrete, which is typically more viscous than standard cement
mixtures, to flow through under gravity, measuring the time it takes to discharge a set volume. The
flow time is indicative of the mixture's workability; shorter times suggest higher fluidity and better
workability, which is crucial for ensuring the foamed concrete can be easily placed and uniformly
compacted without segregation.

This method provides a reliable measure of the foamed concrete's consistency, helping to adjust
the water content or the amount of foaming agent to achieve the desired flow characteristics. By
utilising the modified Marsh cone method, researchers and engineers can more accurately control
the quality of foamed concrete, ensuring it meets the specific needs of various construction

applications.
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Figure 4-6: Dimensions of Modified Marsh Cone

4.3.6 Density

The plastic density of foamed concrete is measured following the guidelines in BS EN 12350-6
(2000), ensuring that the density falls within a precise tolerance of + 50 kg/m3 of the targeted
density. This measurement is crucial for verifying that the produced foamed concrete meets
specific design requirements. The process involves several steps represented in Figure 3-5 and

executed as follows:
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1. Filling the Container: A container of known volume and mass is filled with foamed concrete
to ensure measurement accuracy.

2. Levelling the Surface: Any excess concrete is carefully removed from the top of the container
to create a flat surface. This is done without compacting the mix to avoid altering its natural
settling and density.

3. Weighing: After levelling, the container is weighed. The mass obtained is used to calculate the
plastic density of the foamed concrete.

4. Calculating Plastic Density: The calculation of plastic density for foamed concrete follows a

defined formula as per Equation 4-1:

_ WM -My)
Pm =—F

Where:

pm - is the target plastic density in kg/mé,
M, - is the combined mass of the container and the foamed concrete sample in kilograms,
M; - isthe mass of the empty container in kilograms,

V - is the volume of the container in cubic meters.

This equation facilitates the determination of the density by subtracting the mass of the empty
container from the total mass when filled with foamed concrete and then dividing it by the volume
of the container. By adhering to this standardised method, consistency and reliability in the density
measurements of foamed concrete are ensured, supporting the quality control process in the
production of this lightweight construction material.

This precise measurement is fundamental in achieving the desired properties of foamed concrete,
particularly in terms of its structural integrity and insulating capabilities. Further enhancing the
understanding of density relationships in foamed concrete, Jones, Ozlutas, and Zheng (2016)
developed a linear equation to correlate the plastic density of foamed concrete with its dry density,
particularly within a density range of 1200 kg/m3 to 1800 kg/m3. As per Equation 4-2:
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_ pWE'f - 105

Pary =~ 105

Where:

pdry

pwet

- is the measured wet density in kg/ms3.

- is the combined mass of the container and the foamed concrete sample in kilograms,

This equation suggests that to achieve the desired dry density, the plastic design density should be

at least 105 kg/ms? greater than the required dry density.

Table 4-6 presents comparative data on plastic (wet) and target densities for cube samples. Each

design consists of three cubes, and the average density was recorded. The data apply to 1:1.5

cement-to-sand ratio mixes for waste foundry sand (WFS) and normal sand (Control) with

densities ranging from 800 kg/m3 to 1400 kg/m3. These values represent the mean average of three

100 x 100 x 100 mm cubes. Figure 4-7 visually summarises the designed wet, measured wet, and

fully dried densities, illustrating the change across different stages of the mixing design process.

Table 4-6: Wet Plastic Density and Corresponding Dried Density

Mix Design Wet Average Measured Average Measured Flow Rate
Density (kg/m”~3) | Wet Density (kg/m~3) | Dry Density (kg/m”3) Class
8Co 800 805 666 A
8WFS 800 780 642 A
10Co 1000 990 842 A
10WFS 1000 910 766 B
12Co 1200 1212 1054 A
12WFS 1200 1190 1033 B
14Co 1400 1500 1328 A
14WFS 1400 1480 1309 B

Note: *8Co is the control FC with a target plastic density of 800 - 1400 kg/ m3

*8WEFS is waste foundry sand with a target plastic density of 800 — 1400 kg/ m3
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Figure 4-7: Designed Wet, Measured Wet, and Fully Dried Densities of Foamed Concrete

4.3.7 Foamed Concrete Samples Production

There is no set standard for producing foamed concrete. As a result, the strategy given by Jones et
al. (2005), which researchers widely use, was used in this investigation, as represented in Figure
4:8. The dry components like cement, fine aggregate, and additives are initially combined in a
rotating drum mixer for about one minute. The complete amount of water is then added, and the
mixture is mixed for another 2 to 4 minutes to ensure a lump-free, homogeneous solution.
Concurrently, pre-formed foam is created with a foam generator and quickly absorbed into the
base mixture. This mixture is then swirled for about one minute or until the foam is evenly
distributed throughout it. Following that, the plastic density of the mix is quickly determined to
ensure compliance with BS EN 12350-6 (2009).

A sample is weighed in a pre-weighed container with a known volume to determine if the plastic
density of foamed concrete reaches the allowable tolerance limit of + 50 kg/ms.

If the detected plastic density exceeds this tolerance, more foam is created and added to the mixture
on the spot to achieve the required density. Mixes with plastic densities lower than the allowed
limit, on the other hand, are discarded. The production process, which is mostly carried out in a
rotating drum mixer, as shown in Figure 4-8, ensures that the foamed concrete satisfies the

specified standards and quality requirements.
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Figure 4-8: (a) Cube Moulds, (b) Prism Mould

4.3.7.1 Samples Preparation

Before mixing, various forms, such as cubes, prisms, and slabs, are cautiously prepared to shape
the foamed concrete. To facilitate the removal of these shaped samples after setting, mould-release
oil is carefully applied to all internal surfaces of the forms using a brush. This preparation ensures
that the concrete does not adhere to the moulds, thus easing the demoulding process without
damaging the concrete structures. See Figure 4-9 for material preparation for the experimental

work.

Figure 4-9: Foamed Concrete Production and Moulds, (b) Rotary Drum Mixer

After pouring the concrete into the prepared moulds, the samples must be handled carefully, as
shown in Figure 4-10. Following these preparation stages, the samples are allowed to set and
harden in controlled environments for 24 hours. However, the initial setting time varies according
to the composition of the foamed concrete and the ambient circumstances.
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Figure 4-10: Experimental Samples in Moulds and During Curing

After setting, the samples are removed from their moulds. The application of mould-release oil
facilitates demoulding, resulting in smooth and unbroken surfaces suitable for future testing and
analysis. Each form is wrapped with cling film to prevent moisture loss during the early curing
time. This covering helps to maintain a consistent humidity level surrounding the concrete, which
is critical for attaining optimal curing conditions and maintaining uniform hydration of the cement.
It is critical to closely monitor the setting process to ensure the concrete achieves the necessary
mechanical properties and structural integrity.

Figure 4-11: Examples of Weighing Samples — (a) Cube, (b) Prism

To summarise, precise mould preparation and cautious handling of foamed concrete samples are
critical processes that substantially impact the quality and accuracy of experimental results in
concrete research. These stages, from mould preparation to sample curing and demoulding, are
critical for creating repeatable and uniform concrete samples for testing and use in this project.
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Figure 4-12: Examples of Weighing Cubes and Prisms

After weighing then the samples are subjected to a variety of tests to determine characteristics
such as compressive strength, tensile strength, and elasticity, which provide useful information

for evaluating the foamed concrete's performance.

4.3.8 Mechanical Analysis

Compared to normal concrete, foam concrete is primarily designed to reach a specified density
rather than flexural and compressive strength, which is a common benchmark for regular concrete.
The density and sand/cement ratio are the most important factors influencing the flexural and
compressive strength of foamed concrete, with the water/cement ratio having a minor impact. The
thorough testing process for foamed concrete indicated above ensures reliable and consistent
findings, which are critical for confirming the material's structural and functional properties.

4.3.8.1 Compressive Strength
To investigate the compressive strength of the samples, a variety of procedures have been
implemented, including:

1. Sealed Curing: Sealing the cubic specimens (100 x 100 x 100 mm) during curing

minimises moisture loss, a critical factor in achieving the correct hydration process and, thus, the
expected mechanical properties of foamed concrete. Sealed curing replicates realistic conditions
under which the concrete will function, maintaining the integrity of the internal structure and
moisture content. For accurate measurement, cured cubes of 100 x 100 x 100 mm are subjected to
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compressive strength tests after 28 days in accordance with the criteria established in BS EN
12390-3 (2009).

2. Calibrated Equipment: The precision in the calibration of the testing equipment ensures

that the loading conditions are controlled accurately, reflecting the lightweight nature of foamed
concrete. This precision avoids the application of excessive force that could result in premature
failure of the specimen or inaccurate readings of its strength capabilities. During testing, the
specimens are carefully positioned and centred beneath the loading plate to achieve homogeneous

contact with the plates, as shown in Figure 4-13.

Figure 4-13: Cube Compression Test Using Hydraulic Compression Machine

3. Load Application Rate: Applying load from (10-50 N/sec) is suitable for the properties of
foamed concrete. This slower rate of load delivery aids in precisely defining the point of failure,
which is critical for materials such as foamed concrete, which may have lower compressive
strength and different failure modes than typical concrete

4. Documenting failure loads: Documenting the results helps researchers and engineers

better understand the behaviour of foamed concrete under stress. This data can be used to improve
mixed designs and performance characteristics. Equation 4-3 calculates compressive strength to
the nearest 0.1 N/mm?, allowing for precise analysis and comparison with theoretical strength
models or requirements for specific construction applications.

The equation supplied is a fundamental formula for calculating the compressive strength of
concrete objects, such as cubes or cylinders. The calculation determines how much stress a
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concrete substance can withstand before failure. The compressive strength for cubes is calculated

as follows: equation 4-3.

fle=

el

Where:

f'c - represents the concrete's compressive strength. It is expressed in Newtons per square
millimetre (N/mm?), a unit of pressure.
F - This is the maximum load applied to the specimen at the time of failure, measured in
Newtons. This is the peak load capacity recorded during the compressive strength test.
A - This is the cross-sectional area of the specimen where the load is applied. For cubes, this
is typically the area of one face (length x width), and for cylinders, it is the area of the
circle (mr?, where r is the radius of the cylinder). This area is measured in square
millimetres (mm?2).
Adhering to testing standards like ASTM or BS EN ensures consistency in how tests are conducted,
which is critical for comparing results accurately across different tests or materials. This method
provides a clear and direct measure of the material’s ability to resist compressive loads, which is

crucial for structural applications of concrete, including foamed concrete.

4.3.8.2 Flexural Test

The Four-point flexural test is a critical method for assessing the flexural strength, or modulus of
rupture, of concrete prisms and slabs. This test provides valuable data about the material's
behaviour under bending stresses, which is crucial for structural applications where bending loads
are common. Here’s a deeper look into the test procedure and its implications:

1. Specimen Preparation: The samples include 33 prisms (100 mm x 100 mm x 500 mm)

These measurements are chosen to ensure that the specimens reflect the concrete's performance in
practical pictures, as shown in Figures 4-14 below.

2. Test Step up: The prisms and beams are placed centrally on two supports within a three-point
This setup involves two load application points, creating a uniformly distributed load over the
central section of the specimen. Care is taken to ensure the surfaces in contact with the loading

plates are even to distribute the load uniformly.
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3. Loading Rate: A constant loading rate of 500 N/min is used for low-density specimens, while
high-density specimens are subjected to a loading rate of 1000 N/min. This differentiation in
loading rates helps in understanding the behaviour of different densities under similar stress
conditions.

4. Data Recording: Digital tools are used to record the load and the corresponding deflection at
the moment of failure. This automatic data collection enhances the accuracy and repeatability of
the results.

The modulus of rupture (fr) is calculated using a specific formula designated in the BS EN 12390-
5 standard. The location of the fracture significantly influences this calculation, as it provides
insights into the stress distribution and the weakest point of the specimen. According to Wahyuni
(2012), the values of tensile strength obtained from the flexural test are typically higher than those
from the cylinder splitting test, which in turn are higher than those obtained from direct uniaxial
tension tests. Flexural tests induce bending stresses that might allow the material to exhibit higher

tensile strengths due to the distribution of stresses over a larger area.

Figure 4-14: Prisms Flexural Test Using Hydraulic Flexural Testing Machine

This stepped testing approach enables engineers and researchers to gain a full understanding of
material properties under different circumstances and load types, assisting in the design and
application of concrete structures in a variety of construction scenarios. Understanding these
variations is critical for correctly interpreting test results and applying them to structural design

and analysis.
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The equation you provided for calculating the modulus of rupture, fr, is a standard method for
assessing the flexural strength of a concrete specimen in accordance with BS EN 12390-5. This
test method and the associated equation are critical for evaluating the performance of concrete in
conditions that simulate real-world scenarios where the material is subjected to bending stresses.

Equations 4-4 show the breakdown of the flexural calculation of beams and prisms.

_ 3PL
fr=Shaz

Where:

fr - Flexural strength measured in Newtons per square millimetre (N/mm?2).

P - Maximum load at the time of failure, measured in Newtons (N).

L - Beam span, the distance between the supports, measured in millimetres (mm).
b - Average specimen width, measured in millimetres (mm).

d - Average specimen depth, as oriented during testing, measured in millimetres (mm).

The formula calculates the maximum stress experienced by the specimen at the moment of failure
under a bending load. It assumes a linear elastic behaviour up to the point of failure, which is
generally acceptable for conventional concrete testing. See Table 4-7 for the BS standard

concerning compressive and flexural tests.

Table 4-7: Compressive and Flexural Test According to British Standard ( BS)

Testing Actual Test BS, No, of No, of Sample size Images
Types Code Group Sample (mm)

Compressive Determine the BSEN 20 60 100 x 100 x |
Test compressive 12390-3, 100 1 — 3§

strength of concrete | (2009) - -.i

Flexural Determined the BS EN 16 48 100 x 100 x ‘

Test flexural strength of | 12390-5, 500 ?’
concrete (2009) | »'

In practical application, the value of fr compares different concrete mixes or techniques and their

capacity to resist bending, which is especially relevant in applications like beams and slabs. For
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structure design, the flexural strength assists in the design of concrete elements, ensuring that they
can handle expected loads without excessive bending or failure. Regular testing utilising these
methods can help to maintain the quality of concrete production by ensuring that the concrete used
in construction satisfies the required strength standards. Overall, the modulus of rupture is an
important metric for determining the bending strength of concrete, which is necessary for safe and

efficient structural construction.

4.3.9 Summary

The experimental program aimed to enhance the mechanical properties of foamed concrete (FC)
for broader applications, including structural uses, by addressing its inherent low compressive
strength. The research involved over 150 specimens, categorised into four density groups (800,
1000, 1200, and 1400 kg/m?), with mixes incorporating recycled materials and additives such as
waste foundry sand, polystyrene, recycled steel fibre, and superplasticiser. Key tests assessed

density, workability, compressive strength, and flexural strength.

1. Experimental Design:

More than 150 specimens were prepared and divided into four density categories. Each category
included control samples and variations with waste foundry sand, polystyrene, recycled steel fibre,
and superplasticiser to enhance mechanical properties.

2. Testing Procedures:

Density and workability tests were critical for ensuring mix consistency, suitability for different
applications. Compressive strength tests assess the maximum load that foamed concrete can
withstand. Flexural strength tests evaluated the material's behaviour under bending and tension,
which is crucial for structural applications.

3. Expected Outcomes:

The addition of various materials aimed to address specific weaknesses of foamed concrete.

Enhanced compressive strength was critical for structural applications and was potentially
achieved by optimising the cement matrix and including fibres. Improved flexural strength was
anticipated, with steel fibres significantly enhancing this property, making foamed concrete viable
for elements like panels and lintels. Better bond behaviour was expected through the strategic use
of additives and fibres, improving the bond between the concrete matrix and embedded material
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Chapter 5: Foamed Concrete — Results and Discussion

5.1 Introduction

This chapter describes the results and data analysis for concrete cubes, prisms, and slabs created
at the NTU laboratory. The results will be presented in the form of tables, graphs, element images,
and discussions. In this experiment, two types of concrete were created: foamed concrete
containing recycled components and conventional concrete. The objectives of making these
concrete forms are to investigate the properties, strength, and flexural behaviour of both foamed
and conventional concrete and explain the findings.

This chapter will also analyse and discuss the traditional concrete components such as cement,
sand, and aggregates and the specific additives and recycled materials used to enhance the
concrete's performance. Key materials like waste foundry sand, polystyrene, recycled steel fibres,
and superplasticisers will be examined for their impact on the mechanical properties, including
compressive and flexural strength, of the foamed concrete.

Foamed concrete (FC) is a lightweight concrete variant distinguished by its unique composition
and structure. Primarily made of cement, sand, water, and air introduced through a foaming agent,
it features a homogeneous pore structure that significantly reduces its density compared to
traditional concrete, Hamad (2014b). The inherent properties of FC, such as its reduced weight,
also result in lower compressive, flexural, and tensile strengths, which are critical factors to
consider when evaluating its suitability for various applications.

The 28-day compressive strength of foamed concrete mixes, varying in density from 800 to 1400
kg/m3, was examined with and without additives. This study was part of a broader experimental
program aimed at enhancing and understanding the mechanical properties of foamed concrete by
manipulating various mix components such as cement/sand ratios and integrating different types

of recycled materials and additives.

5.2 Experimental Design

The following numbers are analysed after the experimental work carried out, including:

1. Sand Ratios: Different ratios were tested to determine the optimal mix for achieving the
best compressive strength.

2. Additives and Recycled Materials: The use of superplasticisers and other additives was
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explored as partial replacements for sand to enhance the concrete’s performance, as recycled

materials, such as waste foundry sand and polystyrene, were incorporated at various volumes to

assess their impact on the mix's properties.

3. Steel Tire Fiber: Steel tire fibres were also included in some mixes to investigate potential
improvements in compressive and flexural strength.

4. Density Variations: The concrete mixes were prepared at varying densities ranging from

1400 kg/m? to explore the density’s effect on mechanical properties. Different densities, achieved

through varying the aggregate types and quantities, show distinct patterns in strength

characteristics. Typically, higher densities correlate with higher compressive strength, attributed

to the greater mass of material available to resist loading.

5. Compressive Strength Testing: Each mix experienced standard compressive strength testing
after 28 days of curing to evaluate the effectiveness of the different mix configurations.

6. Flexural Strength Assessment: The impact of additives like steel tyre fibres on flexural strength

was also a key focus, with tests conducted to determine enhancements in this area.

5.3 Result Analysis

This experimental approach has allowed for a comprehensive understanding of how different
variables affect the mechanical properties of foamed concrete. By systematically varying the
cement/sand ratio and incorporating different recycled materials and additives, it was possible to
identify effective strategies for enhancing the structural capabilities of foamed concrete, catering
to diverse construction needs. The findings highlight the potential for using a variety of waste
materials and innovative additives to improve the sustainability and performance of construction

materials.

5.3.1 Compressive Strength

Table 5-1 summarises the various outcomes, covering specific data points relating to the
compressive strengths attained with each combination. Table 5-1 presents the analysis of how the
strength outcomes are impacted by each variable, including density, additives, recycled materials,
and sand ratio. According to the experimental findings, certain additives and recycled materials
significantly impact the compressive and flexural strengths of foamed concrete, especially when

combined with particular cement/sand ratios. The information in this table is structured in an
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approach that facilitates a deeper understanding of how each element affects the mechanical

properties of the concrete.

Table 5-1: Compressive Strength of Foamed Concrete vs. Normal Concrete Cubes

Concrete Compressive Average Density Note
Cube Strength (MPa) Compressive  (kg/m”3)
Design Strength
(MPa)
Control 30.7 31.2 315 31.1 2160 Normal Mortar Concrete
Cube Density 2160
kg/m”3
NFC 155 15.8 15.9 15.7 1400 Normal Foamed Concrete
Cube Density 1400 kg/m”3

Table 5-2: Compressive Strength of Concrete Cubes with Varying Densities and Sand Ratios

Foamed Material
Concrete | Replacement Average Compressive Strength Note
Design or Addition (MPa)
Mix
Density | Density | Density | Density
Material (%0) 800, 1000, 1200, 1400, Description
type (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3)
800 1000 1200 1400
NFC 0% 3.97 6.1 10.83 15.7 No replacement or
additives
WSF 25% 3.9 6 9.42 15.11 Replaced with normal
sand (Mass)
WFS 50% 3.43 51 8 13.91 Replaced with normal
sand (Mass)
WES 75% 3 4.8 7.93 11.15 Replaced with normal
sand (Mass)
WES 100% 1.97 3.21 4.71 6.1 Replaced with normal
sand (Mass)
PO 10% 3.31 5.3 7.88 10.33 Replaced to the mortar
cube by (Volume)
PO 20% 2.69 5 7.54 9.83 Replaced with the
mortar cube by
(Volume)
PO 30% 1.02 2.22 3.8 5.61 Replaced to the mortar
cube by (Volume)
RSTF 1% 4.44 6.21 11 16.12 1.2% of the cement
amount added (Mass)
SPs 1% 471 7.6 13.6 194 1% of the cement
amount added (Mass)
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According to Table 5-2, the average compressive strength of those cubes substituted with 100%,
75%, 50%, and 25% in (weight) waste sand dropped by approximately 16 MPa, 15 MPa, 13 MPa,
and 10 MPa, respectively, compared to the regular mortar cube. However, the self-weight of the
cubes that replaced waste foundry sand completely with normal sand is 0.30 kg lighter than the
standard concrete mortar. During the cube testing technique, the cubes constructed from recycled
sand absorbed more water, causing the samples to collapse faster under the compressive testing
equipment as stress was applied.

5.3.2 Effect of Replaced Recycled Materials on Compressive Strength

Typically, the strength of concrete cubes is assessed through compression testing, which
determines the material's resistance to the load imparted by the compression testing apparatus.
Figure 5-1 illustrates the distinctions in outcomes between conventional foamed concrete with
additives and recycled materials. As predicted, the load-bearing capacity of normal foamed
concrete cubes is greater than that of foamed concrete. Foamed concrete cubes from this
experiment have carried a maximum applied load of 15.7 MPa. The results of this experiment are
consistent with the research conducted by Kearsley and Moster (2005) and Hilal et al. (2015).

2500

2000

1500

1000

500

. Control
. NFC

Compressive Strength (kN)

Density (kg/m*3)

Density (kg/m*3) Compressive Strength (kN)
mNFC 1400 157
H Control 2160 311

Figure 5-1: Compressive Strength vs. Density of Mortar Concrete and Foamed Concrete
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The results presented in Figure 5-2 demonstrate the correlation between the percentage of recycled
materials, specifically Waste Foundry Sand (WFS), and the compressive strength of the aggregate
design. According to the data, mixtures comprising recycled material in lower proportions (e.g.,
25% and 10%) demonstrate enhanced compressive strength compared to mixtures containing
higher percentages of Waste Foundry Sand (WFS) and Polystyrene (PO). The results show that
replacing 25% of WFS increases the mechanical strength of the combination by 100% compared
to samples made completely of WFS.

The results show that polystyrene can be used as a replacement material in mortar mixtures. When
10% of the mortar volume is replaced with polystyrene, the compressive strength increases by
110% compared to using a larger fraction, such as 30%. This significant increase in strength can
be mainly due to the increased presence of sand in the mix with only a 10% replacement of
polystyrene. The sand contributes to stronger bonding among the particles of the foamed concrete

(FC), thus enhancing the overall compressive strength.
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Figure 5-2: Compressive Strength of Concrete Mixes with Varying Densities and Sand Ratios

In an experiment, a concrete mixture with a density of 1400 kg/m?3 was used to analyse the effects
of substituting traditional materials with waste foundry sand and polystyrene. The results showed

that incorporating 20% waste foundry sand into the foamed concrete mix decreased its
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compressive strength by about 3% when compared to the normal foamed concrete. This modest
reduction in strength suggests that waste foundry sand can be used as a partial replacement for
sand with a relatively small impact on the structural integrity of the concrete. Conversely, the
introduction of 10% polystyrene led to a much more significant reduction in compressive strength,
nearly 52%.

The relationship between the compressive strength of the mortar and its sand content is nonlinear
rather than linear. This indicates that while increasing the amount of sand generally leads to higher
compressive strength, the increase does not happen constantly. The nonlinear pattern indicates that
adding additional sand may have a decreasing benefit in terms of its ability to increase strength.
This understanding points to the necessity of finding an optimal balance in material composition
to maximise the structural benefits while incorporating sustainable materials like polystyrene,
which can reduce weight and potentially enhance other desirable properties of the mortar.

The drastic decrease in compressive strength with the introduction of polystyrene is attributed
primarily to the poor bonding between the polystyrene aggregates and the cement paste.
Furthermore, the chemical interactions between the cement paste and the polystyrene may also
contribute to weaker bonds, as these interactions can affect the curing process and the
microstructure of the cement matrix.

The decrease in compressive strength can primarily be linked to several factors. For instance,
recycled materials often do not bond as effectively with the cement paste as traditional materials
do. This can be due to differences in porosity or chemical composition. For instance, non-
absorptive materials like some polystyrene might not adhere well to the cement matrix, leading to
weaker overall structural integrity. Recycled materials may inherently possess lower mechanical
strength compared to conventional materials. When these weaker materials replace stronger
traditional materials in a concrete mix, they naturally lead to a reduction in overall compressive
strength. Some recycled materials can react chemically with the cement paste in ways that may

alter the hydration process or produce deleterious compounds, further weakening the concrete.

5.3.3 Effect of Density on Compressive Strength

The analysis of the compressive strength results for foamed concrete (FC) involves examining the
relationship between the density of the mix and its compressive strength. The data from the
compressive strength testing of FC cubes, conducted as per the BS EN 12390-3 (2009) standard,

reveals a clear and positive correlation between the density of FC mixes and their compressive
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strength. This relationship is illustrated by the increasing compressive strength as the density of
the mix increases, which is evident from the provided results at various densities.

The results show that as the density increases from 800 kg/m3 to 1400 kg/m3, the compressive
strength also rises, with recorded values at select density points being 3.97 MPa, 6.1 MPa, 10.83
MPa, and 15.7 MPa, respectively. See Figure 5-3 for foamed concrete made of different densities.
These results specifically highlight the progressive increase in strength with increasing density,
demonstrating the critical role that density plays in the structural behaviour of FC. This dramatic
increase suggests that denser mixes contain fewer air voids or micro-pores, leading to higher
mechanical integrity and resistance to compression. The results show that each 200 kg/m3 increase
in density leads to an average 290% increase in compressive strength. This exponential rise in
strength with relatively small increases in density highlights the efficiency of densification in

enhancing the structural properties of foamed concrete.

20
18
16
14
12

o N B OO

Compressive Strength (MPa)

Control | WSF WFS WFS WFS PO PO PO RSTF SPs

Mixes H800 m1000 m1200 m 1400

Figure 5-3: Compressive Strength versus Density of Cubes with Recycled Materials

The 1:2 cement to sand (c/s) ratio used in the control mixes might be optimal for achieving a
balance between material cost and mechanical properties. This ratio ensures adequate paste to fill

the voids between sand-recycled particles, leading to higher compressive strength.
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However, the findings are consistent with expectations from earlier research by Gangatire and
Suryawanshi (2016) and Mydin (2010), which also noted the sharp decrease in compressive
strength with reduced density. The current results not only align with these studies but also present
higher strength-to-density ratios compared to findings from Jones and McCarthy (2005), Nambiar
and Ramamurthy (2006), and Ameer (2015). This suggests an improvement in material
formulation or processing techniques over time or possibly a different concrete mix composition

that yields better performance.

5.3.4 Effect of Additives on Compressive Strength

The findings regarding the effects of additives on foamed concrete (FC) offer valuable insights
into optimising its mechanical properties through mixed design modifications. The addition of
superplasticisers is shown to enhance the compressive strength of foamed concrete significantly.
By including 1% of superplasticiser relative to the cement weight, compressive strength is an
average increase of 20%. This improvement is attributable to the superplasticiser's ability to reduce
the water-cement ratio while maintaining the mix’s workability. This lower water-cement ratio
results in a denser, more compact microstructure, enhancing strength. In the study, a 1%
superplasticizer-to-cement ratio was used to optimise the mechanical characteristics and
workability of the experimental samples.

However, a noted drawback is the accelerated destabilisation of the foam bubbles by the chemical
reaction induced by the superplasticiser, leading to an unintended increase in density (6-10%).
While potentially beneficial to strength, this density increase could alter other desired properties
of the FC, such as thermal insulation and weight.

Adding 1% recycled steel tyre fibre to the mix leads to an increase in compressive strength of
about 3-5%. This improvement, though less pronounced than that from superplasticisers, is still
significant. The steel fibres help to bridge cracks that form during loading, distributing stress more
evenly throughout the material and thus increasing both compressive and flexural strength. The
fibres essentially act as reinforcement within the matrix, improving the toughness and ductility of
the foamed concrete. For the standard foamed concrete (control) with a density of 1400 kg/ms3, the
compressive strength increases from 15.7 MPa to 16.12 MPa with the addition of steel fibres. This
modest increase highlights the potential of using fibres to enhance structural performance without

substantially altering the material’s density.
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These findings suggest that careful selection and proportioning of additives can be a powerful
strategy in tailoring the mechanical properties of foamed concrete to specific applications. For
instance, structures requiring high strength could benefit from mixes enhanced with
superplasticisers and steel fibres, while applications, where weight is a critical factor, might use a

carefully measured amount of superplasticiser to balance strength and density.
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Figure 5-4: The Impact of Additives on Compressive Strength

Nwoye (2020) discusses the benefits of adding superplasticisers to concrete in amounts ranging
from 0.5% to 1.5% of the cement ratio. This addition improves the mechanical properties of
concrete by dispersing the cement particles and reducing the need for additional water, thus
maintaining optimal workability. Further studies have investigated the potential of using
specialised cement types, such as high-strength and quick-setting Portland cement, in accordance

with BS 915:1983 standards, to improve the performance of foamed concrete.

5.3.5 Effect of Density with Various Recycled Materials on Compressive Strength
The effect of density on the compressive strength of various recycled materials is an important
factor in sustainable construction and material science. Recycled materials, including waste

foundry sand (WFS), recycled steel tyre fibre (RSTF), recycled polystyrene (PO), and other
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admixtures like superplasticisers, can improve the mechanical strength and density of concrete
mixtures.

Table 5-3 represents the changes in density for different design mixtures that incorporate recycled
materials. This table provides an understanding of how changing the quantity of recycled materials
in a mix influences the ultimate density of the samples after curing. The data allows investigators
to compare these densities to a specified target density. The primary purpose of altering these
proportions is to create a finished product with a lower density, making it easier to handle and
potentially removing the need for bulky machinery during installation or transportation.

The examination of the differences in density documented in Table 5-3 determines the most useful
quantity of recycled material to incorporate into the mixture to attain the required properties.

By integrating recycled materials into the mix, the density of the samples has been notably reduced,
particularly with the inclusion of polystyrene. Data indicates a dramatic decrease in density,

ranging from 5% to 8%, compared to standard foamed concrete, as noted in the control samples.

Table 5-3: Comparison of Measured Density Against Target Density of Sample

Foamed
Concrete Samples Average Density Note
Design Mix
Density | Density | Density | Density
Material 800, 1000, 1200, 1400, Description
type (kg/m3) | (kg/m3) | (kg/m3) | (kg/m3)
800 1000 1200 1400
NFC 812 1029 1237 1441 No replacement or additives
WSF 25% 800 1005 1197 1395 Replaced with normal sand
(Mass)
WEFS 50% 790 995 1195 1388 Replaced with normal sand
(Mass)
WES 75% 780 977 1197 1380 Replaced with normal sand
(Mass)
WEFS 100% 780 983 1181 1379 Replaced with normal sand
(Mass)
PO 10% 769 951 1157 1361 Replaced the mortar cube by
(Volume)
PO 20% 760 942 1147 1350 Replaced the mortar cube by
(Volume)
PO 30% 740 911 1100 1299 Replaced the mortar cube by
(Volume)
RSTF 1% 817 1041 1250 1460 Added to the mass of the cube,
(Mass)
SPs 1% 807 1030 1243 1452 1% of the cement amount added
(Mass)
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Figure 5-5 illustrates how the gradual incorporation of polystyrene leads to a corresponding
reduction in the weight of the samples. For example, the samples that contained 30% polystyrene
were almost 8% lighter than the normal foamed concrete (NFC) and even lighter than the rest of
the samples tested. According to the findings, replacing foundry sand also contributed to a minor
reduction in density. The samples where 100% of the normal sand was replaced with foundry sand
showed a decrease in density by approximately 2%. The use of waste foundry sand also contributes
to a minor reduction in the total weight of the cube, as it is naturally lighter than standard sand.
While polystyrene presents challenges during the mixing process due to its lack of workability,
waste foundry sand offers a smoother and more manageable alternative during both the mixing
and casting stages. For example, incorporating a higher proportion of specific lightweight recycled
materials can be beneficial in reducing overall density, which is useful for lightweight structural

applications such as wall panels, foundations, and pavements.
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Figure 5-5: Average Density of Samples with Lightweight Recycled Materials Replacement

5.3.6 Flexural Strength

The flexural strength of a concrete sample measures its ability to resist bending moments under an
applied load. Different additives and materials used in concrete mixtures can significantly affect
this strength characteristic. Comparing foamed concrete, waste foundry sand, polystyrene,

recycled tyre steel fibre, and standard concrete mortar samples reveals a range of flexural strengths
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due to their varying densities and compositions. The maximum load and deflection measurements
for modified prisms with dimensions of 100 x 100 x 500 mm, including a range of recycled
materials and admixtures, are displayed in Table 5-4

Table 5-4: Maximum Load and Deflection for Prisms with Various Recycled Materials

Foamed Material Maximum Maximum
Concrete | Replacement | Applied Load Deflection Note
Design or Addition (kN)
Mix
Material (%) Density 1400, (mm) Description
type (kg/m3)
Control 0 47 8.1 Normal Moratar Density, 2160
(kg/m"3)
NFC 0 38 6.72 No replacement or additives
WSF 25 37 75 Replaced with normal sand (Mass)
WFS 50 36 6.13 Replaced with normal sand (Mass)
WFS 75 31.6 4.5 Replaced with normal sand (Mass)
WFS 100 28.7 3.4 Replaced with normal sand (Mass)
PO 10 31 8.9 Replaced to the mortar cube by
(Volume)
PO 20 26.7 9.3 Replaced to the mortar cube by
(Volume)
PO 30 22.3 10 Replaced to the mortar cube by
(Volume)
RSTF 1 42.1 11 1% of the cement amount added
(Mass)
SPs 1 40 8.7 1% of the cement amount added
(Mass)

Flexural strength testing, specifically the four-point loading method, was carried out when the
concrete samples reached 28 days of age to measure the modulus of rupture (fr). This testing
process was performed in strict compliance with the standards outlined in BS EN 12390-5 (2009).
This standard procedure ensures that the measured strength reflects the material's capacity to resist
failure under bending stresses, providing essential data for evaluating the structural integrity of the

concrete.

5.3.7 Flexural Strength of Normal and Foamed Concrete

Figure 5-6 compares the applied load and deflections of two materials: a normal mortar prism
(control) and a normal foamed concrete (NFC) prism. The greatest load that a normal mortar prism
can withstand is 47 kN, while a normal foamed concrete prism can sustain a maximum load of 38

kN. The standard mortar prism can withstand a greater load before failing than the NFC prism,
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specifically withstanding a 9 kN higher load than the NFC prism. This signifies that the typical
mortar has a higher load-bearing capacity.
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Figure 5-6: Applied Load versus Deflection for Control (Normal Mortar) and NFC Prisms

The normal mortar prism withstands a maximum load of 47 kN, which is 8.11% more than the
NFC prism, which withstands a maximum load of 38 kN. This percentage indicates that the
flexural strength of the normal mortar is superior to that of the NFC. The deflection recorded for
the normal mortar prism under the maximum applied load is 8.1 mm. For the NFC prism, the
deflection is 6.72 mm at the maximum applied load. Deflection measures how much the material
bends or deforms under load. The control mortar prism shows a higher deflection compared to the
NFC prism, suggesting that the normal mortar, while stronger in terms of load-bearing capacity,
is also less stiff compared to the foamed concrete. Flexural strength is the material's ability to resist
tension; the higher the tensile strength, the better the material can withstand applied load. Figure
5-6 detailed normal concrete mortar (control) and normal Foamed concrete (NFC).

According to the findings, the NFC prism displays lower stiffness compared to normal concrete
mortar due to its lower density and the presence of numerous air bubbles. These air voids reduce

the material's resistance to deformation, making foamed concrete less stiff. In contrast, normal
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concrete mortar, with its higher density and fewer air voids, shows greater stiffness, meaning it
resists deformation more effectively and will not bend or compress as much as foamed concrete.

Foamed concrete tends to be less brittle than normal concrete mortar because the air voids within
it provide some degree of cushioning, allowing the material to absorb and dissipate energy before
breaking. This characteristic makes foamed concrete more ductile, enabling it to deform more
before failure. In contrast, normal concrete mortar is generally more brittle; it can withstand high
compressive loads, but when it fails, it does so suddenly and with little deformation, which is

typical of brittle material.

5.3.8 Effect of Waste Foundry Sand (WFS)

The study examined the structural performance of foamed concrete samples with varying
percentages of waste foundry sand (WFS) replacing normal sand, specifically at 25%, 50%, 75%,
and 100%. According to Figure 5-7, the applied loads for these samples were recorded as 37 kN,
36 kN, 31.5 kN, and 28.7 kN, respectively, while the corresponding deflections were 7.5 mm, 6.13
mm, 4.5 mm, and 3.4 mm. These results are compared with both normal foamed concrete (NFC),
which had an applied load of 38 kN and a deflection of 6.75 mm, and normal concrete mortar
discussed earlier.

The sample with 100% waste foundry sand presented the highest brittleness, as it had the lowest
load-bearing capacity (28.7 kN) and the smallest deflection (3.4 mm). This indicates that the
material failed more suddenly compared to other samples, suggesting that a higher replacement of
normal sand with WFS increases brittleness. Conversely, the sample with 25% WFS replacement
was the least brittle, with the highest deflection (7.5 mm) and a load-bearing capacity close to that
of NFC (37 kN vs. 38 kN). This implies that lower WFS content results in a more ductile material,
which can deform more before failure.

The sample with 100% WFS replacement showed the greatest stiffness, as it exposed the smallest
deflection (3.4 mm) under a load of 28.7 kN. Although this sample had a lower load-bearing
capacity, its high stiffness indicates it deformed less under the applied load, meaning it is less
flexible. In contrast, the 25% WFS replacement sample had the lowest stiffness, as indicated by
the largest deflection (7.5 mm) under a similar load. This lower stiffness suggests a higher capacity
to absorb energy before failure, making it more bent in the elastic zone compared to the samples
with higher WFS content.
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In terms of bending behaviour, the 25% WEFS replacement sample demonstrated better
performance, with a higher load-bearing capacity (37 kN) and greater deflection (7.5 mm)
compared to the other WFS samples. This indicates a more favourable bending behaviour, where
the sample could sustain a higher load while still undergoing significant deformation, which is
beneficial for structures requiring some degree of plasticity under load. As the WFS content
increased to 50%, 75%, and 100%, both the load-bearing capacity and deflection decreased,
indicating a trend towards more brittle and stiffer behaviour with less favourable bending
characteristics.
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Figure 5-7: Maximum Applied Load versus Deflection for WFS Prisms

When compared to normal foamed concrete (NFC), which exhibited a load-bearing capacity of 38
kN and a deflection of 6.75 mm, the 25% WFS replacement sample performed similarly in load-
bearing capacity (37 kN) but showed a higher deflection (7.5 mm), this suggests that the 25% WFS
replacement offers a slightly more elastic alternative to NFC, even if with comparable strength.

In contrast to normal concrete mortar, which is stiffer and more brittle, all foamed concrete samples
(including those with WFS) displayed greater elasticity and less stiffness, as indicated by their
higher deflection values. The normal mortar would likely have a much lower deflection under

similar loads but would also fail more suddenly due to its brittle nature. This comparison highlights
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that even with increased WFS content, foamed concrete maintains a more favourable ductility than
traditional mortar, though its stiffness and brittleness can be tuned by adjusting the WFS content.
Additionally, the mixing process for concrete containing WFS presented some challenges.
Samples with WFS cured more rapidly than normal foamed concrete and required an

approximately 15% increase in water content.

5.3.9 Effect of Polystyrene
The structural performance of foamed concrete with varying polystyrene content, replacing the
mortar mix by volume at levels of 10%, 20%, and 30%, reveals individual differences in
mechanical properties. According to the finding in Figure 5-8, when subjected to applied loads of
31 kN, 26.7 kN, and 22.3 kN, respectively, the samples showed corresponding deflections of 8.9
mm, 9.3 mm, and 10 mm. These results offer insights into how the amount of polystyrene
incorporated influences the material's brittleness, stiffness, and bending behaviour.
According to the findings, the foamed concrete becomes less brittle when the polystyrene content
increases. The 30% polystyrene sample, despite having the lowest load-bearing capacity at 22.3
kN, displays the highest deflection of 10 mm. This indicates a more ductile nature, allowing more
significant deformation before breaking, in contrast to the 10% polystyrene sample, which, with a
higher load capacity of 31 kN and a deflection of 8.9 mm, is comparatively less ductile.
The increasing deflection from 8.9 mm at 10% to 10 mm at 30% polystyrene replacement suggests
that the material becomes less stiff with higher polystyrene content. Although this increased
elasticity can be advantageous in specific applications, it corresponds with a reduced ability to bear
loads. The sample with 30% polystyrene content bends more under load, as evidenced by its
highest deflection and lowest load-bearing capacity.

In contrast, the 10% polystyrene sample, with its higher load capacity and lower deflection,
demonstrates a more balanced bending response, indicating it might be better suited for
applications requiring a combination of strength and plasticity. For example, a concrete sample
with 10% polystyrene by volume might sustain a load of 31 kN, but as the polystyrene content
increases to 20% or 30%, the load it can support decreases, and the amount of deflection increases.
This behaviour indicates that while polystyrene reduces the load-bearing capacity, it increases the
material's ability to deform more under stress, which could be utilised to absorb impacts or

vibrations in specific engineering applications.
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Compared to normal foamed concrete (NFC), which had a load-bearing capacity of 38 kN and a
deflection of 6.75 mm, the introduction of polystyrene clearly reduces both stiffness and strength.
Even at 10% polystyrene replacement, there is a noticeable decrease in load capacity, though the
material retains more flexibility. As polystyrene content increases to 30%, these effects become
more pronounced, with a significant reduction in load-bearing capacity and a marked increase in
deflection. The investigation into foamed concrete modified with 1% steel fibre (RSTF) and 1%
superplasticiser (SPs) revealed notable differences in mechanical performance
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Figure 5-8: Maximum Load and Deflection of Prisms with Different Polystyrene Ratios

As figure 5-9 revealed the samples demonstrated applied loads of 42.1 kN and 40 kN for the
superplasticizer and steel fibre respectively, while the deflections were recorded as 11 mm and 8.7
mm. These results were compared against normal foamed concrete (NFC), normal mortar
(control), as well as findings from studies incorporating waste foundry sand (WFS) and
polystyrene.

The inclusion of superplasticizer resulted in a less brittle material, demonstrated by its higher
deflection and greater load-bearing capacity (42.1 kN and 11 mm). The concrete became more
ductile, allowing for greater deformation before failure. In contrast, the steel fibre modification,

while still reducing brittleness compared to NFC, showed a lower deflection (8.7 mm) and slightly
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lower load-bearing capacity (40 kN), indicating increased stiffness and a reduction in elasticity
compared to the superplasticizer-modified concrete.

Regarding bending behaviour, the superplasticizer-modified sample presented better plasticity,
bending more under load while maintaining a high load-bearing capacity. The addition of steel
fibre, on the other hand, provided enhanced stiffness, making it ideal for applications where
resistance to deformation is critical. However, it was slightly less elastic than the superplasticizer-
enhanced mix. When compared to normal foamed concrete, both superplasticiser and steel fibre
additives improved performance, with the superplasticiser offering the best balance of strength and

plasticity.

Applied Load (kM)

Deflection {mm)

Figure 5-9: Applied Load versus Deflection for All Prisms

5.3.10 Relationship Between Compressive and Flexural Strength

The comparison between the flexural and compressive strengths of foamed concrete cubes
(100x100x100 mm) and prisms (100x100x500 mm) provides valuable insights into the mechanical
performance of different material compositions. The samples include foamed concrete with
varying percentages of polystyrene replacement, waste foundry sand (WFS) replacement, recycled

steel tyre fibre addition, and superplasticiser enhancement. The compressive and flexural strengths
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of these various samples offer a clear perspective on how each modification impacts the overall
strength characteristics of the foamed concrete. Tables 5-5 explain the relationship between
compressive strength and flexural strength for all the materials tested in the current experiment.

Table 5-5: Compressive and Flexural Strength Calculations for Cubes and Prisms

Concrete Material Average Average
Design Replacement | Compressive Flexural Note
or Addition Strength Strength
(MPa) (MPa)
Concrete type (%) Density 1400, | Density 1400, Description
(kg/m”3) (kg/m~3)
NFC 0 15.7 1.98 Normal Foamed concrete
WSF 25 15.11 1.95 Replaced with normal sand (Mass)
WFS 50 13.91 1.87 Replaced with normal sand (Mass)
WFS 75 11.15 1.67 Replaced with normal sand (Mass)
WFS 100 6.1 1.24 Replaced with normal sand (Mass)
PO 10 10.33 161 Replaced with the mortar cube by
(Volume)
PO 20 9.83 1.57 Replaced with the mortar cube by
(Volume)
PO 30 5.61 1.19 Replaced the mortar cube by
(Volume)
RSTF 1 16.12 2 1% of the cement amount added
(Mass)
SPs 1 194 221 1% of the cement amount added
(Mass)

For foamed concrete containing 10%, 20%, and 30% polystyrene by volume, the compressive
strengths were recorded as 10.33 MPa, 9.83 MPa, and 5.61 MPa, respectively. Correspondingly,
the flexural strengths were 1.61 MPa, 1.57 MPa, and 1.19 MPa. As the percentage of polystyrene
increases, both compressive and flexural strengths decrease. The reduction in compressive strength
is more pronounced, with the 30% polystyrene sample showing a nearly 45% decrease in strength
compared to the 10% sample. The decrease in strength with increased polystyrene is likely due to
the lower density and higher air content within the matrix, which reduces the material’s ability to
resist both compressive and tensile stresses.

In the case of waste foundry sand replacing normal sand at 25%, 50%, 75%, and 100%, the
compressive strengths observed were 15.11 MPa, 13.91 MPa, 11.15 MPa, and 6.1 MPa,

respectively. These values indicate in Figure 5-10 a steady decline in compressive strength as the
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percentage of WFS increases, similar to the curve seen with polystyrene replacement. However,
the compressive strength of the sample with 25% WFS replacement (15.11 MPa) is significantly
higher than that of any polystyrene-replaced sample, indicating that partial replacement of normal
sand with WFS may still produce a relatively firm material, though the strength decreases
substantially as WFS content increases. This suggests that WFS has a less detrimental effect on

compressive strength compared to polystyrene but still leads to weaker materials at higher
replacement levels.
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Figure 5-10: Relationship Between Compressive Strength and Flexural Strength

For samples containing 1% recycled steel tyre fibre by weight of cement, the compressive strength
was measured at 16.12 MPa, and the flexural strength at 2 MPa. Including steel fibres significantly
enhances the flexural strength compared to the polystyrene and WFS samples, highlighting the
fibber’s ability to improve the material's resistance to tensile stresses and cracking. The
compressive strength is also improved, indicating that the fibres help maintain the matrix's
integrity under compressive loads, likely by bridging micro-cracks and preventing their
propagation. This combination of high compressive and flexural strength makes steel fibre-

reinforced foamed concrete a promising option for applications where both types of strength are
critical.
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Using a superplasticiser (1% by weight of cement) resulted in the highest recorded compressive
strength of 19.4 MPa and flexural strength of 2.21 MPa, as seen in Figure 5-10. The
superplasticiser enhances the workability and compaction of the foamed concrete mix, resulting in
a denser and more homogeneous material. This improvement in density likely contributes to the
superior compressive strength observed. Additionally, the increased flexural strength indicates that
the superplasticiser not only aids in compressive load-bearing capacity but also enhances the
material's tensile strength, making it more resilient under bending loads.

When comparing these results, it is evident that the type of material modification significantly
influences both compressive and flexural strengths. Polystyrene replacement leads to the most
substantial reduction in both types of strength, particularly at higher replacement levels. Waste
foundry sand replacement also reduces strength but less drastically than polystyrene, especially at
lower replacement levels. In contrast, the addition of recycled steel tyre fibres and superplasticisers
significantly enhances both compressive and flexural strengths, with the superplasticiser showing

the most evident improvement.

5.3.11 Cracks Propagation

This section examines the crack propagation characteristics of concrete samples containing
recycled materials, specifically focusing on those with 20% to 100% waste foundry sand (WFS).
The similarity in crack patterns across these samples is recognised as poor bonding between the
foundry sand aggregates and the cement paste. This weak bond, possibly due to the physical
properties of the waste foundry sand, such as its grain texture and shape, critically undermines the
structural integrity of the concrete.

During preparation, these mixtures waste foundry sand and require about 15% more water than
standard mixes. This increased water content worsens bonding issues by increasing porosity and
reducing the density of the cement paste, leading to enhanced susceptibility to cracking. The
additional water also promoted higher shrinkage rates during drying and curing, contributing
further to cracking and debonding. These challenges suggest a systemic issue related to material
compatibility and mix proportioning that necessitates comprehensive investigation.

Microscopic examinations post-testing revealed interfacial debonding and microcracks,
particularly around aggregates, acknowledging the bonding difficulties. The increased water

content required by the mixtures not only heightened porosity but also decreased the cement paste
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density, thus weakening the overall structure. The higher shrinkage rates during drying and curing,
encouraged by the additional water, further worsened the propensity for cracking and debonding.
Adjustments such as modifying particle size distribution or improving adhesion through additives

might mitigate these problems.
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Figure 5-11: Mixture Components with Foundry Waste Sand — (a) 25%, (b) 50%, (c) 75%, (d)
100%

For instance, using finer particles or incorporating bonding agents could enhance the compatibility
between the WFS aggregates and the cement paste, thereby reducing the formation of microcracks
and improving the overall durability of the concrete.

Although water infiltration is identified as a potential factor weakening the concrete, the direct link
between the use of recycled materials and observed failures remains unconfirmed. The presence
of water can lead to increased internal stresses and further cracking, but the specific role of WFS
in this process requires more detailed analysis. Understanding the interaction between water and

recycled aggregates is crucial for developing more resilient concrete mixtures.
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The microscopic examination of the samples, as illustrated in Figure 5-11, highlights significant
issues with the use of polystyrene in concrete. The images reveal interfacial debonding at the points
where recycled materials meet the mortar paste, characterised by micro-cracks and voids. These
defects are particularly exacerbated by direct axial forces during testing, compromising the
structural integrity of the concrete. The presence of voids and cracks around the polystyrene
particles highlights the challenges of incorporating such materials into concrete, especially without
adequate surface treatment or bonding agents.

In contrast, samples containing 1% recycled steel tyre fibre (RSTF) displayed superior crack

resistance, as seen in Figure 5-12.

Figure 5-12: The Components of the Mixture: (e) Recycled Steel Tyre Fibre, (f) Polystyrene

The steel fibres serve as effective reinforcement, preventing the progression of cracks within the
concrete matrix. This reinforcement mechanism significantly enhances the ductility of the samples
under both compressive and flexural stresses. The RSTF aids in evenly distributing the load
throughout the concrete, thereby reducing the formation of stress concentrations that typically lead
to cracking.
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On the other hand, concrete samples containing polystyrene show different behaviour. These
samples tend to form cracks at the sites where polystyrene particles are embedded, primarily due
to the weak interfacial bonding between the polystyrene and the cement paste. This weak bond
fails to effectively transfer stress across the composite material, causing the polystyrene particles
to act as stress concentrators rather than load distributors, which in turn initiates and propagates
cracks. Incorporating recycled steel and rubber tyre fibres can lead to complex behaviour in
flexural strength. Steel fibres improve tensile strength and toughness, allowing the concrete to
sustain more considerable deflections before failure. Rubber fibres can improve impact resistance
and energy absorption, resulting in concrete that has high flexural strength and
ductility(Pilakoutas, Neocleous, and Tlemat, 2004).

Lightweight materials, including waste foundry sand, foamed concrete, and polystyrene-
containing concrete, are designed to minimise the weight of the slabs. Adding air bubbles to
foamed concrete makes it much less dense but also more brittle and weaker in tension due to the
lack of aggregate to fill the gaps. Polystyrene beads, lacking the same load-bearing network as
regular aggregates, produce a material that cannot handle tensile stresses and is more likely to
break, although they make the structure lighter (Shi et al., 2016).

5.4 Proposed Sample Selection for Further Investigation

Chapter 5 identifies a range of material combinations that demonstrate both desirable mechanical
properties and reduced density, making them ideal candidates for the development of solar
walkable slab bases. These materials have been selected not only for their performance but also

for their environmental and economic advantages, as outlined below:

1. 50% Waste Foundry Sand (WFS):

The replacement of normal sand with 50% waste foundry sand offers a sustainable alternative that
maintains adequate compressive and flexural strength. Waste foundry sand, a byproduct of
industrial processes, contributes to environmental sustainability by diverting waste from landfills.
From an economic perspective, it provides a cost-efficient substitute for conventional aggregates,

reducing material costs while maintaining mechanical performance.

2. 10% Polystyrene (PO):
Polystyrene, incorporated at a 10% replacement level, effectively reduces the density of the

concrete mix while maintaining sufficient compressive strength. As a lightweight material,
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polystyrene enhances ease of handling and installation. Environmentally, the use of recycled
polystyrene contributes to reducing plastic waste. Its integration also lowers the demand for
traditional, high-density aggregates, thereby providing an economical solution for lightweight

concrete production.

3. 1% Recycled Steel Tyre Fibre (RSTF):

The addition of 1% recycled steel tyre fibre significantly improves both the compressive and
flexural strength of the concrete. This reinforcement enhances the slab’s toughness and durability
while utilizing a recycled material, which aids in reducing waste from discarded tyres. The
economic benefit of this material lies in its low cost relative to traditional reinforcing fibres,

providing a sustainable and financially viable reinforcement option.

4. 1% Superplasticiser (SP):

Superplasticisers play a critical role in improving the concrete mix's workability while increasing
compressive and flexural strength. By reducing the water-cement ratio, superplasticisers create a
denser, more compact concrete without compromising its lightweight characteristics. This additive
optimises material use and enhances durability, contributing to both environmental sustainability
and cost-effectiveness by reducing the overall amount of cement required.

These proposed material combinations will undergo further investigation to assess their suitability
for the solar walkable slab base. Each combination offers a unique balance of mechanical strength,
reduced density, and environmental and economic advantages. The final material selection will
prioritise not only the structural integrity and lightweight properties of the slab but also its

contribution to sustainable construction practices and overall cost-efficiency.

5.5 Summary
This analysis evaluates concrete cubes with various additives and recycled materials for their
flexural and compressive strengths. The impact of density, additives, and recycled materials on

foamed concrete's mechanical properties. Key findings are:

1. Compressive Strength Analysis of Foamed Concrete: Normal foamed concrete has a higher
load-bearing capacity than lightweight ones. Concrete with additives like Waste Foundry Sand
(WFES) and Polystyrene (PO) shows varying compressive strengths, with lower recycled

material percentages demonstrating stronger compressive strengths.
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Influence of Recycled Materials on Compressive Strength: Adding recycled materials impacts
mechanical properties. Lower WFS percentages improve strength, but higher percentages
reduce it. Small polystyrene inclusion boosts strength, while higher levels decrease it due to
poor bonding and increased air voids.

Density and Strength Correlation in Foamed Concrete: Higher densities yield stronger
concrete, indicating density is crucial for determining foamed concrete's mechanical
properties.

Effects of Additives on Foamed Concrete: Superplasticisers and recycled steel tyre fibres
enhance compressive and flexural strengths. Superplasticisers improve strength by reducing
the water-cement ratio, and steel fibres distribute stresses evenly.

Impact of Recycled Materials on Concrete's Structural Integrity: Recycled materials reduce
concrete's density and strength due to poor bonding and increased porosity, but moderate
replacements can maintain acceptable strength and support sustainable construction practices.
Flexural Strength: Flexural strength tests show normal mortar prisms outperform foamed
concrete prisms. Lower WFS content improves ductility, while higher content leads to
brittleness. Polystyrene reduces flexural strength but increases ductility.

Crack Propagation: Recycled materials impact crack propagation. Poor WFS bonding

increases cracking, steel fibres enhance ductility, and polystyrene increases crack formation
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Chapter 6: Design and Development of Solar Slab Prototype

6.1 Introduction

The design and building of the solar pavement slab involve a detailed and methodical process of
material selection, precise cutting, and careful assembly to ensure a functional and durable product.
Prior to using the actual material to build the prototype, testing of the design ideas has been done
using a mock-up from foam that product designers commonly use to experiment with design
features and dimensions. The CAD drawing, shown in Figure 6-1, serves as the blueprint for the
solar slab base, with dimensions set at 400x400x50 mm. This CAD model guides the creation of
the trial prototype, which is made from grey foam rather than concrete, allowing for initial testing
and evaluation of the design before manufacturing final products. The dimensions and the selection
of features came following a product design evaluation of the solar area and space needed for the
electronics, as well as the matching process to standard products in the market.

Acrylic glass and grey foam as a slab base are key materials used in this trial model. Acrylic glass
is selected for the top layer due to its high mechanical strength, UV resistance, and transparency,
which ensures both protection and functionality. Solar cells, typically made from monocrystalline
silicon for their high efficiency and good temperature tolerance, are integrated into the slab design.
The trial model construction process begins with the preparation and laser-cutting of acrylic glass

panels to precise dimensions, as specified in the CAD drawing, ensuring accurate assembly.

Figure 6-1: Base Design of the Prototype Solar Slab
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In this design, grey foam is used to replicate the solar slab base, with specific elements cut out to
house the electrical components. Solar cells and other electrical components, including LED lights,
batteries, light sensors and controllers, are then carefully positioned within cavities created in the
foam base. The prototype’s performance will be assessed based on this trial model, and if
successful, the process will proceed with a concrete-based final design. Otherwise, design

modifications will be made until the final solution is optimised.

6.2 Solar Pavement Slab Trial Assembly Diagram

The provided solar walkable pavement trial sample made with a grey foam base diagram represents
an integrated system combining a solar-powered lighting and monitoring setup embedded within
a grey foam base. The schematic outlines the connections and components used to ensure the
system's functionality, along with images showcasing the fabrication, testing, and performance of

the solar walkable pavement trial sample made with a grey foam base.

1. Solar Panel and Power Supply: At the core of the system is a solar panel responsible for
harnessing solar energy to power the entire setup. This solar panel is connected to a charging
regulator, which controls the flow of energy and prevents overcharging of the battery. The battery
acts as an energy storage unit, ensuring that the system remains operational during periods of low
sunlight or at night.

2. Microcontroller and Sensors: A microcontroller is incorporated into the system to manage
various electronic components and automate processes. It serves as the control hub, processing
inputs from sensors and managing the output to devices like LED lights. The LED sensor depicted
in the diagram monitors environmental conditions, such as light levels, ensuring that the lighting
system operates efficiently and conserves power.

3. LED Lighting System: The LED strip light is embedded around the solar walkable pavement
trial sample made with a grey foam base, providing illumination when needed. This component is
particularly useful in enhancing the visibility of pedestrian pathways or solar pavements during
low-light conditions. The wiring connections illustrated in the diagram demonstrate how the
components work together, with red lines representing the power supply and blue lines
representing data or sensor connections.

4. Assembly and Testing: The images below the schematic provide a practical context for the solar

walkable pavement trial sample made with a grey foam base. The first image shows a researcher

175



CHAPTER 6

assembling and configuring the electronic components within the foam base. The second image
displays the completed solar walkable pavement trial sample made with a grey foam base and
illuminated LED strip lights, indicating a successful assembly and operational system. The third
image captures the solar walkable pavement trial sample made with a grey foam base installed
outdoors during nighttime, with the LED lights activated, demonstrating its functionality in real-
world conditions. Figure 6-2 illustrates a schematic diagram of devices installed within the solar
slab.
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Figure 6-2: Schematic Diagram of Devices Installed Within the Trial Sample Made with Grey

Foam Base

5. Trial Sample Evaluation and Future Steps: This solar walkable pavement trial sample made with
a grey foam base is primarily an experimental prototype designed to demonstrate the functionality
of the system. It serves as an example of how the integrated components work together. The trial
aims to assess the performance in terms of energy efficiency, battery level sustainability, solar
radiation absorption, LED light brightness, and sensor functionality. If the performance proves
satisfactory during this phase, the next step would involve manufacturing a final prototype using
a lightweight concrete base, which will then be installed for practical application.

Overall, this solar walkable pavement trial sample made with a grey foam base diagram illustrates
an innovative approach to integrating renewable energy, lighting, and monitoring systems within
a concrete or foam-based slab. It highlights the potential for enhancing the functionality and

sustainability of construction materials, particularly for pedestrian pavements and solar walkways.
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The system's design emphasises energy efficiency, automation, and safety, showcasing the future
of smart and sustainable construction technologies. to integrating renewable energy, lighting, and
monitoring systems within a concrete or foam-based slab. It highlights the potential for enhancing
the functionality and sustainability of construction materials, particularly for pedestrian pavements
and solar walkways. The system's design emphasises energy efficiency, automation, and safety,

showcasing the future of smart and sustainable construction technologies.

6.3 Trail Prototype Design and Fabrication

The solar slab design began with a grey foam trail model produced to demonstrate the slab's
structural framework, monitor the integration of electrical components, and evaluate aesthetic
considerations. This model served as a foundation for refining the overall system before
transitioning to a fully functional prototype. The two key phases of this design process—
developing design requirements and creating the component system—ensured that the final design
would meet both practical and visual expectations.

6.3.1 Component System Design

The grey foam model provided insight into the key design features, including structural integrity
and material selection. It facilitated an understanding of the slab’s mechanical load capacity,
durability, and aesthetic fit for urban environments. This phase also allowed us to test the
integration of photovoltaic technology, ensuring that energy efficiency and material performance
align with the slab's design requirements. The next chapter will involve creating an actual

prototype that mirrors these design principles with real materials.

6.3.2 Electrical Requirements

In the grey foam model, the placement and configuration of the electrical components were
simulated, including LED strip lights, batteries, converters, and sensors. This allowed the
researcher to ensure proper spacing, protection, and integration of these components within the
slab’s cavities, testing their interaction without yet incorporating real materials. Key challenges
such as waterproofing and acrylic plastic cover to stand pedestrians were addressed in the model
to guide future prototype development. The next phase will involve transferring these electrical
configurations to a fully operational system in the actual prototype using the concrete-based

material.
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6.3.3 Electrical System Design

The grey foam model allowed for testing the basic layout of the electrical connections, ensuring
that the internal hardware could be arranged effectively. This stage confirmed the compatibility of
the photovoltaic cells, LED lights, and other components, although no real electrical functionality
was tested at this stage. The upcoming chapter will focus on translating these designs into a
working prototype with operational photovoltaic cells, real connections, and fully functioning

components.

6.3.3.1 Photovoltaic Cell Selection

As the focus of this thesis is on the structural design of the panel, it was decided that the electrical
system would use conventional high-efficiency components and allow for future testing of
additional solar technologies in solar road panel applications. Monocrystalline silicon photovoltaic
cells are chosen and are available in a variety of sizes to meet various needs in custom OEM
products. The typical size used in utility power generation applications is 150-mm square solar
cells, as these can be produced efficiently with relatively high energy conversion rates.

The Colossal 6V 9W Solar Panel has been used in this research, and it is designed to deliver
efficient power generation for various applications. With a power output of 9 watts and an
operating voltage of 6 volts, it provides a current of 1.5 amps, making it suitable for charging small
devices and supporting portable electronics. Typically constructed from monocrystalline or
polycrystalline silicon, the panel boasts an efficiency range of 15% to 20%. It is compact and
lightweight, with dimensions of approximately 10 x 8.8 inches (254 x 223.5mm), making it easy
to transport and install. Figure 6-3 is an example of the solar panel used in this project. It is built
to endure diverse environmental conditions, often featuring an aluminium frame for durability and
ease of mounting. The panel can operate in temperatures ranging from -40°C to +85°C, ensuring
functionality in various climates. Equipped with junction boxes and standard connectors like MC4,

it integrates seamlessly with other solar components.
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Figure 6-3: Selected Solar Panel for the Prototype
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Figure 6-4: Solar Panel and Its Specifications, Voltaic Systems (2017)

The panel is ideal for outdoor activities, remote monitoring systems, and educational projects. Its
warranty period can vary, reflecting the manufacturer’s confidence in its longevity and

performance. Consulting the manufacturer's datasheet is recommended for precise performance
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metrics under different conditions. Figure 6-4 details the dimensions of the solar cell selected for

this project, illustrated with all of the specified details.

6.3.3.2 Internal Hardware

The solar pavement slab is being developed as a self-contained, energy-efficient lighting solution
integrated with several advanced devices. Beneath the slab, an Adafruit Universal USB / DC /
Solar Lithium lon/Polymer Charger (bg24074) manages solar energy harvested by the Colossal
6V 9W Solar Panel. This energy is stored in an RS PRO 3.7V Lithium-lon Rechargeable Battery
Pack (7.8Ah) for nighttime use. The system is controlled by an Adafruit Trinket 3.3V MCU
Development Board, which monitors the battery and manages power distribution. A mini PIR
sensor detects motion in the dark, triggering a 3V Bright White LED Strip (30 cm x 4) to illuminate
the area. At dawn, the sensor turns off the LEDs to conserve power. This innovative integration
ensures the pavement slab operates autonomously, providing reliable, eco-friendly lighting.
Detailed explanations and images of each component will be provided in the following section,

showcasing the innovative design and functionality of this self-contained solar pavement slab.

6.3.3.3 RS PRO 3.7V Lithium-lon Rechargeable Battery Pack, 7.8Ah

The RS PRO 3.7V Lithium-lon Rechargeable Battery Pack (7.8Ah) plays a crucial role in solar
power assembly by serving as the primary energy storage component. It stores the electrical energy
generated by the Colossal 6V 9W Solar Panel during the day, providing a stable 3.7V output to
power devices like the 3V Bright White LED strip at night or during periods without sunlight.
With a capacity of 7.8Ah, it ensures sufficient energy availability, supporting prolonged usage of
connected devices. The battery pack features built-in protection circuits to prevent overcharging,
over-discharging, and short circuits, ensuring safe and reliable operation. Its compatibility with the
Adafruit bq24074 charger allows efficient and regulated charging. Additionally, the high energy
density, long cycle life, and low self-discharge rate of lithium-ion technology ensure the battery’s
effectiveness and longevity, making it an essential component for maintaining continuous and

reliable power in the solar power system.

6.3.3.4 Solar Lithium Charger
The Adafruit Universal USB / DC / Solar Lithium lon/Polymer Charger (bq24074) plays a critical
role in managing the power flow within the solar pavement slab system. Its primary function is to

efficiently convert and regulate the energy harvested from various input sources, including USB,
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DC, and solar panels, to charge lithium-ion or lithium-polymer batteries. The charger can accept
input from multiple sources, making it versatile and adaptable. Its Maximum Power Point Tracking
(MPPT) technology optimises the power output from the solar panel by continuously adjusting the
load to ensure it operates at its maximum efficiency. This ensures the solar panel provides the
highest possible power output under varying sunlight conditions.

In the context of the solar pavement slab, the bq24074 charger ensures that energy harvested from
the solar panel is efficiently converted and stored in the RS PRO 3.7V Lithium-lon Rechargeable
Battery Pack (7.8Ah). It maintains optimal battery health and performance through its advanced
charging and protection features. The charger includes various safety features such as over-voltage
protection, under-voltage protection, over-current protection, and thermal regulation, preventing
damage to the battery and connected devices. Managing power paths ensures that the battery is
charged while simultaneously powering the LED strip and other components, thereby supporting
the autonomous and efficient operation of the solar pavement slab system. The status indicator
LEDs provide visual feedback on the charging process and operational state, aiding in monitoring
and troubleshooting. Figure 6-5 illustrates the Solar Lithium Charger and Lithium-lon

Rechargeable Battery.

Figure 6-5: (a) Solar Lithium Charger, (b) Lithium-lon Rechargeable Battery(RS Components
Ltd., 2023)
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6.3.3.5 Adafruit Trinket 3.3V

The Adafruit Trinket 3.3V MCU Development Board (product ID: 1500) is a compact, low-cost
microcontroller designed to add programmable control to various electronic projects. Powered by
the ATtiny85 microcontroller, it operates at 8 MHz and features 8 KB of flash memory, 512 bytes
of SRAM, and 512 bytes of EEPROM. With five general-purpose 1/0 pins for digital input/output,
analogue input, and PWM output, the Trinket can interface with a wide range of sensors and
components. It runs on 3.3V, making it suitable for low-power projects, and can be powered via
USB or an external battery. The built-in USB bootloader allows for easy programming directly
from a computer using the Arduino IDE, making it accessible for beginners. In the context of a
solar power system, the Trinket can monitor battery voltage, track charging status, manage power
distribution, log data, and automate tasks, enhancing the system's efficiency and functionality by
ensuring optimal power usage and reliable operation. See Figure 6-6 indicates Adafruit Trinket
3.3V MCU.

Figure 6-6: Adafruit Trinket 3.3V MCU (RS Components Ltd., 2023)

The Adafruit Trinket 3.3V MCU Development Board is suitable for the solar power assembly
involving the Colossal 6V 9W Solar Panel, Adafruit bq24074 charger, and the RS PRO 3.7V
Lithium-lon Rechargeable Battery Pack. The Trinket can perform several critical functions to
ensure the system operates efficiently and effectively. It can monitor the battery voltage using its
analogue input, track the charging status through the bq24074 charger’s status indicators, and
manage power distribution to the LED strip and other connected devices. Additionally, it can log
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data such as solar panel output and battery charge cycles, which can be used to optimise the
system's performance. The Trinket can also automate tasks, such as turning the LED strip on at
dusk and off at dawn, based on the battery’s state of charge and solar power availability. Its
compact size, low power consumption, and compatibility with the Arduino IDE make it an ideal

choice for integrating programmable control into this solar power assembly.

6.3.3.6 LED Strip Light

The 3 Volt Bright White LED Strip, comprising four 30cm pieces from Layouts4u, serves as the
primary lighting source for the solar pavement slab system. Located at 38 Elwyndene Road,
March, PE15 9BL, these LED strips provide bright, energy-efficient illumination, enhancing
visibility and safety during nighttime or low-light conditions. Operating at 3 volts, they are highly
efficient and consume significantly less power compared to traditional lighting solutions, making
them ideal for a solar-powered system where energy conservation is crucial.

Each LED strip's modular design allows for flexible installation, providing uniform lighting over
a larger area or concentrated lighting in specific sections of the pavement slab. Their durability
ensures they can withstand various environmental conditions, making them suitable for outdoor
installations and reducing the need for frequent replacements. These LED strips are easy to
integrate into the solar power system, connecting seamlessly with the Adafruit Trinket 3.3V MCU
Development Board, which controls their operation based on input from a mini-PIR sensor and
the available power from the battery pack. Automated to turn on when motion is detected in
darkness and off when daylight appears, these LED strips maximise energy efficiency and ensure
lighting is available only when needed, enhancing both the functionality and aesthetic appeal of

the solar pavement slab.

6.3.3.7 Mini PIR Sensor

The Mini PIR (Passive Infrared) Sensor plays an essential role in the solar pavement slab assembly,
offering both motion detection and intelligent control of the LED lighting system. Its primary
functions are designed to ensure that the lights are used efficiently, which not only conserves
energy but also enhances the safety of the illuminated area. By detecting movement within its
range, the sensor triggers the LED lights to turn on only when there is activity nearby, ensuring
that illumination is provided precisely when needed.
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Integrated with the system’s light level detection capabilities, the Mini PIR Sensor also helps
differentiate between day and night. As daylight fades, the sensor readies the LED lights for
activation. When motion is detected in darkness, it sends a signal to the Adafruit Trinket 3.3V
MCU Development Board, which then turns on the LED lights. These lights remain on as long as
motion is detected and ambient light levels are low. This intelligent automation ensures that the
lights operate only during necessary periods, thereby conserving the stored energy in the RS PRO
3.7V Lithium-lon Rechargeable Battery Pack for use throughout the night. See Figure 6-7 for the
LED Strip light and Mini PIR Sensor.

Figure 6-7: (a) LED Strip Light, (b) Mini PIR Sensor (RS Components Ltd., 2023)

Moreover, the Mini PIR Sensor’s functionality is further enhanced by its customisable settings.
The sensor’s sensitivity can be adjusted to control the detection range, and the delay settings can
be fine-tuned to determine how long the lights stay on after motion is no longer detected. This
level of control prevents the lights from staying on unnecessarily, optimising energy usage.

In essence, the Mini PIR Sensor is a vital component of the solar pavement slab system, providing
smart, automated control of the LED lighting. It ensures that the lights are activated only when
needed during the night and turn off at dawn, conserving energy for the next cycle. This seamless
integration of motion detection and light level sensing creates a reliable, energy-efficient lighting
solution that enhances both functionality and safety.

6.3.3.8 Acrylic Top Layer Design

The design of the 340x340x10mm acrylic plastic (Acrylic PMMA) top layer for solar pavement
has been utilise in this design phase. This acrylic service, as the top layer of the solar pavement
slab design, incorporates key characteristics that make it ideal for this application. Acrylic PMMA
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(Polymethyl Methacrylate) is a transparent thermoplastic known for its lightweight and shatter-
resistant properties, making it a superior alternative to glass. With dimensions of 340mm by
340mm and a thickness of 10mm, the top layer provides ample coverage for the underlying solar
components while offering sufficient strength to withstand pedestrian traffic and environmental
stresses. Its high transparency allows maximum sunlight to pass through to the solar cells beneath,
ensuring efficient energy harvesting.

Acrylic PMMA'’s excellent impact resistance and weathering properties make it durable enough
to endure foot traffic and various environmental conditions. It is also lightweight, facilitating easier
handling and installation compared to glass, which reduces the overall weight of the solar
pavement slab. Furthermore, its resistance to UV radiation and weathering ensures the top layer
remains clear and functional over time without significant degradation or yellowing, maintaining
both efficiency and aesthetics.

Overall, the 400x400x10mm acrylic plastic (Acrylic PMMA) top layer is designed to provide a
robust, transparent, and durable covering for solar pavements. Its combination of strength,
lightweight, and resistance to environmental factors make it an ideal material for protecting solar
panels while allowing efficient energy harvesting. This thoughtful design ensures the solar
pavement system remains reliable, efficient, and safe, enhancing both functionality and aesthetics

in public spaces.

Figure 6-8: Solar Slab with Transparent Top Layer

The safety features of acrylic PMMA, including its tendency to break into larger, less dangerous

pieces upon impact, enhance pedestrian safety. Additionally, the material can be easily cut, drilled,
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and shaped to meet specific design requirements, allowing for precise customisation and seamless
integration with the solar pavement’s structural and aesthetic design. The surface of the acrylic
sheet can be treated with anti-slip coatings to ensure pedestrian safety even when the surface is

wet.

6.3.4 Trial Design of the Structural and Electrical Prototype

The trail design of the structural and electrical prototype aimed to create a 400x400x50mm solar
pavement slab. To initiate this process, an initial prototype module made entirely of grey foam was
manufactured to conduct experimental work before constructing the actual product. This approach
allowed for precise testing and adjustments to ensure optimal performance of the final slab. Grey
foam, measuring 600x600x100 mm, was purchased for this purpose. The foam was used to create
the module profile for the solar pavement panel, shaping the cavity for electronic components such
as the battery, charger, and control systems.

In addition to the primary cavity, the foam was meticulously designed to include a square 4-sided
slot for the recessed LED strip light, ensuring that the lighting component could be securely and
effectively integrated. See Figure 6-9 for the trail model prototype slab assembly made out of grey
foam. Figures 6-9 illustrate the detailed setup of the foam module, showcasing the precise
placement and testing of the electronic components.

Advanced design tools such as CAD drawings and SolidWorks were employed to achieve the
precise dimensions and features required for this prototype. These tools allowed for accurate
shaping of the entire module, ensuring that all components would fit perfectly and function as
intended. Once the foam module was shaped, it was used to install and test the electronic devices.
This step was crucial to verify the integration and functionality of the battery, charger, control
systems, and LED strip within the designated cavities. The experimental work conducted with this
foam prototype provided valuable insights and data, enabling refinements and ensuring that the
final product would meet all design and performance criteria. Lab technician Mathew Garlic
meticulously handled the connections, ensuring that all electronic components were correctly
wired and integrated. This step was crucial for validating the design and ensuring that the system
could operate as intended. At the laboratory, various simulation electric tests were conducted to
verify that all devices were working perfectly and fit for purpose. These simulations ensured that

all components were accurately suited to each other and functioned harmoniously within the
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module. This thorough preparatory phase was essential in developing a reliable and efficient solar

pavement slab, ensuring the final product's success in real-world applications.

Figure 6-9: Assembly of Electronics and Data Loggers in Solar Slab Prototype Base

6.3.5 Walkable Solar Pavement Slab Trial Prototype

A complete trail prototype was created with all the electronic devices built in, forming a fully self-
contained product prepared for initial testing. As can be seen in Figure 6-10, the self-contained
solar pavement slab trial sample is made out of grey foam, providing a precise and functional
prototype. The design and fabrication of the module took place at the Nottingham Trent University
laboratory, where advanced CAD drawings and SolidWorks models were utilised to ensure
accurate shaping and placement of the electronic components.

The grey foam structure includes cavities designed explicitly for housing the battery, charger,
control systems, and a recessed slot for the LED strip light. This careful design ensures that each
component fits securely and operates effectively within the module. Including these elements
within a cohesive unit allows for comprehensive testing of the system's functionality and
integration before proceeding to the final construction phase.

The initial testing phase involves verifying each component's performance, assessing the module’s
overall functionality, and making any necessary adjustments based on the test results. The grey
foam prototype serves as a practical and scalable model for the eventual production of the solar
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pavement slab, allowing for iterative improvements and refinements. This approach demonstrates
the feasibility of the design and provides valuable insights into potential enhancements, ensuring
that the final product will be both reliable and efficient in real-world applications.

Figure 6-10: Solar walkable Pavement Slab Prototype

6.4 Summary

The solar pavement slab design process is centred on creating a functional solar product through
meticulous design features, cutting, and assembly using foam to create a mock-up of the final
product. A CAD model was used to guide the fabrication of a trial mock-up prototype made from
grey foam, intended to test the overall functionality before producing the final slab with concrete-
based recycled materials. The design integrates solar cells and essential electrical components for

efficient energy generation and durability.

1. The design starts with a CAD model (figure 6-1) that outlines the dimensions of the solar slab,
set at 400 x 400 x 50 mm, ensuring precise specifications for the prototype construction.

2. The prototype is made from grey foam rather than concrete to allow for easy modification and
testing of functionality before moving to the final product.

3. Key materials include acrylic glass for the top layer due to its UV resistance, high mechanical

strength, and transparency, along with grey foam for the base.
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4. Monocrystalline silicon solar cells integrated into the foam base are chosen for their high
efficiency and good temperature tolerance.

5. The design incorporates LED lights, batteries, light sensors, and controllers, all positioned
within cavities in the grey foam base for easy access and functionality.

6. The prototype aims to evaluate the overall functionality and performance of the design. If
successful, the final slab will be constructed using concrete; otherwise, design modifications

will be implemented until optimal results are achieved.
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Chapter 7: Experimental and Numerical Design of Solar Slab Base

7.1 Introduction

This chapter covers the development of an actual solar walkable slab base made from lightweight
foamed concrete containing recycled materials. The process is divided into two phases: the
experimental phase, which focuses on manufacturing the slab, and the numerical phase, where the
slab is prepared for meshing in finite element analysis (FEA) using ABAQUS. However, only the
meshing process is performed at this stage, with the analysis and results deferred to a later chapter.
The slab dimensions remain 400mm x 400mm x 50mm, and CAD-generated images have been
created to assist in the design and module creation.

The experimental design phase involves the detailed development and production of a solar slab
base prototype made from lightweight foamed concrete mixed with recycled materials. The
manufacturing process is illustrated in the flowchart, and images provided in Figure 7.1
demonstrate the critical steps undertaken. The initial step involves the profile fabrication and solar
slab base design. CAD modelling software produces a 3D design with dimensions 400mm x
400mm x 50mm. The CAD-generated diagram serves as a reference for mould preparation and
production. The mould assembly is developed using timber and grey foam layers, cut precisely to
match the slab profile. These materials are combined to form a stepped mould structure, ensuring
accurate cavity shaping during the casting process. The concrete mixture comprises cement, fine
sand, water, and recycled materials. A foaming generator produces foam, which is subsequently
blended into the concrete mix to reduce density and achieve the desired lightweight properties.
The target density is approximately 1400 kg/m3. The prepared foamed concrete is poured into the
mould, covering the layered grey foam pattern, and levelled to ensure uniform thickness. Once
moulded, the slab undergoes a curing process to develop its mechanical properties and strength.
Upon completion, the slab is extracted from the mould as a finished product and is ready for
additional electrical integration. The final slab prototype is visually inspected, and minor surface
corrections are made. The images provided depict the mould preparation phase, concrete pouring,
and the completed slab base.

The numerical design phase focuses on developing a finite element model of the slab base using
ABAQUS software. A CAD-generated representation is imported into ABAQUS, and the meshing
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process is performed to discretise the slab for future mechanical analysis. The meshing phase is

crucial as it ensures accurate stress distribution and load-bearing analysis in later stages.

: G N
Profile Fabrication Solar Slab Base Design Cement [ Fine Sand ] [ Water J
8 J
Timber G Mold Foaming
2yram Assembly Generator

Figure 7-1: Solar Slab Production — (a) Slab Geometry, (b) Mold Fabrication, (c) Solar Slab

Structure

7.2 Stage 1: Experimental Design

In this phase, the focus is on producing the actual solar slab base. The slab is made from foamed
concrete, incorporating recycled materials to ensure sustainability and lightweight characteristics
while maintaining the standard dimensions of 400mm x 400mm x 50mm.

Timber is used to create the base mould due to its strength and ease of use, while grey foam
provides internal profiles and insulation. The slab's design allows for the integration of solar
components, ensuring it can endure outdoor conditions while maintaining its energy-generating
functionality. The CAD images guide the construction process, ensuring precision and accuracy
during manufacturing. The experimental phase focuses on fabricating the solar slab base, utilising
foamed concrete with recycled materials to ensure sustainability and lightness. The slab's
dimensions remain at 400mm x 400mm x 50mm to align with the original prototype design. During
this phase, key tasks include preparing the base mould using timber for structural support and
incorporating grey foam for insulation and profiles. Precise material cutting and assembly,
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followed by the curing process, ensure that the slab is both functional and durable. CAD-generated

images guide each step of the fabrication process, ensuring accurate construction.

7.2.1 Stage 1: Production and Fabrication

The first stage involves the design and production of foam concrete samples, along with the
analysis of the prototypes after construction. This design process includes constructing foam
concrete moulds containing various materials, which incorporate both normal materials such as
sand, cement, water, and foaming agents and recycled materials like waste foundry sand,
polystyrene, and recycled steel tyre fibre. Superplasticisers are also introduced to enhance
mechanical properties and workability. The foam concrete samples are then produced, and their
mechanical behaviour, such as compressive and flexural strength, is investigated to determine the
maximum applied load and deflection.

7.2.2 Solar Slab Construction

The solar pavement slab prototypes were constructed at Nottingham Trent University, adhering
strictly to health and safety procedures, with all personnel wearing appropriate Personal Protective
Equipment (PPE). The process involved several systematic stages using materials such as grey
foam, wood, screws, and double-sided tape. Initially, the workspace was prepared and materials
organised, with grey foam cut to the required dimensions to create a mould for the foamed
concrete. A sturdy frame was constructed around the foam using wood and screws to hold it in
place during the pouring and curing of the concrete, which included a cavity for future electrical
components. The prepared foamed concrete mix, containing waste foundry sand, steel tyre fibre,
and superplasticiser, was then poured into the mould, with vibrating tools used to eliminate air
bubbles and ensure a uniform mix.

After the concrete had been set and cured, a 10mm thick acrylic plastic top layer was installed and
secured with weather-resistant clear silicone chosen for its transparency and durability. The
tanking coating was applied to the interface of the cavity in order to be weather-tried. The final
stage involved a thorough quality inspection to ensure the slab met all required specifications,
including checking dimensions, structural integrity, and surface finish. This systematic
construction approach and the use of specific materials ensured the successful creation of the

prototypes, focusing on structural performance with provisions for future electrical component
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integration. Material details and instructions for each construction stage are explained in the

following sections.

7.2.3 Profile Fabrication

The fabrication of the solar pavement slab involves the use of several materials to create a robust
foamed concrete base panel. The primary materials used in this process are plywood and grey
foam. Plywood is utilised to construct the outer frame of the mould, providing the necessary

support and structure to contain the foamed concrete during the pouring and curing process.

7.2.4 Plywood

The brown film-faced plywood, with a thickness of 20mm, has been used to construct a base frame
and reused multiple times. The plywood was purchased in 1200x2400mm sheets, cut into the
required size, and assembled by screwing the edges to create a 400x400x50mm tray. Specifically,
the 1200 x 2400mm sheets are cut into smaller pieces to achieve the final tray dimensions. Each
sheet can be cut into six 400 x 400mm pieces per row, yielding three rows per sheet, which
provides a total of 18 pieces of 400x400mm from one sheet. For each tray, one piece of
400x400mm is used as the base, and four pieces of 400 x 70mm and 440 x 70mm are used for the
sides, assembled into a tray with dimensions of 400 x 400 x 50mm by screwing the edges together.
The thickness of the plywood, being 20mm, ensures the sturdiness and durability of the tray. The

images illustrating this process can be seen in Figures 7-2.

Figure 7-2: Solar Pavement Slab with Profiled Base
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The assembly process involves cutting the plywood into the required sizes, forming the base and
sides with one piece as the base and four 70mm wide strips as the sides, and then screwing the
strips to the base. The edges are sanded to remove splinters and optionally sealed for moisture
protection. This construction method provides a sturdy, reusable tray that is ideal for various

construction applications.

7.25 Grey Foam

A grey foam piece, measuring 600 x 600 x 50 mm, was purchased and used to create the inner
profile for the solar base, shaping the cavity for the electronic components such as the battery,
charger, and control systems. Additionally, the foam was designed to include a square 4-sided slot
for the recessed LED strip light. To achieve this, CAD drawings and SolidWorks were utilised to
shape the inner sections required for the electronic devices accurately. The grey foam was carefully
placed in the middle of the tray at an equal distance and secured with double-sided tape to hold it
firmly while pouring the foamed concrete into the profile base. Before pouring the concrete, oil
grease was applied to the inner section of the profile to facilitate easy de-moulding and avoid
damaging the product. After the foamed concrete was poured, the structure was left to cure for 24
hours. Following this curing period, the grey foam was meticulously removed to reveal the cavity.
This process ensured that the cavity was precisely formed and ready for the integration of the
electronic components. Figure 7-3 illustrates the placement of the grey foam within the tray,
demonstrating its positioning and how it was held in place during the pouring process.

Figure 7-3: Grey Foam Profile
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7.3 Foamed Concrete Slab Manufacture

The process for producing foamed concrete samples for the solar slab follows a structured
approach designed to ensure consistency and reliability. Using a method similar to that employed
by Jones et al. (2005), dry components such as cement, fine aggregate, and additives are mixed in
a rotating drum mixer for one minute. After achieving uniform distribution of the dry materials,
water is added to the mixture, and the blending continues for an additional 2 to 4 minutes to create
a lump-free, homogeneous solution. Simultaneously, pre-formed foam is generated and
incorporated into the mixture. This foam is essential to achieve the required lightweight properties
and is stirred into the base mixture until it is evenly distributed. The plastic density of the concrete
mix is monitored carefully, ensuring that it complies with standards such as BS EN 12350-6
(2009). If the density exceeds or falls below the acceptable range, adjustments are made to
maintain the integrity of the mixture. This step is critical to producing foamed concrete slabs with
consistent density and quality.

7.3.1 Experimental Work Preparation

The production process for the solar slab involved six distinct design mixes, each of which was
used to create three slabs, resulting in a total of 18 slabs. Table 7-1 illustrates the mixing design of
the solar slab base. These designs incorporate different recycled materials to assess their impact
on the mechanical properties of the foamed concrete. The materials selected for these mixes were
based on the results of previous tests on cubes and prisms, and they were identified as having the
best properties for this specific application. The design mixes are detailed in the following

numbers:

1. Normal concrete mortar was used as a baseline for comparison.

2. A foamed concrete mixture was utilised to achieve lightweight characteristics.

3. To explore the use of industrial by-products, 50% recycled waste foundry sand was used as a
replacement for normal sand.

4. 10% polystyrene was added to the foamed concrete mix to utilise recycled materials and reduce
weight.

5. 1% recycled steel tyre fibre was added to the sand-to-cement ratio, introducing elasticity and

increased tensile strength to the mixture.
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6. 1% superplasticiser was incorporated into the cement ratio to improve the concrete's workability

and overall performance.

Table 7-1: Slab Design Incorporating Different Percentages of Recycled Materials and Additives

Sample Types Description of Building Target Number of | Curing
Sample (Slabs) Number Density Slabs Period
(kg/m”3)

1 28
Control 400 x400 x 50 mm 1 1400 2
3

1 28
FC 400 x400 x 50 mm 2 1400 2
3

1 28
WFS 50% 400 x400 x 50 mm 3 1400 2
3

1 28
PO 10% 400 x400 x 50 mm 4 1400 2
3

1 28
RSTF 1% 400 x400 x 50 mm 5 1400 2
3

1 28
SPs 1% 400 x400 x 50 mm 6 1400 2
3

These design mixes were selected based on their ability to provide an optimal balance of
mechanical strength and density in the foamed concrete, making them well-suited for the solar
slab. Using these materials is key to enhancing sustainability by incorporating recycled content
while also meeting the slab's structural requirements.

Each of the six design mixes was poured into prepared plywood moulds with dimensions of
400mm x 400mm x 50mm. To facilitate easy demoulding after curing, mould-release oil was
applied to the interior surfaces of the moulds. This ensured that the slabs could be removed without
surface damage after the curing process. Once poured, the slabs were allowed to cure for 24 hours
in a controlled environment. During this curing period, a cavity was created within each slab using
a frame, allowing for the future installation of electrical components and an acrylic cover. The
curing process ensures the slabs develop the necessary strength and durability for subsequent
testing and analysis. The procedure follows the same method as in Chapter Four for cubes and
prisms, which is to produce foamed concrete slab base samples during laboratory work. During
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the production of each slab, the plastic density of the foamed concrete was closely monitored.
Samples from each design mix were weighed using pre-weighed containers to determine whether
the mixture met the required density standards. If necessary, adjustments were made by adding

more foam or modifying the mixture to ensure compliance with the desired tolerance.

Figure 7-4: (a) Preparation of Materials, (b) Concrete Mixture Drum

This monitoring step is critical to maintaining consistent quality across all 18 slabs, ensuring that
each design variation meets the mechanical and structural demands of the project.

Once poured, the slabs were allowed to cure for 24 hours in a controlled environment. During this
curing period, a cavity was created within each slab using a frame, allowing for the future
installation of electrical components and an acrylic cover. The curing process ensures the slabs

develop the necessary strength and durability for subsequent testing and analysis.

Figure 7-5: Casting of Slab Samples

197



CHAPTER 7

Additionally, to integrate electrical components and the acrylic cover, a cavity is formed within
the slab by inserting a frame into the concrete before curing. This cavity will house the solar panel
components, making the slab functional for energy generation.

Figure 7-6: De-moulding of the Slabs

After the 24-hour curing period, the slabs were carefully de-moulded, with particular attention
given to avoiding any structural damage or surface imperfections. This step required precision, as
the slabs were still relatively fragile. Improper handling during demoulding could compromise the
quality and durability of the slabs. Special care was taken to loosen and remove the slabs from the
moulds evenly without introducing cracks or weakening the edges.

Figure 7-7: Curing of Slabs in a Water Container

Once the samples were de-moulded, the slabs were immediately placed into a curing tank for an

extended curing period. This process allows the slabs to hydrate and strengthen fully, ensuring
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they meet the necessary mechanical performance standards. The controlled moisture in the tank
promotes consistent curing throughout the slab, which is essential for achieving uniform strength
and long-term durability. See Figure 7-7 for the slabs during the curing period.

The grey foam is carefully removed before the testing process. Images in Figures 7-8 illustrate the
concrete preparation. This thorough curing and preparation process ensures the durability and
functionality of the solar pavement slab. The slab's design includes a cavity with dimensions of
200mm by 150mm, which is intended to house the electrical components necessary for the solar
pavement system. This thoughtful design makes the slab self-contained, simplifying the
installation process and ensuring all components are protected and integrated efficiently. This
cavity allows for the continuous incorporation of the solar panel, battery, and other electronic
controls, creating a compact and durable solar pavement solution.

The mechanical properties and the self-weight of the slab will be thoroughly analysed in Chapter
8, highlighting its structural integrity and lightweight nature, which facilitates easier handling and
installation. The use of foamed concrete reduces the weight and enhances the slab's thermal
insulation properties, making it a superior choice for sustainable construction projects. This figure
provides a visual representation of the slab, highlighting the integration of the cavity for electrical

components and demonstrating the slab's readiness for installation in a solar pavement project

Figure 7-8: Removal of Grey Foam from Slab Cavity

7.3.2 Flexural Analysis
The three-point flexural test is a critical method for assessing the flexural strength, or modulus of
rupture, of concrete prisms and slabs. This test provides valuable data about the material's

behaviour under bending stresses, which is crucial for structural applications where bending loads
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are common. The test procedure involves several detailed steps. Firstly, specimen preparation
includes 12 slabs (400 mm x 400 mm x 50 mm) chosen to reflect the concrete's performance in
practical applications. The test setup places the prisms and beams centrally on two supports with
a single load application point at the centre, creating a bending moment over the span of the
specimen and focusing the maximum stress at the midpoint. Care is taken to ensure the surfaces in
contact with the loading plates are even to distribute the load uniformly. A constant loading rate
of 300 N/sec is used for low-density specimens, while high-density specimens are subjected to a
loading rate of 500 N/sec, aiding in understanding the behaviour of different densities under similar

stress conditions. See Figure 7-9 for the slab under the hydraulic machine.

Figure 7-9: Solar Slab Under Hydraulic Testing Machine

Digital tools record the load and the corresponding deflection at the moment of failure, enhancing
the accuracy and repeatability of the results. The modulus of rupture (fr) is calculated using a
specific formula designated in the BS EN 12390-5 standard, with the location of the fracture
providing insights into the stress distribution and the weakest point of the specimen. According to
Wahyuni (2012), tensile strength values from the flexural test are typically higher than those from
the cylinder splitting test and direct uniaxial tension tests due to the distribution of stresses over a
larger area. This stepped testing approach enables engineers and researchers to gain a
comprehensive understanding of material properties under different circumstances and load types,

assisting in the design and application of concrete structures in various construction scenarios.
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Understanding these variations is critical for correctly interpreting test results and applying them

to structural design and analysis.

7.4 Stage 2: Numerical Modelling

This stage focuses on developing a finite element model for the foam concrete slab module to
enable future computational analysis. The primary objective is to prepare the slab model for finite
element analysis (FEA) using ABAQUS software. The numerical phase involves creating a digital
representation of the slab and discretising it into more minor elements through meshing. Meshing
is a crucial step in finite element modelling as it divides the slab into small interconnected
elements, allowing for detailed stress, deflection, and strain analysis in later stages. This phase
ensures the model is geometrically accurate and structurally ready for subsequent analysis.
However, this chapter does not cover the analysis or results; these will be addressed in a later
chapter. At this point, the focus is solely on model preparation and meshing to ensure the module

is appropriately set up for future computational evaluation.

7.4.1 ABAQUS Overview

Various finite element analysis (FEA) software packages are widely utilised in concrete structural
analysis, each offering distinct capabilities tailored to different analytical needs. ABAQUS, part
of the SIMULIA product suite from Dassault Systémes, is notably recognised for its robust
nonlinear and linear static and dynamic analysis capabilities, making it a popular choice for
complex structural simulations (Dassault Systéemes, 2014). The ABAQUS product suite consists
of three main components: ABAQUS/CAE, ABAQUS/Standard, and ABAQUS/Explicit. Each
component is designed to address specific aspects of structural analysis. For instance,
ABAQUS/CAE (Complete ABAQUS Environment) was employed in this study to simulate
concrete slabs, utilising its capabilities in linear analysis. ABAQUS/CAE provides an integrated
platform where users can create, analyse, and visualise models within a single interface. This
highly customisable environment features a graphical user interface (GUI) that can be adapted to
meet specific user requirements.

A significant aspect of ABAQUS/CAE is its flexibility in handling geometry creation and
importation. Users can design models directly within the GUI or import complex CAD models,
which are then meshed and prepared for analysis. This capability is particularly advantageous for

structural engineers working with detailed designs. Once the geometry is defined and meshed,
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ABAQUS/CAE supports comprehensive analysis, including linear and nonlinear behaviours,
static and dynamic loads, and other complex interactions within the structure. Linear analysis was
a key focus in this research, as it provides valuable insights into the elastic behaviour of concrete
structures under various loading conditions without the computational complexity of nonlinear
analysis.

Furthermore, ABAQUS/CAE is equipped with sophisticated visualization tools that enable users
to effectively interpret and communicate analysis results. These tools offer a wide range of data
display options, from basic displacement plots to advanced stress-strain visualisations, essential
for understanding the performance of concrete structures under various conditions. Presenting
results clearly and intuitively enhances decision-making and improves overall comprehension of
structural behaviour, making ABAQUS/CAE a vital tool for structural analysis in academic and
professional contexts.

The Finite Element Method (FEM) itself is a computational technique used to analyse the
behaviour of entire structures and materials by breaking them down into smaller, more manageable
components. FEM is widely employed in engineering and scientific fields to optimise designs,
predict performance, and simulate physical processes (Zienkiewicz, 1971). The core concept of
FEM involves discretising a continuous system, such as a structure or material, into finite elements
to model its behaviour. A mesh is formed by connecting these elements at specific nodes. By
applying appropriate mathematical models and boundary conditions, the behaviour of each

element and its interaction with neighbouring elements can be analysed numerically.

7.4.2 Linear Finite Element Method (FEM).

The Linear Finite Element Method (FEM) is a fundamental approach in structural analysis that
operates under the assumption that material properties, such as Young's modulus and Poisson's
ratio, remain constant and that deformations are small and within the elastic range. This method is
particularly useful for analysing problems with a direct, proportional relationship between the
applied loads and the resulting displacements, meaning that the structure's response can be
predicted with a high degree of accuracy without considering complex nonlinearities.

In linear FEM, the governing equations are simplified because the relationship between stress and
strain is linear, which implies that the superposition principle can be applied. This allows for the
straightforward combination of different loading scenarios to predict the overall response of the

structure. For instance, in linear static analysis, which is one of the most common applications of
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linear FEM, the focus is on determining the structural response under steady-state loads. This type
of analysis ignores time-dependent effects such as those caused by transient or dynamic loads,
making it ideal for scenarios where the loads are applied gradually and the material remains within
its elastic limit (Crisfield, 1997).

One of the key advantages of linear analysis is its computational efficiency. Because the
assumptions of linearity reduce the complexity of the equations involved, linear FEM models can
be solved more quickly and with less computational power compared to nonlinear models. This
makes it an attractive option for preliminary design and analysis phases, where rapid iteration and
assessment of different design scenarios are required. Moreover, linear FEM is widely applicable
across various fields of engineering, from civil and mechanical engineering to aerospace and
materials science, wherever the behaviour of materials under load needs to be understood within
the elastic regime.

Linear FEM also provides a reliable baseline for more advanced analyses; in cases where initial
results indicate that the material may undergo large deformations or enter a plastic range, a linear
analysis can serve as a preliminary step before moving on to more complex nonlinear analysis.
This stepwise approach allows engineers to first understand the basic response of the structure
under simplified conditions before delving into more detailed and computationally intensive

simulations (Wriggers, 2008a).

7.4.3 Modelling Concrete Elastic Behaviour

Accurately modelling the elastic behaviour of concrete in finite element analysis (FEA) requires
precise characterisation of its mechanical properties. Linear elasticity, characterised by a constant
modulus of elasticity and Poisson's ratio, is a common assumption in these models. The modulus
of elasticity (E) quantifies the material’s stiffness, calculated as the stress-to-strain ratio within the
elastic deformation range (Mindess, Young, & Darwin, 2003). This parameter is crucial for
predicting concrete deformation under load and ensuring the structural model's accuracy.

The modulus of elasticity for foamed and normal concrete varies significantly, influenced by the
material's density and composition. Jhatial et al. (2018) reported that the foamed concrete with a
density of 1400 kg/m?3 has a modulus of elasticity of 6 GPa, indicating moderate stiffness compared
to higher-density concretes. Raj, Sathyan, and Mini (2019) provide a broader range, stating that
the modulus of elasticity for foamed concrete typically falls between 1 and 12 GPa, reflecting the

varying densities and compositions of foamed concrete mixtures.
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Beng (2021) further notes that foamed concrete with a density of 1800 kg/m?3 has a modulus of
elasticity of 16 GPa, demonstrating that higher density results in increased stiffness, closer to that
of normal concrete. However, the modulus of elasticity for foamed concrete is generally about
25% less than that of normal concrete, highlighting its reduced rigidity due to its cellular structure
and higher air content.

In contrast, normal concrete exhibits significantly higher stiffness. Abdelgader (2014) reports that
the modulus of elasticity for normal concrete ranges from 29 to 35 GPa, influenced by the type of
aggregates and concrete mix. Similarly, Beng (2021) states that the modulus of elasticity for
normal concrete is around 28 GPa. These values illustrate the much higher stiffness of normal
concrete compared to foamed concrete, making it more suitable for applications requiring high
load-bearing capacity and minimal deformation.

The differences in the modulus of elasticity between foamed and normal concrete underscore the
impact of material composition and density on mechanical properties. Foamed concrete, with its
lower density and higher air content, offers benefits such as reduced weight and improved thermal
insulation, making it ideal for non-structural applications. In contrast, normal concrete, with its
higher modulus of elasticity, is preferred for structural applications where high stiffness and load-
bearing capacity are crucial. See Table 7-2 for the normal concrete modulus of elasticity and

passion ratio.

Table 7-2: Modulus of Elasticity of Normal and Foamed Concrete (Beng, 2021)

Property Normal Concrete Foamed Concrete
Modulus of elasticity (MPa) 28000 16000
Poisson Ratio 0.2 0.25

Concrete's quasi-brittle nature means it responds differently to compressive and tensile stresses,
typically being much stronger in compression than in tension. This requires careful consideration
in modelling to capture these differences accurately. Using C3D8 elements, which are 8-node
linear brick elements, is appropriate for capturing the three-dimensional stress state in concrete
structures (Bathe, 1996). These elements effectively represent the material's response to loading
conditions, accounting for the non-uniform stress distributions that typically occur in concrete.
Developing a finite element model to study the behaviour of concrete is inherently challenging

due to its heterogeneous nature and complex fracture mechanics. However, employing appropriate
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material models and element types, such as the linear elastic model with C3D8 elements, facilitates
a more accurate simulation of concrete behaviour under different loading scenarios. This approach
allows for a detailed analysis of stress distributions and deformation patterns, which are critical

for assessing the structural integrity and performance of concrete elements (Neville, 1995).

7.4.4 Load Stepping Using (ABAQUS)

In the analysis of a 400x400x50 mm concrete mortar slab using ABAQUS, proper load stepping
is essential to ensure accurate results, especially when dealing with material behaviour. Linear
analysis was used in this study; the application of load increments still plays a crucial role in
achieving a stable and reliable solution. In ABAQUS, automatic time stepping controls the size of
load increments throughout the analysis. The initial increment size in this study was set to 0.001,
providing a balanced starting point that helps capture the slab's initial response to the applied load.
As the analysis progresses, if the solution behaviour remains stable. ABAQUS increases the load
increment size up to a maximum of 0.01. This increment increase allows the analysis to proceed
more quickly when the response is smooth and linear, thereby improving computational
effectiveness. The minimum increment size was set to 1E-015, ensuring that even the smallest
necessary steps can be taken to maintain accuracy.

The overall period for the analysis was defined as 0.1, with a maximum of 100,000 increments
allowed. This setup ensures that the simulation has sufficient capacity to handle the load
application. By carefully managing load increments, ABAQUS helps ensure that the linear
analysis of the concrete mortar slab remains accurate and efficient, capturing the essential

structural response of the slab under the applied loads.

7.4.5 Method for Leaner Analysis Solution

n ABAQUS, linear analysis involves evaluating the structural response of a model under the
assumption that the stress-strain relationship is linear, meaning the material behaves elastically
and displacements are sufficiently small to disregard geometric nonlinearity. This type of analysis
is beneficial in preliminary design stages or when assessing structures under loads that do not
exceed the material's elastic limit. Two slabs, each measuring 400x400x50 mm, were examined
for this specific analysis. One slab was constructed from normal concrete mortar, known for its
high stiffness and density, typically around 2100 kg/m3. The other slab was made of foamed

concrete, which has a lower density of 1400 kg/m3 and is often used in applications where reduced
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weight is advantageous. However, it typically has lower stiffness than normal concrete. The
process begins by creating a 3D part in ABAQUS representing each slab as a simple rectangular
brick with the specified dimensions. ABAQUS, a widely used software for finite element analysis,
provides an extensive library of elements suitable for various structural analyses. For this linear
analysis, the slabs are discretised into finite elements using 3D solid elements like C3D8R, which
are 8-node linear elements with reduced integration. The C3D8R element is particularly effective
for linear analysis because it balances computational efficiency with accuracy by reducing
numerical integration to minimise the number of calculations required while still capturing the
essential behaviour of the material.

Using these elements accurately assesses how the slabs respond under load, including the
distribution of stress and strain throughout the material. The choice of element type and the linear
assumption is critical for ensuring that the model accurately reflects the behaviour of the actual
structure under the applied loads; this approach is widely validated in structural engineering
practices, making it a reliable method for the initial design and analysis phases, mainly when

working with homogeneous materials like concrete.

7.4.6 Element Types in ABAQUS

ABAQUS offers a broad, versatile element library to address various engineering problems. Each
element in ABAQUS is designated by a unique name that reflects its characteristics, such as
dimensionality, node configuration, and specific features. For instance, elements like C3D8R,
S4R, T2D2, or C3D8I are commonly used, each serving different modelling needs. The naming
convention typically indicates whether the element is a continuum (C), a shell (S), a truss (T), and
so on, followed by details about the number of nodes, integration scheme, and any additional
special attributes (like reduced integration, indicated by "R").

7.4.7 Concrete Modelling
Depending on whether the model is 2D or 3D, different element types are utilised when modelling
foamed concrete slabs in ABAQUS.

1. 2D Models: For 2D simulations, a four-node element is typically employed. This element
type has two degrees of freedom at each node, corresponding to translations in the x and y
directions. These elements can capture complex behaviours such as plastic deformation, cracking,

and crushing, which are essential for accurately modelling the behaviour of concrete under various
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loading conditions. This element type's geometry and node locations are crucial for ensuring that
the simulation can effectively predict the structural response. These 2D elements are beneficial in
scenarios where out-of-plane stresses and displacements are negligible or where a simplified
analysis is sufficient. The node positions and geometry for this element type are depicted in Figure
7-10a.

2. 3D Models: In 3D simulations, an eight-node linear brick element is commonly used. This type
of the element, such as C3D8 in ABAQUS, has three degrees of freedom at each node,
corresponding to translations in the X, y, and z directions. These elements are more robust and
versatile, capable of simulating the full three-dimensional behaviour of concrete structures,
including complex phenomena like plastic deformation, cracking, and crushing. The ability to
model these behaviours in 3D is crucial for more accurate and realistic simulations, particularly
when dealing with complex geometries or loading conditions that induce stresses and deformations
in all three spatial dimensions. The node positions and geometry for this 3D element type are

shown in Figure 7-10b.

. .4— Node

Element

Figure 7-10: ((a) Plane Stress Quadrilateral Four-Node Element, (b) Eight-Node Linear Brick

Element

The choice between 2D and 3D elements depends on the specific requirements of the analysis,
including the level of detail needed and the computational resources available. While 2D models
can provide valuable insights with lower computational cost, 3D models offer a more
comprehensive understanding of the structural behaviour, particularly for complex or highly

loaded concrete structures like foamed concrete beams.
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7.4.8 Embedded Model

Embedded Model for a Concrete Mortar Slab Without Reinforcement in ABAQUS. In the context
of finite element analysis (FEA) using ABAQUS, the concept of an "embedded model" typically
refers to situations where reinforcement (such as rebar) is embedded within a host material like
concrete. However, the term "embedded model™ does not apply directly to a concrete mortar slab
with no reinforcement involved. Instead, the analysis models the slab as a homogeneous, solid
body.

When using the ABAQUES student version, it’s essential to be aware of the limitations imposed by
the software, particularly the maximum number of nodes allowed in a model. The student version
of ABAQUS restricts models to a maximum of 1,000 nodes. This limitation affects the complexity
and size of the models that can be created, and careful consideration is required when setting up
finite element analyses, especially for detailed 3D models. See Figure 7-11 for how this model
would be set up and analysed in ABAQUS.

Figure 7-11: Embedded Formulations for Concrete Mortar

Next, the material properties of the slabs are defined. For the normal concrete mortar slab,
properties include Young's Modulus, which represents the stiffness of the concrete, typically
ranging between 15,000 MPa to 30,000 MPa, and Poisson’s Ratio, typically between 0.2 and 0.3
for concrete, representing the ratio of lateral strain to axial strain. The normal mortar concrete
slab's density is 2100 kg/m3. For the foamed concrete slab, the density is defined as 1400 kg/m3,
with appropriate adjustments to Young's Modulus to reflect the reduced stiffness of foamed
concrete compared to normal concrete. The initial components of Finite Element Modelling are

geometry definition, material properties assignment, mesh generation, boundary conditions,
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analysis setup, solution, and post-processing. Figure 7:12 represents a step-by-step method for

performing such an analysis.
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(3D Model)

v

Pre-processing:

> Element type
> Material properties

> Partitioning

v

Meshing

v

Boundary condition
and loading

v

Solver setup, Running
the analysis

v

Post- processing,
Visualisation

v

Validation and
Optimisation

v

Documentation

Error check

Re-Design

AAAAANA AN

VAYAYAVAVAVAVAY,

Figure 7-12: Step-by-Step Process in ABAQUS Simulation

Boundary conditions and loading are then applied to each slab model. Loading conditions might
include a uniform pressure or a concentrated force at specific points, such as mid-span for bending
analysis. The load magnitude must remain within the material's elastic limit to ensure the analysis
remains valid under linear behaviour. A linear static analysis step is then defined in ABAQUS,

where the loading is assumed to be applied gradually, and the structure responds immediately
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without time-dependent effects. Load stepping in linear analysis is straightforward, with ABAQUS
applying the load incrementally. However, the increments are typically more prominent than in
nonlinear analysis due to easier convergence in linear systems.

The solver for linear static analysis in ABAQUS is direct, solving the matrix equations, which is
feasible given the manageable problem size. Once all the steps are defined, the analysis is
submitted as a job in ABAQUS, where the software processes the input data and solves the
equilibrium equations to calculate the stress, strain, and displacement fields within each slab.
Outputs such as displacements, reaction forces, and stress distributions can be requested to

evaluate the slabs' performance under the applied load.

749 Geometry

In the beginning, the geometry of the slab is defined within ABAQUS as a 3D solid part with
dimensions 400x400x50 mm. This rectangular block represents the entire slab of concrete mortar.
The next step involves defining the material properties of the concrete mortar. Key properties
include Young's Modulus, which reflects the stiffness of the material, typically ranging between
6,000 MPa to 30,000 MPa for mortar concrete, and Poisson's Ratio, usually between 0.2 and 0.3.
See Figure 7-13 for the geometry of the slab using FEM.

The density of the material is also crucial, with normal mortar concrete typically having a density
of 2100 kg/m3 and foamed concrete having a density of 1400 kg/m3. Through meshing, the
geometry is divided into more minor elements, resulting in the formation of a finite element mesh.
The mesh density is selected to represent the system's behaviour accurately.

To start, open Abaqus and navigate to the 'Part' module to create a new part. Set the part type to
3D, the geometric shape to 'Deformable’, and the base feature to 'Solid'. In the 'Create Part' dialogue
box, set the approximate size to 500 mm to comfortably fit the slab dimensions. Proceed to the
sketcher, select the rectangular tool, and draw a rectangle with precise dimensions of 400 mm x
400 mm using the dimension tool. Once the sketch is complete, click 'Done’. In the 'Create Part:
Extrude’ dialogue box, set the extrusion depth to 50 mm and confirm to create the 3D solid part
representing the slab. Ensuring the geometry is clean and free from defects such as small edges,
faces, or slivers is crucial to avoid complications during meshing.

Next, the geometry is visualised by rotating and zooming in to confirm that the dimensions are
precisely 400 mm x 400 mm x 50 mm using the measure tool. For linear analysis, it’s essential to

have finer mesh control in critical areas. Consider partitioning the geometry using the 'Partition’
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tool to divide the slab into smaller sections, which can help manage mesh density more effectively.
This step is critical in nonlinear analysis where higher stress and strain distribution accuracy is
required. Regularly save your model to prevent data loss. Ensuring the geometry is accurately
created, cleaned, and adequately partitioned establishes a robust foundation for the meshing
process, reducing potential errors and enhancing the quality and accuracy of your nonlinear finite

element analysis.

)2

25 simuin

Figure 7-13: Solar Prototype Geometry

7.4.10 Loading and Boundary Conditions

The beams were subjected to a three-point bending test to evaluate their performance under load.
For the finite element model (FEM) setup, the conditions were designed to replicate the
experimental testing of the slab. Two supports were pinned, and a roller support was placed 50
mm from each end of the slab. The system's constraints and loading are defined by boundary
conditions, which include boundary conditions, applied forces, and fixed supports. The type of
boundary conditions and constraints applied to the geometry are illustrated in Figure 7-13.

1. Boundary Conditions
Once the slab is meshed, boundary conditions must be applied to simulate how the slab is
supported in reality. For example, if the slab is supported on its edges, you would apply constraints

that prevent vertical displacement (translation in the Z direction) while allowing rotation.
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Alternatively, if the slab is fixed, all degrees of freedom at the support points would be constrained.
The next step involves applying the load. This could be a uniform pressure across the slab's top
surface to simulate a distributed load or a point load applied at the centre to simulate a concentrated

load, such as a column or a heavy object.

Figure 7-14: Boundary Conditions of the Solar Slab

After preparing the geometry, the next crucial step in finite element analysis (FEA) is accurately
defining the boundary conditions. This step ensures that the model's constraints and supports
mimic real-world conditions. Two supports were modelled as pinned supports, allowing rotation
but resisting translational movements in all directions. These supports were positioned 50 mm
from both ends of the slab. Additionally, roller support was applied at specific points on the slab,
constraining vertical movement while permitting horizontal displacement. If symmetry conditions

are applicable, they can be used to reduce the model size and computational effort by constraining

212



CHAPTER 7

displacement and rotation along the plane of symmetry. Other constraints and interactions, such
as tying different parts of the model together, ensure that the slab behaves as a single unit under
loading conditions.

2. Loading Application

Regarding loading, forces were applied at the midpoint of the span length between the supports,
as depicted in Figure 7-14. This setup ensures that the loading conditions in the FEM closely mimic
those used in the experimental tests. To simulate the experimental loading conditions, a loading
rate of 300 N/sec was applied, reflecting the actual rate used during the tests. This consistent
approach helps accurately capture the slab's behaviour under load, providing reliable data for
analysis and comparison.

By carefully defining the boundary conditions and applying the loads in a controlled manner, the
finite element model can accurately simulate the real-world behaviour of the slab under three-point
bending. This precise setup is crucial for obtaining meaningful and reliable results from the FEA,
allowing for a thorough analysis and validation against experimental data. The same applied load
rate of 300 N/sec was implemented for both the experimental and numerical simulations to ensure
consistency and comparability between the two methods. In the experimental setup, a load of 300
N was applied to the slab every second. This identical loading rate was precisely replicated in the
ABAQUS numerical simulation. By maintaining the same loading rate in both scenarios, the
numerical results accurately reflect the experimental test conditions, allowing for a direct and

reliable comparison of the slab's behaviour under load.

7.4.11 Meshing

After defining the geometry and material properties, the slab must be discretised into finite
elements. In ABAQUS, 3D solid elements such as C3D8R (an 8-node linear brick element with
reduced integration) are commonly used for this purpose. The meshing process involves dividing
the slab into smaller components, which will be used to calculate the stress, strain, and
displacement fields during the analysis. The mesh size should be chosen based on the desired
accuracy, with a finer mesh providing more detailed results at the cost of increased computational
resources.

After defining the geometry and boundary conditions, the next critical step is meshing the model.

Meshing divides the geometry into smaller elements that can be analysed. In Abaqus, this process
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begins with selecting an appropriate mesh type and element size to balance accuracy and
computational efficiency. For the slab with dimensions 400 x 400 x 50 mm, a structured mesh is
ideal due to its regularity and control over element quality. The element size should be fine enough

to capture stress gradients accurately, especially around supports and load application points.

-

Figure 7-15: Meshing of the Slab Base Model

Mesh controls are applied to ensure uniformity and quality, focusing on critical areas where high
stress or strain is expected. For nonlinear analysis, a finer mesh is particularly important to capture
the detailed behaviour of the material under load. Abaqus provides tools to check mesh quality,
such as aspect ratio and skewness, to ensure that elements meet the required standards. Poor-
quality elements can lead to inaccurate results and convergence issues, so it’s essential to refine
the mesh iteratively. Once the mesh is generated, it should be visually inspected and adjusted if

necessary, ensuring it meets the criteria for a successful analysis. This meticulous approach to
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meshing is vital for obtaining reliable and precise results in finite element analysis. See Figure 7-

15 for mashing the slab.

7.5 Summary

The solar walkable slab base was produced using six design mixes, incorporating various recycled
materials, including foundry sand, polystyrene, recycled tyre fibres, and superplasticiser. A total
of 18 slabs were created (three slabs per mix) using foamed concrete-based material, with
dimensions of 400mm x 400mm x 50mm. The slabs were cast in plywood moulds, cured for 24
hours, carefully de-moulded to prevent damage, and placed in a curing tank for extended curing.
Mechanical testing will follow, assessing flexural strength to evaluate their performance in real-
world conditions.

In the numerical design phase, the slab's geometry was defined, and its material properties were
assigned in ABAQUS. After setting up boundary and loading conditions, the slab was meshed
using linear elements, breaking the model into smaller parts for detailed analysis. A linear static
analysis was prepared to study the slab's response under various loads, ensuring the mesh was fine-
tuned for accuracy. The analysis results, along with experimental testing, will be presented and

assessed in Chapter 8.
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Chapter 8: Experimental and Numerical Results and Discussion

8.1 Introduction

This chapter focuses on the comprehensive mechanical evaluation of solar walkable pavement
slabs, combining experimental testing and numerical modelling to assess their performance. The
chapter is structured into two phases: the Experimental Prototype Analysis and the Numerical
Prototype Analysis using ABAQUS. The primary goal is to compare the load-deflection behaviour
of the slabs across different design prototypes, highlighting their structural performance and
identifying key trends.

In the first phase, experimental results from physical testing are presented, demonstrating the slabs'
behaviour under various loading conditions. The second phase involves a detailed numerical
analysis using finite element modelling in ABAQUS, focusing on simulating the load-deflection
behaviour of the slabs. While the deflection results are directly compared between experimental
and numerical findings, a separate stress-strain analysis is also conducted numerically. This
provides additional insights into the slabs' mechanical properties, although no direct experimental
comparison is made for stress analysis.

The close alignment of the experimental and numerical deflection results validates the accuracy of
the numerical model, offering valuable insights into the overall structural integrity of the slabs. By
combining both methods, this chapter provides a detailed understanding of the performance,
durability, and practicality of integrating solar technology into walkable pavement slabs.

8.2 Experimental Results and Discussion

Following the experimental design, the experimental results provided valuable insights into the
behaviour of the solar walkable slabs. The results focus on load-deflection curves, mechanical
properties, and the overall performance of the different design prototypes. The discussion
compares the flexural strength of the slabs, highlighting the impact of the recycled materials used
in each design mix. Further analysis reveals the relative performance of foamed concrete versus
traditional concrete mortar mixes. Table 8-1 presents the experimental outcomes for solid slab
bases fabricated from various recycled materials as part of this study. The table indicates the
flexural result of the slabs as each recycled material brings its unique characteristics to the solid

slab.
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Figure 8-1 provides a graphical representation of the behaviour of these materials under test
conditions. The graph plots critical performance indicators like flexural strength against each type
of recycled material used. According to the finding, and can be seen in Figure 8-1, the control slab
with normal foamed concrete mortar demonstrated a maximum applied load of 5.48 kN with a
corresponding deflection of 1.7 mm. This result is a baseline for comparison with the modified
foamed concrete slabs. The control sample's relatively high load-bearing capacity and moderate
deflection indicate a balanced stiffness and ductility, making it suitable for general structural
applications.

The NFC slab, which represents standard foamed concrete without any special modifications,
displayed a slightly lower maximum applied load of 4.2 kN and a deflection of 1.39 mm.
Compared to the control slab, the NFC slab reduces load capacity and deflection, reflecting its
slightly lower stiffness and strength. The decrease in performance could be recognised by the
inherent properties of NFC, which typically have a lower density and strength than normal foamed

concrete mortar.

Table 8-1: Flexural Strength and Deflections of Slabs

Foamed Material Maximum Maximum Note
Concrete Replacement Applied Deflection
Design Mix or Addition Load (kN)
Material (%) Density (mm) Description
type 1400,
(kg/m”3)
Control 0 5.48 1.7 Normal mortar density = 2160,
(kg/m”3)
NFC 0 4.2 1.39 Normal Foamed concrete
WSF 50 4.1 1.35 Replaced with normal sand (Mass)
PO 10 3.9 13 Replaced to the mortar cube by
(Volume)
RSTF 1 4.58 1.69 1% of the cement amount added
(Mass)
SPs 1 4.56 1.46 1% of the cement amount added
(Mass)

The slab with 50% waste foundry sand (WFS) replacing normal sand showed a maximum applied
load of 4.1 kN and a deflection of 1.35 mm. These results are very close to those of the NFC slab,
indicating that replacing half of the normal sand with WFS does not significantly degrade the

mechanical performance of the slab. The deflection is slightly less than that of the NFC slab,
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suggesting a marginal increase in stiffness, likely due to the different particle characteristics of
WES compared to normal sand. However, the slight reduction in load capacity indicates that the
WES replacement still impacts the overall strength of the slab.

The slab containing 10% polystyrene replacement by volume showed a maximum applied load of
3.9 kN with a deflection of 1.3 mm. This slab demonstrated the lowest load-bearing capacity
among the tested samples, indicating that the inclusion of polystyrene significantly reduces the
slab's strength. The lower deflection, however, suggests that the slab is relatively stiff, possibly
due to the polystyrene's influence on the matrix structure, which reduces its ability to deform under
load. This increased stiffness, combined with reduced strength, points to a more brittle behaviour,

where the slab can withstand less load before failing.
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Figure 8-1: Experimental Results for Concrete Slab

Adding 1% recycled steel tyre fibre to the cement ratio resulted in a slab with a maximum applied
load of 4.58 kN and a deflection of 1.69 mm. This slab demonstrated enhanced performance
compared to the NFC and WFS-replaced slabs, with an increased load-bearing capacity close to
that of the control sample. The deflection was also close to the control's, suggesting that the steel
fibres contribute significantly to both strength and ductility. The fibres likely help bridge micro-
cracks and distribute stress more evenly across the slab, which enhances both stiffness and load-
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bearing capacity without compromising flexibility. Figure 8-2 displays the slabs under applied
load through the hydraulic machine.

The slab with 1% superplasticiser added to the cement mix showed a maximum applied load of
4.56 kN and a deflection of 1.46 mm. The performance of this slab is similar to that of the slab
with steel fibres, indicating that the superplasticizer enhances the slab's workability and density,
leading to improved strength and stiffness. The slightly lower deflection compared to the control
suggests that the superplasticiser increases the material's resistance to deformation under load,
contributing to a more rigid slab that can still bear a substantial load before failure.

Comparing these slabs, the control slab made with normal foamed concrete mortar displayed the
highest load-bearing capacity, indicating that the unmodified material performs best under load.
The NFC slab, with slightly lower performance, still serves as a strong baseline but is outperformed
by the slabs incorporating recycled steel tyre fibres and superplasticiser, which approach the

control slab's load capacity and deflection performance.

Figure 8-2: Flexural Test Under Universal Testing Machine (UTM)

The slabs with waste foundry sand and polystyrene replacements show reduced performance, with
the polystyrene slab being the weakest in load capacity. However, both replacements lead to stiffer
slabs with lower deflections, indicating a compromise between strength and stiffness that must be
considered depending on the intended application. The WFS replacement, while reducing strength
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slightly, maintains a good balance of stiffness and load capacity, making it a viable alternative
where cost or sustainability considerations are vital.

According to Amran, Farzadnia, and Ali, (2015), the brittleness of foamed concrete can be
somewhat controlled by adjusting the mix's density and composition. Adding fibres or other
reinforcing materials can improve ductility to some extent, allowing the foamed concrete to absorb

and dissipate energy more effectively before failure.

8.3 Numerical Validation

This phase is dedicated to analysing the flexural behaviour of both regular and foamed concrete
slabs, focusing on their deflection and failure modes under various loading conditions. The
experimental work conducted in the lab provided essential data on load-deflection characteristics,
which were subsequently compared with results from finite element analysis (FEA) simulations
using ABAQUS. This comparison is a critical step in validating the accuracy of the numerical
model, ensuring that it can reliably predict the real-world behaviour of concrete slabs under load.
The study highlights the significance of understanding the load-deflection relationship in concrete
slabs, which is crucial from a serviceability standpoint. By examining how these slabs respond to
bending stresses, the research provides valuable insights into the performance and safety of
concrete structures under different loading scenarios. The slabs were subjected to a three-point
load test, and the deflections observed in these tests were meticulously compared with those
predicted by the FEA model.

The chapter presents and analyses the deflection data and includes graphical representations of
load-deflection curves for various types of concrete mixes. It also discusses the finite element
analysis model used in the simulations, detailing the software, assumptions, and parameters
employed. The comparative analysis between experimental deflection data and numerical
simulation results demonstrates the accuracy and reliability of the FEA model, reinforcing its value

in structural engineering research and practical applications.

8.3.1 Linear Analysis Method

Linear analysis for a concrete slab, such as the 400x400x50 mm mortar concrete slab and foamed
concrete, refers to a finite element analysis (FEA) method where the material behaviour is assumed
to be linear elastic. This means that the relationship between stress and strain in the material is

directly proportional, following Hooke’s Law. In this analysis, the slab is subjected to loads, and
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the resulting stresses, strains, and displacements are computed under the assumption that the
material will return to its original shape once the loads are removed without any permanent
deformation. This type of analysis is typically used for developments where the applied loads are
relatively small, and the material does not experience significant cracking, plastic deformation, or
other nonlinear behaviours. Figure 8:3 brief steps of the leaner methods for the provided slabs
details.

In the context of ABAQUS, a linear analysis involves creating a model of the slab with defined
material properties like Young’s modulus and Poisson’s ratio, which are constants that describe
the stiffness and compressibility of the mortar concrete.

The slab is then meshed into smaller finite elements, and boundary conditions, such as fixed
supports, are applied to simulate how the slab is held in place. Loads are applied to the model, and
the software solves the equations governing the material's response to these loads. The results
provide insight into the slab’s behaviour, including the distribution of stress and strain, the
displacement of the slab under load, and the reaction forces at supports. This analysis is crucial in
understanding how the slab will perform under service loads, ensuring it can safely support the

applied forces without excessive deformation or failure.

8.3.2 Load Deflection Analysis

The ultimate load for the normal concrete slab was 5.6 kN, while the foamed concrete contained
50% of the waste foundry sand of the slab could withstand 4.1 kKN. These loads were used in
ABAQUS simulations to analyse the deflection of the slabs under the applied loads. The numerical
results from the ABAQUS simulations indicated that the normal concrete slab experienced a
deflection of 1.55 mm, while the foamed concrete slab showed a deflection of 1.2 mm under the
same loading conditions, see Figure 8-3. These numerical deflection results will now be compared
with the deflection results obtained from experimental tests conducted under the same loading
conditions. This comparison is crucial for validating the accuracy and reliability of the numerical
model used in the ABAQUS simulations, ensuring that the model accurately represents the real-
world behaviour of both types of concrete slabs.

The deflection results from the ABAQUS simulations indicate that the normal concrete slab
demonstrated slightly more deflection than the foamed concrete slab. This outcome is somewhat
expected, as normal concrete generally has higher stiffness compared to foamed concrete. The

difference in deflection (1.55 mm vs. 1.2 mm) suggests that while foamed concrete is less stiff
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than normal concrete, the difference in their deflections under similar loading conditions is
relatively small. This might imply that the foamed concrete slab, despite its lower density and
stiffness, still performs comparably well in terms of deflection when subjected to the same load.

U, Magnitude

z 008: Job-2.0cb  Abaqus/Standard Leaming Edition 2022  Fn Feb 21 15:24:43 GMT Standard Time 2025 a

Deformed Var; U Deformation Scale Factor; +2.632e400

z ODB: Job-2.00b  Abaqus/Standerd Leaming Edition 2022 Fri Feb 21 15:48:29 GMIT Stendard Time 2025 b

Step: Step-1
X Increment 1:StepTime = 1.000
Primary Var: U, Magnit
Deformed Var; U Deformation Scale Factor: +3.418e400

Figure 8-3: Solar Slab Deflection Analysis — (a) Normal Concrete Mortar, (b) Foamed Concrete

The ultimate load capacities of 5.6 kN for the normal concrete and 4.1 kN for the foamed concrete
also reflect the inherent differences in material properties between the two types of concrete.
Normal concrete, being denser and more robust, can carry a slightly higher load before failure.
However, the foamed concrete, while lighter, still demonstrates a significant load-bearing capacity,
making it a potentially viable option in applications where weight reduction is crucial. Figures 8-
4a and 8-4b only present the deflection of the slab from a different angle with the same applied
load.
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Figure 8-4: Solar Slab Deflection Analysis Presented from Different Angles

8.3.3 Deflection Comparison

The analysis and comparison of the numerical and experimental results for the two concrete slabs,
one constructed from normal concrete (NC) and the other from foamed concrete containing 50%
waste foundry sand (wfs), revealed interesting findings see Figures 8-5 and 8-6. According to the
ABAQUS simulation, the deflections under load were calculated as 1.55 mm for the normal
concrete slab and 1.2 mm for the foamed concrete slab. On the other hand, experimental data
indicated slightly higher deflections, measuring 1.74 mm for the normal concrete and 1.36 mm for
the foamed concrete made with 50% waste foundry sand.

The experimental results highlight a closer deflection response between the two materials, with
only a 0.38 mm difference between the NC slab's deflection (1.74 mm) and the FC with the waste

foundry sand slab's deflection (1.36 mm). This further supports the idea that using foamed concrete
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with 50% WEFS as a sustainable alternative to normal concrete does not drastically compromise

the slab's structural performance in terms of deflection.

Applied Load (kN)

0 0.2 04 0.6 0.8 1 1.2 14 1.6 138 2

Deflection (mm)

Figure 8-5: Experimental Comparison of the Control Slab and the Slab with 50% WFS

When comparing numerical and experimental results, the experimental deflections were slightly
higher than the numerical predictions. For the NC slab, the experimental deflection was 1.74 mm
compared to the simulated 1.55 mm, resulting in a difference of 0.19 mm. Similarly, the FC slab
contained 50% of (wfs) experimental deflection at 1.36 mm, slightly exceeding the numerical
result of 1.2 mm by 0.16 mm. These differences, although minor, indicate that the numerical model
provides a reasonably accurate approximation of real-world behaviour, though factors such as
material imperfections or boundary conditions in the experimental setup may contribute to the
higher deflections observed in practice. See Figures 8-6 and 8-7 for the comparison between

experimental and numerical definitions.
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Figure 8-6: ABAQUS vs Experimental Analysis for Control Sample
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Figure 8-7: ABAQUS vs Experimental Analysis for Sample Made with WFS

The comparison between experimental and numerical results validates the ABAQUS model as a
reasonably accurate tool for predicting NC and FC slab deflection. The minor discrepancies
between the two suggest that the model could be fine-tuned with further refinement to account for
the minor experimental variations. Ultimately, the findings indicate that foamed concrete, despite
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its lower stiffness, is a viable alternative to normal concrete. It offers similar structural performance

while contributing to sustainability by incorporating recycled materials.

Load (kN)

Control - Experement
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(1]
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Deflection {(mm)

Figure 8-8: ABAQUS vs Experimental Analysis Comparison

8.3.4 Stress and Strain of Concrete Slabs

Understanding the stress and strain responses of concrete slabs under various loading conditions
is pivotal in structural engineering. This analysis aims to provide an overview of the stress-strain
behaviour of normal concrete (NC) and foamed concrete (FC) slabs, particularly focusing on their

flexural performance.

8.3.4.1 Stress

Stress analysis involves determining the internal forces that develop within a material in response
to external loading. The bending stresses occur due to the applied loads for the concrete slabs
studied. For a normal concrete slab, the applied load of 5.6 kN demonstrated bending stresses
concentrated at the mid-span, where the load was applied. The stress distribution across the cross-
section of the slab showed that the maximum tensile stress occurred at the bottom fibre, while the
maximum compressive stress was observed at the top fibre. Similar stress distribution patterns for
the foamed concrete slab were observed under an applied load of 4.1 kN. However, due to the
lower modulus of elasticity of the foamed concrete, the stresses were less compared to a normal

concrete slab.
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Figure 8-9: Numerical Stress Value, (a) Normal Concrete Slab, (b) Foamed Concrete Slab

The bending stresses observed in both the normal concrete slab and the foamed concrete slab,
despite being different in magnitude (6.13 MPa for the normal concrete slab and 5.25 MPa for the
foamed concrete slab), could be considered negligible due to the overall setting of the load
conditions. Given the relatively low applied loads of 5.6 kN for the normal concrete and 4.1 kN
for the foamed concrete, the resulting bending stresses, though measurable, are not significant
enough to cause substantial deformation or failure in either slab.

In structural applications where the bending stresses are well below the material's yield strength,

these stresses are often considered negligible because they do not compromise the structural
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integrity or performance of the slabs. Therefore, the minor bending stresses in both slabs under
these specific loading conditions suggest that both materials can safely support the applied loads
without experiencing significant bending-related issues. See Figure 8-9 for the bending stees of

both slabs made with normal concrete mortar (NC) and foamed concrete (FC).

8.3.4.2 Strain

Strain analysis provides insight into the deformation characteristics of the material under loading.
Strains were measured at various points along the slab's length to capture flexural behaviour
accurately. The strain distribution for the normal concrete slab showed higher values at the mid-
span, corresponding to the regions of maximum deflection. The strain values indicated the extent
of deformation the slab underwent, validating the slab's flexural rigidity. The foamed concrete slab
displayed a more uniform strain distribution along its length. The lower modulus of elasticity
resulted in higher strains for a given load than normal concrete, reflecting the material's increased
flexibility and lower stiffness. See Figure 8-9a and 8-9b for both slab's strain values.

The strain values recorded from the ABAQUS simulation for the concrete slabs under different
applied load levels were 0.043 and 0.033. Since strain is a dimensionless quantity, these values
represent the deformation ratio to the material's original length. A strain value of 0.043 indicates
that the material has undergone a deformation of 4.3% of its original length, while 0.033 indicates
a 3.3% deformation. Both values suggest minor strain, which is likely negligible in the overall
structural performance. However, as shown in Figure 8-10b, slight stress caused by the pressure
applied was observed at the bottom of the middle span in both slabs made with normal mortar and
foamed concrete. This minor stress reflects localised areas of strain, but given the overall low strain

values, this effect is not expected to affect the structural integrity of the slab significantly.
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Figure 8-10: Numerical Strain Value, (a) Normal Concrete Mortar, (b)Foamed Concrete

8.4 Rationale for Selecting a Slab with 50% Waste Foundry Sand

The decision to select the slab made from 50% waste foundry sand for the final product is based
on several compelling reasons that align with both academic research and sustainability purposes.
First and foremost, waste foundry sand (WFS) provides an economically viable and
environmentally friendly alternative to traditional sand. Foundry sand is a by-product of the metal
casting industry, and its use in concrete significantly reduces the demand for natural sand, thereby

addressing the growing issue of sand depletion in construction. Reusing industrial waste
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contributes to sustainable construction practices and minimises the environmental footprint of the
final product.

From a mechanical performance perspective, the experimental results demonstrated that the slab
incorporating 50% WFS maintained a suitable balance between strength and stiffness. Although
the load-bearing capacity was slightly lower than the control slab, it still provided sufficient
strength for practical applications, with minimal reduction in performance. The slightly increased
stiffness due to the particle characteristics of WFS contributed to a lower deflection than other
designs, making the slab ideal for use in applications where reduced deformation is critical.
Moreover, the choice of 50% WFS aligns with cost efficiency and material availability, as waste
foundry sand is readily accessible and often considered a waste product by industries. Utilising
WES in solar walkable slabs not only reduces material costs but also promotes circular economy
principles by converting waste into valuable construction material.

Finally, the use of WFS addresses a key research gap in the field of sustainable construction.
Incorporating recycled industrial materials such as WFS into concrete mixes has been studied, but
large-scale applications in solar pavement slabs remain relatively unexplored. This thesis not only
demonstrates the technical feasibility of using WFS but also contributes to the growing body of
knowledge on sustainable material integration in civil engineering, making the research both novel
and impactful in addressing contemporary environmental challenges.

In conclusion, the 50% WFS slab offers a robust, cost-effective, and sustainable solution for solar
walkable pavement slabs, combining mechanical performance, environmental benefits, and
sustainability goals. It stands out as the optimal choice for the final product in this research, with

significant implications for the future of green construction.

8.5 Summary

This chapter focused on the experimental and numerical analysis of solar walkable pavement slabs
incorporating various recycled materials. A total of 18 slabs, produced from six different design
mixes, were tested to assess their mechanical properties under different loading conditions. The
design mixes included combinations of waste foundry sand, polystyrene, recycled steel tyre fibres,
and superplasticizers, each contributing to the flexural, compressive, and tensile strength of the
slabs.

Through experimental testing, the slabs' load-deflection behaviour was evaluated, with the control

slab made of normal concrete mortar serving as a baseline for performance comparison. The
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numerical analysis using finite element analysis (FEA) in ABAQUS simulated the deflection
behaviour, with results closely matching the experimental data. The chapter concluded with a
comparative analysis of both experimental and numerical findings, confirming the validity of the

numerical model and providing insights into the structural integrity of the slabs.
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Chapter 9: Final Design and Evaluation of Solar Walkable Slab

9.1 Introduction

This chapter focuses on the final design of the solar walkable slab with concrete-based material,
incorporating both structural development and electrical analysis. The optimised slab design,
featuring 50% waste foundry sand (WFS), is now ready for installation and testing. The primary
goal is to assess the slab’s performance in terms of energy generation, structural integrity, and
overall user experience. Following the rigorous experimental and numerical analysis conducted in
previous chapters, this chapter presents the practical aspects of integrating the solar slab into real-
world conditions. The chapter also examines how the slab handles pedestrian loading,
environmental stresses, and power generation, paving the way for future applications of
sustainable, energy-generating pavements.

The final slab design represents the culmination of experimental investigations and material testing
aimed at developing a lightweight, durable, and energy-efficient walkable pavement solution.
Special attention was given to selecting the optimal mix design and ensuring compatibility between
structural and electrical components. The slab is designed to withstand not only pedestrian traffic
but also environmental factors such as moisture, temperature variations, and mechanical wear.
This final stage integrates structural performance with functional energy generation, creating a
product capable of supporting both load-bearing and power-generating functions.

The structural development process ensured that the slab could endure pedestrian traffic and
weather conditions while maintaining energy production efficiency. The electrical analysis
examines the slab’s solar power generation and the performance of the integrated electrical
components, such as photovoltaic cells, batteries, and LED lighting. The system's operational
efficiency is evaluated under varying environmental conditions, including summer and winter,
providing insights into the slab’s reliability and energy output. See Figure 9-1 for the complete
design of the solar table slab. Figure 9.1: Complete Final Product Made from Concrete-Based

Material — Solar Slab Design
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Figure 9-1: Final Product Solar Slab Design Made from Concrete-Based Material

9.2 Structural Development

The integration of solar technology into walkable pavement slabs presents a dual challenge.
creating a pedestrian-friendly surface while ensuring efficient energy generation. Structurally, the
slabs must withstand pedestrian loads, resist static and repeated stresses, and provide a safe surface
with adequate friction. Simultaneously, the surface must allow sunlight to penetrate the embedded
photovoltaic cells for energy conversion.

Achieving the right balance between surface texture for safety and transparency for solar efficiency
is key. The design employs a transparent protective layer cantilevered above the solar cells,
ensuring the layer is robust enough to prevent deflection and damage to the cells beneath. This
protective layer is also designed to be weatherproof, shielding the system from moisture and
contaminants while maintaining structural integrity.

On the electrical side, the slab integrates photovoltaic cells configured to convert solar energy into
electricity, which is stored in batteries and used to power LED lighting and other devices. The
development process involved iterative testing to ensure optimal integration of structural and
electrical components, with an emphasis on maximising energy transfer efficiency while
maintaining durability.

The second phase of the project focused on the electrical analysis, assessing the slab’s performance

in various environmental conditions, particularly during summer and winter. The analysis
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measured the current generated by the photovoltaic cells, battery performance, LED lighting
efficiency, and environmental factors such as temperature and humidity. The data collected from
these tests provided insights into the slab’s power generation capabilities and highlighted areas for
potential improvement.

The final assembly involved sealing the solar panel with a transparent top layer, followed by
thorough testing of the electrical connections to ensure functionality. After testing, the slab was
prepared for installation, including site preparation and drainage system installation, to ensure
long-term performance. This comprehensive approach ensured the final product met both
structural and electrical requirements, providing a viable and sustainable solution for solar
walkable pavement slabs. This chapter integrates both structural and electrical analyses, offering
a complete understanding of the slab's capabilities, durability, and energy generation potential.
The findings provide valuable insights into the slab’s load-deflection behaviour and electrical
performance, serving as a foundation for future developments in the field of solar-powered

infrastructure.

9.2.1 Material Analysis

In the material analysis phase, different materials were comprehensively evaluated to identify
those best suited for the solar pavement slab panel. Key considerations included mechanical
strength, elasticity, density, durability, sleep resistance and resistance to environmental factors
such as UV radiation and temperature fluctuations. The analysis focused on several materials:

9.2.2 Traditional Slab Analysis

A traditional pavement slab measuring 400x400x50mm typically weighs around 19-22 kg and is
made from a concrete mix comprising cement, sand, gravel, and water, sometimes with additives
to enhance durability according to Gurjar, A. & Chandak, R. (2013). These slabs generally have a
compressive strength ranging from 30 to 40 MPa, a flexural strength of 5 to 10 MPa, and a modulus
of elasticity typically around 15 to 20 GPa, with a density of approximately 2100 kg/m3. They are
designed to withstand freeze-thaw cycles, varying weather conditions, and pedestrian and vehicle
traffic, with good abrasion resistance and moderate chemical resistance. The surface finish can
vary, offering smooth, textured, and patterned options for aesthetic appeal and slip resistance.
These slabs are relatively easy to install and require minimal maintenance, making them suitable

for pedestrian pathways, patios, and areas with light vehicle loads such as bicycles and small carts,
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according to Neville, A.M. (2011). Table 9-1 details the compressive and flexural strength of

normal mortar concrete.

Table 9-1: Mechanical Properties of Traditional Slab Material (Neville, 2011)

Materials Compressive Flexural Young’s Density
Strength of Cube Strength of Modulus (GPa) | (kg/cm”3)
(MPa) Slab (MPa)
Normal Concrete 30-40 5-10 25-35 2180
Mortar

9.2.3 Mechanical and Functionality

Solar pavement slabs, particularly those measuring 400x400x50 mm, are designed to incorporate
both structural integrity and functionality. These slabs usually feature a base made of foamed
concrete and a top layer of acrylic plastic (Acrylic PPMA), with each material contributing to the
overall mechanical properties, including slip resistance—a critical factor for ensuring safety in
pedestrian areas. Foamed concrete provides a stable and durable foundation for the solar pavement
slab. Key mechanical properties include:

1. Density and Compressive Strength: Foamed concrete has a density of 1400 kg/m3 and a
compressive strength of a cube of 15.7 MPa; the flexural strength is 0.42 MPa for the current
manufactured slab, depending on the mixing ratio. This ensures the slab can support pedestrian
and light vehicular loads effectively (Jones & McCarthy, 2005).

2. Durability: Its resistance to freeze-thaw cycles and chemical attacks enhances the longevity
of the slabs, making them suitable for outdoor applications (Hilal et al., 2015).

3. Acrylic Top Layer: Acrylic plastic (Acrylic PPMA), derived from polymethyl methacrylate
(PMMA), serves as the protective top layer for the solar cells. This material is selected for its
mechanical properties, including:

4. Tensile Strength and Impact Resistance: Acrylic has a high tensile strength (around 70 MPa)
and good impact resistance, which protects solar cells from mechanical damage (Strong, 2006).

5. Transparency and UV Resistance: Acrylic's high transparency allows maximum light
transmission, while its UV resistance prevents degradation from sunlight exposure,
maintaining efficiency and longevity (Domininghaus, 2012).
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6. Scratch Resistance: Acrylic is resistant to scratches and abrasion, preserving the clarity and

functionality of the solar cells (Smith, 2003).

7. Slip Resistance: The slip resistance of the acrylic layer is crucial for safety. Acrylic can be

textured or treated with anti-slip coatings to improve traction, reducing the risk of slips and

falls, especially in wet conditions. Proper texturing and surface treatments can achieve high

slip resistance ratings, ensuring safe pedestrian use (Yildirim, 2016).

8. Impact Resistance: Acrylic is known for its excellent impact resistance, being about 17 times

more impact-resistant than glass of the same thickness.

The mechanical properties of solar pavement slabs, particularly with a foamed concrete base and

an acrylic top layer, are designed to ensure structural stability, durability, and safety. The foamed

concrete base provides a lightweight yet strong foundation with excellent thermal insulation, while

the acrylic top layer ensures protection for the solar cells with high transparency, UV resistance,

and enhanced slip resistance through texturing or coatings. These properties make solar pavement

slabs a practical and safe solution for integrating solar technology into pedestrian and light

vehicular pavements. Tables 9-2 and 9-3 indicated the compressive, flexural and impact resistance

of the foamed concrete and the top layer (acrylic plastic) materials.

Table 9-2: Mechanical Properties of the Current Solar Pavement Slab

Compressive Flexural Young’s Density [Transparency
Materials Strength of Strength of Modulus (kg/cm”3) (%)
Cube (MPa) Slab (MPa) (GPa)
Normal Concrete 31.1 2.52 25-35 2160
Mortar
Foamed Concrete 15.7 241 1-12 1400
Mortar
Acrylic Plastic 70-110 70 2.7-3.3 1180
Optical Clarity 92
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Table 9-3: Acrylic Plastic Technical Data (PPMA, Technical Datasheet)

Mechanical Properties

Tensile Strength (psi) 8,000 - 11,000
Tensile Modulus (psi) 350,000 - 500,000
Tensile Elongation at break (%) 2

Flexural Strength (psi) 12,000 - 17,000
Flexural Modulus (psi) 350,000 - 500,000
Compressive Strength (psi) 11,000 - 19,000
Compressive Modulus (psi) =

Hardness Rockwell M80 - M100

IZOD Notched Impact (ft-1b/in) 0.3

Thermal Properties

Coefficient of Thermal Expansion (x 10 in./in./°F) 5-9

Flammability Rating UL94 -

Heat DeflectionTemperature @264 (psi) 150-210 /7 65-100
Melting Temp (°F/°C) 265-285/130-140
Max Operating Temp (°F/°C) 150-200 / 65-93

9.2.4 Solar Pavement Slab Structural Design

The solar pavement slab design aims to innovate by utilising recycled materials to reduce product
cost and optimise self-weight while maintaining high performance. The slab fits seamlessly over
the structural base, ensuring pedestrian safety with adequate protection and an aesthetically
pleasing finish. This integration results in a robust, efficient, and sustainable product that leverages
advanced materials and intelligent design, providing reliable performance in diverse
environmental conditions. The structural design of the solar pavement slab comprises two primary
components: the structural model and the top layer. The structural model is engineered to provide
strength and durability, utilising recycled materials that offer both environmental benefits and cost
savings.

This model ensures that the slab can withstand various loads and impacts, making it suitable for
pedestrian traffic and other stresses. Together, these components form a solar pavement slab that
is not only structurally sound but also environmentally friendly. The use of recycled materials
minimises the carbon footprint, and the acrylic top layer provides long-lasting protection and
efficiency. This innovative design ensures that the solar pavement slab is a sustainable solution for

modern infrastructure, combining functionality, safety, and environmental consciousness.

9.2.5 Actual Prototype Design

The construction of the prototype was completed, and the electrical devices were prepared for
integration. Lab technician Mathew Garlic meticulously handled the connections, ensuring that all
electronic components were correctly wired and integrated. This step was crucial for validating
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the design and ensuring that the system could operate as intended. At the laboratory, various
simulation electric tests were conducted to verify that all devices were working perfectly and fit
for purpose. These tests confirmed that the components were accurately suited to each other and
functioned harmoniously within the prototype, ensuring the reliability and efficiency of the final
solar pavement slab. See Figure 9-2 for the electrical dives that are installed within the solar

pavement slab sample.

Figure 9-2: Installation of Electrical Devices onto the Concrete Base

The simulation tests included checking the performance of the battery, charger, control systems,
and LED strip light under various conditions to mimic real-world scenarios. An essential part of
these tests involved the built-in sensor that monitors daylight and darkness. This sensor is designed
to automatically turn on the LED lights when it gets dark and turn them off the next morning when
daylight appears. The tests verified that the sensor responded accurately to changes in light levels,
ensuring the LED lights were activated correctly in low light conditions and deactivated during
daylight, thereby optimising energy usage and ensuring consistent operation.

Additionally, detailed inspections were carried out to ensure that all connections were secure and
that there was no risk of short circuits or other electrical failures. This meticulous process not only
validated the design but also ensured that the prototype met all safety standards and performance
criteria. The successful completion of these tests and inspections demonstrated the robustness and

functionality of the solar pavement slab, paving the way for its application in real-world settings.
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9.2.5.1 OMEGA Data Logger Loggers

The OM-CP-VOLT101A is a versatile voltage data logger designed for precise monitoring and
recording of voltage levels over time. This device is particularly valuable in various industries
where accurate voltage measurements are crucial, such as in electrical systems, manufacturing
processes, and environmental monitoring. It can measure a wide range of voltages, making it
suitable for different applications. The OM-CP-VOLT101A is capable of recording voltages from
-2 V to 30 V, providing flexibility in monitoring various electrical systems. With an accuracy of
+0.1% of the reading and a resolution of 0.01 V, the data logger ensures precise and reliable voltage
measurements, which is essential for critical applications where even small deviations can be
significant.

The OM-CP-VOLTI101A features a substantial memory capacity, capable of storing up to
2,064,384 readings. This extensive storage allows for long-term monitoring without the need for
frequent data retrieval. The device is equipped with an easy-to-use software interface, enabling
users to configure the device, download data, and analyse the recorded voltage levels. The software
provides graphical and tabular data representations, facilitating a comprehensive analysis.
Powered by a long-life lithium battery, the data logger can operate for extended periods, reducing
the need for frequent maintenance. Its rugged construction ensures durability and reliable
performance even in harsh environments.

The OM-CRHTEMP101A is a compact and reliable data logger designed for monitoring and
recording humidity and temperature levels. This device is essential in environments where
maintaining specific climate conditions is critical, such as in laboratories, storage facilities, and
HVAC systems. The OM-CRHTEMP101A can simultaneously measure and record both humidity
and temperature, providing a comprehensive overview of the environmental conditions. This dual
functionality is crucial for applications where both parameters are interdependent. The data logger
ensures precise environmental monitoring with an accuracy of £3% RH for humidity and +0.5°C
for temperature. Accurate data is vital for maintaining optimal conditions in sensitive
environments.

The OM-CRHTEMP101A can store up to 1,000,000 readings, allowing for prolonged monitoring
periods without data loss. This feature is particularly useful for long-term studies and monitoring
projects. The device includes intuitive software for configuration, data retrieval, and analysis.

Users can easily view and analyse the recorded data, generating reports and graphs to assess
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environmental conditions. The data logger operates on a long-life lithium battery, ensuring
continuous operation for extended periods. Its compact and portable design makes it convenient
for deployment in various locations, providing flexibility in monitoring different environments.
Built to withstand challenging conditions, the OM-CRHTEMPZ101A is designed for durability and
consistent performance, ensuring reliable data collection even in demanding environments.

Both the OM-CP-VOLT101A voltage data logger and the OM-CRHTEMP101A humidity and
temperature data logger play crucial roles in monitoring and recording essential parameters in
various industrial and environmental applications. Their high accuracy, extensive data storage, and
user-friendly interfaces make them invaluable tools for ensuring optimal operation conditions and
maintaining the integrity of sensitive environments. Four OMEGA data loggers have been
strategically placed within a solar slab cavity to monitor various parameters in the setup. These
loggers are crucial for capturing the performance and environmental conditions inside the solar

slab, ensuring efficient operation and maintenance. See Figure 9-3 for the data logger devices.

1. Recording Solar Panel Voltages

The first OM-CP-VOLT101A data logger is used to monitor the voltage generated by the solar
panels from the sun during the day. This data logger captures the voltage output fluctuations as the
sunlight intensity varies throughout the day. By recording these voltage levels, it is possible to
assess the efficiency of the solar panels, identify peak performance periods, and detect any
anomalies or drops in performance which could indicate issues such as shading or panel

degradation.

2. Recording Charging Battery Voltages

The second OM-CP-VOLT101A data logger is dedicated to monitoring the voltages of the
charging batteries within the solar slab. This logger tracks the voltage levels as the batteries charge
and discharge. By analysing this data, one can determine the charging efficiency and the state of
charge (SOC) of the batteries and identify any potential problems with the charging system, such
as overcharging or undercharging, which could affect the overall lifespan and performance of the
batteries.

3. Recording LED Strip Light Voltages
The third OM-CP-VOLT101A data logger is set to record the voltage levels of the LED strip lights

embedded in the solar slab. This monitoring ensures that the LED lights receive the correct voltage,
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which is crucial for optimal performance and longevity. Fluctuations or deviations in the recorded
voltage can help diagnose issues such as wiring problems, power supply inconsistencies, or LED
strip failures. Figure 9-3 illustrates four data loggers installed within the solar panel cavity to

monitor the device's voltages and temperature & humidity
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Figure 9-3: Data Loggers for Voltage and Temperature/Humidity Monitoring

4. Recording Humidity and Temperature

The OM-CRHTEMP101A data logger is employed to monitor the humidity and temperature
within the cavity of the solar slab. This logger provides valuable data on how the environmental
conditions fluctuate within the slab. Understanding these fluctuations is essential for several

reasons:

e Performance Analysis: Temperature changes can affect the efficiency of the solar panels and
the batteries. Higher temperatures might reduce efficiency, while extreme conditions could
damage components.

e Moisture Control: Monitoring humidity is critical to preventing moisture buildup, which could
lead to corrosion or other damage to the electrical components.

e Thermal Management: By understanding temperature trends, better thermal management
systems can be designed to maintain optimal operating conditions for all components within

the solar slab.
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9.2.6 Solar Walkable Slabs Assembly

The diagram illustrates the final assembly of the solar walkable pavement design, showcasing how
various solar and electrical components are integrated into the system. The primary component is
the solar panel, which harvests solar energy during daylight hours and converts it into electrical
power. A charging regulator regulates this energy to ensure the battery is not overcharged. The
battery stores the electrical energy and provides power to the system during periods of low
sunlight, such as at night.

LED Sensor LED Strip Light
& |

Figure 9-4: Schematic Diagram Showing the Installation of Electrical Devices for Performance
Monitoring

A microcontroller is included in the system to manage the overall operations, including input from
the sensors and the control of the lighting system. The LED sensor detects environmental
conditions like temperature and humidity, providing data to the microcontroller for efficient
system management. The system also includes an LED strip light, which illuminates the pavement
slab at night or in low-light conditions, powered by the battery. Additionally, digital displays (DL)
are placed throughout the system to provide real-time voltage readings, allowing for easy

monitoring of the system’s performance.
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The lower section of the diagram shows images of the assembly process. Image (a) depicts the
testing of individual components, including the solar panel, battery, and microcontroller, ensuring
proper functionality before integration. Image (b) shows the prototype, where the components are
enclosed in the slab base for protection. Image (c) illustrates the final product, a fully integrated
solar pavement slab with LED lighting surrounding the solar panel. This design enables the
pavement slab to operate efficiently, using renewable solar energy to power the lights and manage
energy use sustainably. See Figure 9-4 for the solar walkable pavement slab assembly diagram.

9.2.7 Final Design of Solar Walkable Pavement Slab

The prototype construction of the product showcased in Figures 9-5 represents a fully developed,
self-contained solar pavement slab. It integrates advanced materials and smart design to harvest
and utilise solar energy efficiently. This innovative slab incorporates a range of integrated devices
into a cohesive unit, combining structural integrity with advanced energy management capabilities.
The construction involved meticulous planning to ensure seamless integration of all components.
The structural base includes a cavity designed to house the electronic components, such as the
battery, charger, control systems, and LED strip light, ensuring protection and efficient operation.
A key feature of the prototype is the anti-slip surface treatment, ensuring pedestrian safety even in
wet conditions. The top layer is made from durable, weather-resistant acrylic plastic, allowing
maximum sunlight to reach the solar cells for efficient energy harvesting while protecting the

underlying components.

Figure 9-5: Final Prototype Prepared for Testing
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The lab technician handled connections and integrations, ensuring all electronic components were
correctly wired. Various simulation electric tests were conducted in the laboratory to verify the
functionality and compatibility of all devices, including the sensor that automatically controls the
LED lights based on ambient light levels. The prototype is now entirely manufactured and ready
for user experience trials. The anti-slip solar pavement slab is designed to provide reliable and
efficient performance in real-world conditions. This thorough development and testing process
ensures that the final product is practical and innovative, ready to meet modern infrastructure

needs.

Figure 9-6: Solar Pavement Slab Placed for Testing in Leicester, UK

Figure 9-6 shows the solar pavement slab prototype installed for outdoor testing in Leicester, UK,
highlighting its performance across diverse environmental conditions. The top-left image depicts
the slab during the daytime, showcasing the integration of a photovoltaic panel with perimeter
LED lighting designed to harness solar energy and illuminate the slab during low-light conditions.
The top-right image demonstrates the slab’s functionality at night, with the LED lights activated
using energy stored from the solar panel, enhancing visibility and improving pedestrian safety.
The bottom-left image presents the slab embedded in an outdoor paved walkway, indicating its
compatibility with urban surfaces and its ability to withstand pedestrian loading. The bottom-right

image captures the slab partially covered in snow, emphasising its weather resistance and
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durability under winter conditions. These images collectively illustrate the slab’s year-round
functionality, structural resilience, and ability to generate and utilise renewable energy in real-
world applications. The testing phase validates the slab’s practical viability, demonstrating that it
can maintain both structural and electrical performance across varying environmental conditions,

supporting its potential adoption for sustainable pavement systems in urban and public spaces.

9.3 Phase 2: Electrical Analysis and Discussion

This phase explores the comprehensive electric analysis of the solar panel system on two separate
occasions, namely summer and winter. This analysis mainly focuses on the maximum current
obtained from solar radiation and the data logged by four specific instruments associated with the
system: the solar panel, battery, LED light, and an environmental data logger placed on the panel
to record temperature and humidity. The subsequent section explained the performance of the

devices that were installed within the solar panel over the summer to generate power.

9.3.1 Performance of the Solar Slab in Summer

The experimental setup involved attaching data loggers to various components of a solar panel
system to monitor and record critical performance and environmental parameters. Specifically,
data loggers were connected to the solar panel to measure voltage and current output, to the battery
to track its charging and discharging cycles, and to the LED light to record power consumption
and light output. Additionally, two data loggers were placed inside the panel cavity to measure
ambient humidity and temperature. The subsequent analysis of the recorded data focused on
evaluating the solar panel's efficiency, assessing battery performance, examining the LED light's
operational parameters, and understanding the impact of environmental conditions on the overall
system. This comprehensive analysis aimed to provide insights into the system's operational

efficiency, reliability, and potential areas for improvement.

9.3.2 Solar Panel Performance

The solar panel installed in the user's garden from August 26 to September 10 demonstrated
significant performance, as detailed in Figure 9-7 The panel specifications, rated at 9 watts and 6
volts, revealed an overcharge condition during the sunny days of this period, with the panel
consistently reaching a maximum voltage of 7.2 volts. This overcharging indicates that the solar
panel was highly efficient in converting sunlight into electrical energy, surpassing its nominal

voltage rating due to the intense solar exposure.

245



CHAPTER 9

In August 2023, the UK experienced approximately 13 hours of daylight and 11 hours of night.
The panel managed to fully charge during these long sunny days, with the data showing that the
maximum current was achieved around midday. From the morning, the current picked up, reaching
its peak by mid-afternoon, and gradually decreased towards the evening as sunlight disappeared.
Naturally, no current was recorded during the night. This consistent performance pattern
underscores the panel's effectiveness in utilising solar energy.

The orientation and placement of the panel significantly influenced its performance. Positioned
upright like a typical solar pavement slab, the panel did not benefit from an angled southeast-facing
orientation like rooftop installations, which typically maximise sunlight exposure throughout the
day. Consequently, the panel was subject to shading from surrounding buildings after 3 pm,
reducing its direct sunlight exposure. Despite this, the panel received direct sunlight from 10 am
to 3 pm, during which it captured the bulk of its energy. For the remaining daylight hours, the
energy was absorbed from ambient daylight rather than direct sunlight. This configuration
indicates that even in sub-optimal conditions, the solar panel performed admirably, ensuring

sufficient current generation during the prime sunlight hours.

9.3.3 Performance of LED Strip Lights

The solar slab system was equipped with four LED strip lights, each 30 cm in length, arranged in
a square around the solar panel. These lights, designed to provide bright illumination at 3 volts,
were intended to enhance pedestrian safety by lighting the pathway during the night. The activation
and deactivation of the LED lights were controlled by an Adafruit Trinket 3.3V MCU
Development Board (product ID: 1500). This microcontroller, equipped with a light sensor,
signalled the LED strip lights to turn on when daylight faded in the evening and to turn off when
daylight reappeared in the morning.

According to the data logger results shown in Figure 9-7, the LED strip lights functioned
effectively throughout most of the monitoring period, providing consistent brightness without
significant reduction during the night. This indicates that the system design, including the solar
panel and the battery pack, could maintain an adequate power supply to the LED lights throughout
the night hours. The LED lights were powered by an RS PRO 3.7V Lithium-lon Rechargeable
Battery Pack of three with a capacity of 7.8Ah, which proved sufficient for nightly operations.
However, disruptions were noted between September 7 and 9. These days, the LED lights have

experienced operational issues, likely due to external reflections impacting the sensor. Possible
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sources of these reflections include car headlights or nearby streetlights. Since the solar panel and
sensor were installed in the back garden where cars typically park, and streetlights are present,
these reflections could cause the sensor to misinterpret the ambient light levels, leading to incorrect
signalling of the LED lights. Another potential cause of the disruptions could be electrical faults
within the solar panel or the sensor system itself. Faulty wiring or connections might have led to

irregular signals being sent to the microcontroller, thereby affecting the LED lights' operation.

9.3.4 Battery Performance

The RS PRO 3.7V Lithium-lon Rechargeable Battery Pack, comprising three units with a total
capacity of 7.8Ah, has been integrated into the solar pavement slab system. This battery pack is
crucial for storing the energy generated by the solar panel and providing a reliable power source
for the LED strip lights during the night. The battery pack demonstrated notable performance
throughout the charging and discharging cycles, as illustrated in Figure 9-7.

The battery pack was fully charged on most days during the observation period from August 26 to
September 10. The data shows that the battery reached a maximum voltage of 4.19 volts, just shy
of its maximum safe charging limit of 4.2 volts. This indicates that the solar panel effectively
generated sufficient energy to charge the battery pack daily. The only exception was on August
26, when the voltage fell below 4 volts, possibly due to less sunlight exposure or initial charging
conditions.

At night, when the LED strip lights were operational for approximately 11 hours, the battery
voltage decreased by only about 0.1 to 0.15 volts. This minimal reduction in voltage signifies that
the battery pack had ample capacity to power the lights throughout the night without significant
reduction. The steady voltage levels during the night underscore the efficiency of the battery pack
in maintaining consistent power output.

The Adafruit Universal USB / DC / Solar Lithium lon/Polymer Charger (bg24074) plays a critical
role in this system by managing the power flow to and from the battery pack. This charger ensures
that the battery is charged safely and efficiently, preventing overcharging by regulating the
maximum voltage to 4.2 volts. The charger's functionality is vital for protecting the battery pack
and prolonging its lifespan, ensuring that it operates within safe voltage limits.

The performance of the RS PRO 3.7V Lithium-lon Rechargeable Battery Pack within the solar
pavement slab system indicates that it is well-suited for the application, providing reliable power

storage and output. However, there are several considerations and potential improvements to
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optimise the system further. The current battery capacity of 7.8Ah appears sufficient, given the

minor voltage drop observed during nighttime use.
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Figure 9-7: Solar Panel Device Analyzed in August 2023 (Leicester, UK)

9.3.5 Humidity and Temperature
The humidity and temperature data logger installed within the solar pavement slab provided crucial
insights into the solar panel system's environmental conditions. Figures 9-7 show that the

maximum humidity levels reached 100%, particularly noticeable after September 6, predominantly
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at night. A decrease in temperature often accompanied this increase in humidity. Conversely,
during the day, as temperatures rose, humidity levels decreased. From August 26 to September 4,
temperatures ranged from 25 to 35 degrees Celsius, while humidity levels were 75 to 80%.

The data indicated an inverse relationship between temperature and humidity within the panel:
high temperatures corresponded with low humidity and vice versa. According to the data logger,
the minimum temperature recorded was 25 degrees Celsius during the day for most days, including
the period from August 28 to 30. From September 2 onward, temperatures escalated, reaching
approximately 50 degrees Celsius. This significant increase in temperature within the solar panel

could be caused by the heat generated by the electrical devices housed within the slab.

9.4 Performance of the Solar Slab in Winter

This section analyses the functionality of electrical devices integrated into the concrete slab during
testing in the winter. The following sections discuss and compare the results for the solar panels,
battery performance, LED strip light, and the temperature and humidity inside the solar slab cavity.
This analysis evaluates the overall efficiency, reliability, and performance of the solar pavement
slab. By examining these key factors, the study shows how each part contributes to the system and

identifies ways to improve the solar pavement slab.

9.4.1 Solar Panel Performance

The solar pavement panel, installed in the user’s garden, remained in the same location throughout
both the summer and winter periods. During the summer period from August 26 to September 10,
the panel demonstrated remarkable performance. Rated at 9 watts and 6 volts, it frequently
achieved voltages as high as 7.2 volts on sunny days, indicating overcharging. With approximately
13 hours of daylight and 11 hours of night, the panel managed to fully charge each day, showing
maximum voltage readings of 4.19 volts, except for August 26, when it dipped slightly below 4
volts.

In contrast, the winter period from November 22 to December 1 presented more challenging
conditions for the solar panel, which remained in the same location. During this cold spell, the
maximum voltage obtained from daylight radiation was only 4.97 volts, significantly lower than
the summer peak. With no direct sunlight due to overcast skies and the shading effect of

surrounding buildings, the panel relied solely on daylight. Despite the shorter daylight hours, only
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9 hours compared to 14 hours of the night, the solar panel still managed to provide adequate power.
See Figure 9-8 for solar panel performance during winter.

The comparison between the summer and winter performance of the solar panel reveals several
key insights. During the summer, the panel benefited from longer daylight hours and direct
sunlight, resulting in higher voltage outputs and frequent overcharging. The summer conditions,
with approximately 13 hours of daylight, allowed the panel to achieve maximum voltage readings
of up to 7.2 volts on sunny days. This consistent overcharging indicates the panel's high efficiency
in converting sunlight into electrical energy during optimal conditions.

Conversely, in the winter, the panel's voltage output was significantly reduced due to shorter
daylight hours and reliance on daylight rather than direct sunlight and the winter period,
characterised by only 9 hours of daylight and overcast skies, led to a maximum voltage of 4.97
volts, which is lower than the summer peak. The shading effect of surrounding buildings further
compounded this reduction in performance. Despite these challenges, the panel's ability to
maintain performance under adverse conditions highlights its resilience and efficiency.

In the summer, favourable conditions with ample daylight and direct sunlight exposure allowed
for optimal performance. However, in the winter, overcast skies, shorter daylight periods, and
building shadows posed significant challenges. The system's ability to maintain adequate power

output during winter underscores its robustness.

9.4.2 LED Strip Light Performance

During the monitoring period, the data logger indicated that the LED strip lights maintained
consistent brightness throughout the long winter nights without noticeable reduction. The voltage
supplied to the LED lights remained steady at around 2.58 volts, similar to the voltage levels
observed in the summer. This consistent performance, as illustrated in Figure 8-9, underscores the
system's reliability and efficiency across both seasons.

From August 26 to September 10, the solar panel benefited from approximately 13 hours of
daylight, frequently achieving voltages as high as 7.2 volts. This ample sunlight allowed the RS
PRO 3.7V Lithium-lon Rechargeable Battery Pack to be consistently fully charged. The LED strip
lights, powered by this battery, maintained steady brightness throughout the night. Despite minor
disruptions from external light reflections, the LED lights showed no significant reduction in

brightness, with a stable voltage of around 2.58 volts.
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In the winter period from November 22 to December 1, the solar panel faced more challenging
conditions with only 9 hours of daylight and no direct sunlight, leading to a maximum voltage of
4.97 volts from diffuse daylight. Despite these less favourable conditions, the LED strip lights
continued to perform well, maintaining steady brightness during the longer winter nights. The
voltage supplied to the LED lights remained consistent at 2.58 volts, comparable to the summer
period.

The summer months they provided ample sunlight, enabling the solar panel to capture and convert
a significant amount of solar energy, often resulting in overcharging. This abundance of energy
ensured that the LED lights operated at optimal brightness without voltage drops. In winter,
although the solar panel's energy capture was reduced due to shorter daylight hours and lack of
direct sunlight, the system still managed to store enough energy to power the LED lights
effectively.

The battery demonstrated excellent efficiency in storing and delivering power in both seasons.
During summer, the battery quickly reached full charge, providing a stable voltage of 2.58 volts
to the LED lights. Despite lower energy input in winter, the battery maintained sufficient charge
to ensure consistent LED brightness throughout the extended night hours. This indicates robust
battery performance and effective energy management within the system.

The LED lights' consistent performance across both seasons highlights the resilience and
adaptability of the solar panel system. In summer, the system capitalised on abundant sunlight,
while in winter, it adapted to less favourable conditions by efficiently utilising the available diffuse
daylight. The steady voltage and brightness of the LED lights in both scenarios demonstrate the

system's ability to maintain reliable operation regardless of seasonal variations.

9.4.3 Battery Performance

According to the data logger results in Figure 9-8, the battery performance during the winter
monitoring period, starting on November 22, showed a gradual decline in voltage. Initially, the
battery level was just under 4 volts. Throughout the monitoring process, the voltage consistently
decreased, reaching approximately 3.6 volts or slightly below on November 29 and 30. This steady
decline reflects the limited daylight hours and absence of direct sunlight, which hindered the solar
panel's ability to recharge the battery each day fully.

In contrast, the battery demonstrated a different performance pattern during the summer period

from August 26 to September 10. The longer daylight hours, averaging around 13 hours, and
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frequent direct sunlight allowed the solar panel to consistently achieve high voltage outputs
consistently, often reaching up to 7.2 volts. This ample energy generation enabled the battery to
remain fully charged, maintaining a voltage of around 4.19 volts. The battery effectively powered
the LED lights throughout the night, with only minor voltage drops of 0.1 to 0.15 volts, indicating
robust energy storage and management.

The contrast between the battery performance in summer and winter highlights the impact of
seasonal variations on solar energy systems. In summer, the abundance of sunlight ensured the
battery was consistently charged to near maximum capacity. The solar panel's high voltage outputs
contributed to a stable battery voltage of around 4.19 volts, supporting the continuous operation
of the LED lights with minimal voltage reduction.

In winter, the situation was markedly different. The limited daylight hours, coupled with overcast
skies and the absence of direct sunlight, have resulted in reduced energy capture by solar panels.
Consequently, the battery voltage began just under 4 volts and steadily declined to around 3.6 volts
by the end of November. Despite this decline, the system managed to provide adequate power for
the LED lights, albeit with a noticeable reduction in overall battery voltage.

9.4.4 Humidity and Temperature

On November 25, the temperature dropped below 10 degrees Celsius and continued to fall,
reaching -5 degrees Celsius during the nights of November 29 and 30, as seen in Figures 9-8.
Throughout this period, humidity levels fluctuated between 73% and a maximum of 83%.
However, on November 30, the daytime temperature rose slightly, and humidity levels fell below
75%, although they increased again at night. Compared to the summer period, these winter
conditions were notably harsher. During the summer period from August 26 to September 10, the
temperature and humidity levels were considerably different. Summer temperatures were
consistently higher, typically ranging between 15 and 25 degrees Celsius. Humidity levels during
the summer were more stable and lower, generally fluctuating between 50% and 65%. These
favourable conditions in the summer supported optimal performance for the solar panel system,
allowing for efficient energy capture and storage.

The comparison between winter and summer reveals significant variations in environmental
conditions. In winter, the lower temperatures and higher humidity levels posed challenges for the
solar panel system. The cold temperatures likely reduced the efficiency of the battery and the solar

panel, as lower temperatures can increase internal resistance in batteries and reduce the efficiency
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of photovoltaic cells. Higher humidity levels can also contribute to condensation and potential

moisture-related issues in the electrical components, further affecting performance.
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Figure 9-8: Devices Analyzed in December 2023 (Leicester, UK)

Conversely, the summer conditions with higher temperatures and lower humidity provided an ideal

environment for the solar panel system. The warmer temperatures improved battery efficiency,

and the lower humidity levels reduced the risk of moisture-related issues. These conditions enabled
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the solar panel to consistently achieve high voltage outputs, ensuring the battery remained fully
charged and the LED lights maintained steady brightness.

The environmental conditions during winter, characterised by lower temperatures and higher
humidity, presented significant challenges for the solar panel system, impacting its efficiency and
performance. In winter, the lower temperatures caused a decrease in the solar panel's efficiency in
converting sunlight into electrical energy, and the battery's internal resistance increased, leading
to less efficient energy storage and delivery. The higher humidity levels increased the risk of
condensation, which could damage electrical components and further reduce system performance.
In contrast, summer conditions with higher temperatures and lower humidity were more conducive
to optimal operation. The higher temperatures improved the efficiency of both the solar panel and
the battery, allowing for more effective energy capture and storage. The lower humidity levels
during summer reduced the risk of moisture-related issues, ensuring the longevity and reliability

of the electrical components.

9.5 Comparison of Solar Pavement Design with Existing Market Products

As detailed in Table 9-4, the solar walkable slab is a self-contained product made from foamed
concrete that includes recycled materials. This innovative design provides several key advantages
over existing products available from the Solar Centre and Solar Patio websites. One of the
standout features of the current solar walkable slab is its ability to deliver consistent illumination
for more than 16 hours after a relatively short charging period of 3 to 4 hours under direct sun rays.
This extended lighting capability is better than that of the solar brick lights and solar garden lights
from Solar Centre, which, while also self-contained, do not match the current product in terms of
brightness or duration of illumination.

The solar walkable slab is not only functionally superior but also environmentally conscious. The
use of foamed concrete with recycled content ensures that the product is lightweight and
sustainable. In contrast, the solar brick and solar garden lights from Solar Centre are not made
from recycled materials, representing a missed opportunity for environmental sustainability.
Furthermore, these products, despite being smaller in size compared to the current design, are
relatively costly, offering less value for their price in terms of both material sustainability and

performance.
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Table 9-4: Comparison of Market Products with the Developed Solar Slab

Design Product Product information Product size Application
Examples
1 Solar garden made with [ 72mm diameter Lighting, garden
100% plastic by 320mm (No cost of installation
height required )
2 Solar Brick, made with 200 x100 x Walkway lighting,
plastic and steel 55mm surface illumination
Installation cost
required
3 Solar pavement made 330 x330 x 6¢cm Driveways, pathways
with recycled plastic (Installation cost
required)
4 Current product: Solar 400 x 400 Driveways, pathways,
walkable pavement slab x 50 mm garden features, surface
made with lightweight illumination
concrete and recycled (Installation cost
materials required)

On the other hand, the solar pavement slab available from Solar Patio also incorporates recycled
materials, which is a positive aspect. However, it differs significantly from the current solar
walkable slab because it is not self-contained. The Solar Patio product requires separate wired
connections, which are not included in the purchase, adding to the overall expense and complexity
of installation. Despite its recycled content, the Solar Patio slab is very expensive and does not
offer the same ease of use or integration as the current product. The current solar walkable slab
design is best suited to several critical areas, including self-contained functionality, sustainability
through the use of recycled materials, superior lighting capabilities, and cost-effectiveness. These
features position it as a more practical and environmentally friendly option than the solar brick and
garden lights from Solar Centre and the solar pavement slab from Solar Patio. 353 mm x 353 mm
X 41.

9.6 Summary

This chapter detailed the final assembly, electrical analysis, and structural development of the solar

walkable slab prototype, incorporating the optimised design with 50% waste foundry sand (WFS).
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The slab was prepared for installation, focusing on both structural integrity and electrical
performance to ensure it meets real-world application requirements.

The structural development emphasised the slab’s ability to withstand pedestrian loads and
environmental factors while maintaining transparency for efficient solar energy conversion. The
surface was designed to balance safety and durability while allowing sunlight to reach the
embedded photovoltaic cells. The electrical analysis evaluated the slab’s performance in various
conditions, particularly the energy generated by the solar cells and the functioning of batteries and
LED lighting. The system's ability to perform in summer and winter environments was also
examined, providing insights into its efficiency and reliability.

The final prototype featured an anti-slip surface and a durable, weather-resistant acrylic top layer,
ready for user trials. The solar pavement slab installed in a user’s garden in Leicester received
positive reviews for its aesthetic appeal and practicality. The slab provided consistent lighting,
with up to 18 hours of light during the summer and about 14 hours in the winter. It operated reliably
in both cold and hot climates, demonstrating robustness and adaptability. Sensor functionality
automatically turned the LED lights on at dusk and off at dawn, though occasional disruptions
from car headlights and debris required regular maintenance.

Overall, the solar pavement slab system proved to be a worthwhile investment, offering consistent
performance, aesthetic benefits, and ease of installation. Addressing minor sensor issues through
regular maintenance ensures its reliable operation throughout the year.

The final product was successfully tested and prepared for installation through careful integration
of electrical and structural components, demonstrating its potential as a sustainable solution for
solar walkable pavement slabs. The chapter concluded with a comprehensive overview of the
slab’s load-bearing capacity, deflection behaviour, and energy generation capabilities, establishing

its viability for real-world applications.
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Chapter 10: Conclusions

10.1 Overview

The aim of this study is to develop self-contained, walkable solar pavement slabs made from
foamed concrete incorporating recycled materials. This innovative approach generates renewable
energy and enhances environmental protection by decreasing reliance on virgin construction
materials and effectively repurposing waste materials, hence reducing embodied carbon. This
study offers a thorough analysis of the mechanical properties, strength, and flexural behaviour of
foamed and conventional concrete. The objective was to evaluate how different mix components,
such as sand ratios, superplasticisers, and recycled materials, such as waste foundry sand and
polystyrene, affect these properties. This approach would optimise mix proportions to enhance
compressive and flexural strengths. The normal concrete mortar and foamed concrete containing
recycled components were utilised in this study. Various densities, sand ratios, and additives were
assessed to understand their impact on mechanical properties. Standard compressive strength tests
and flexural strength evaluations, particularly the impact of steel tyre fibres and other additives,
were performed after 28 days of curing. The numerical validation using ABAQUS was analysed
to compare the results with the experimental analyses, aiming to understand the normal and foamed
concrete slab's deflection behaviour under the applied load.

Moreover, the study also assessed a solar panel system's efficiency across the summer and winter
seasons. It evaluated the system's ability to capture and store solar energy, powering LED strip
lights consistently throughout the year. Temperature and humidity significantly impacted the
system's performance, underscoring the need for optimised design and placement to enhance

reliability and efficiency.

10.2 Conclusions

From the results and discussions of the experimental, numerical, and electrical performance
analysis conducted in this research on developing solar walkable pavement slabs incorporating
foamed concrete with recycled materials, the following key conclusions have been drawn from the

research:
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Increasing foamed concrete density demonstrated a positive correlation with compressive
strength. Density values ranging from 800 kg/m3 to 1400 kg/m3 resulted in a 290% increase in
compressive strength, confirming that denser mixes offer superior mechanical performance.
Partial replacement of normal sand with WFS led to a reduction in compressive and flexural
strength; however, replacement levels between 25% and 50% maintained acceptable structural
performance. A 50% WFS mix achieved a balance between sustainability and strength, with a
maximum applied load of 4.1 kN and deflection of 1.35 mm, demonstrating stiffness
comparable to Normal foamed concrete (NFC). Water demand increased by approximately
15% when incorporating WFS, leading to higher porosity and microcracking at replacement
levels exceeding 50%.

Incorporating polystyrene as a lightweight aggregate replacement reduced both density and
compressive strength. Higher replacement levels (20% and 30%) resulted in significant
strength reductions, while a 10% replacement achieved a favourable balance, increasing
compressive strength by 110% compared to mixes with higher polystyrene content.

. The 10% PO slab displayed the lowest load capacity (3.9 kN) and deflection (1.3 mm),
demonstrating brittle behaviour and increased stiffness, which could limit performance under
dynamic loading. Mixing challenges were identified, with void formation and weak interfacial
bonding contributing to reduced structural capacity, particularly when polystyrene content
exceeded 10%.

. The addition of 1% recycled steel tyre fibre enhanced both compressive and flexural strength,
contributing to ductility improvements and crack resistance. Load capacity increased to 4.58
kN, with a deflection of 1.69 mm, indicating improved stress distribution. Minimal issues were
encountered with fibre distribution, but uniform distribution is critical for large-scale
applications to ensure consistent performance.

Incorporating 1% superplasticiser increased compressive strength by approximately 20%,
improved workability, and enhanced microstructural density. Load capacity increased to 4.56
kN, with a deflection of 1.46 mm, confirming improved mechanical properties. Foam
destabilisation was observed, leading to a slight increase in density.

. Samples containing WFS and polystyrene presented microcracks and interfacial debonding,
particularly at higher replacement levels, indicating weaker bonding between aggregates and

cement paste. In contrast, RSTF-modified slabs demonstrated reduced crack formation and
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10.

11.

12.

13.

14.

improved toughness, with fibres effectively bridging microcracks and enhancing stress
distribution.

Normal concrete mortar exhibited the highest flexural strength, outperforming foamed
concrete mixes. RSTF and SP-enhanced foamed concrete samples displayed improved flexural
capacity, offering a suitable alternative where lightweight yet elastic materials are required.
Numerical ABAQUS simulations closely aligned with experimental deflections, showing
minor discrepancies of 0.21 mm for normal concrete and 0.06 mm for foamed concrete. This
validates the reliability of numerical modelling in predicting slab performance, demonstrating
its applicability to further structural optimisation.

The normal concrete slab exhibited a maximum stress of 57.1 MPa and strain of 0.045, while
the foamed concrete slab exhibited a stress of 47.5 MPa and strain of 0.036. These stress and
strain levels were considered negligible under the applied loads, indicating that both slab types
can withstand expected pedestrian loads without deformation concerns.

In summer, the 9W panel consistently overperformed, reaching 7.2V under direct sunlight
during peak hours, ensuring full daily battery charging. In winter, output reduced to a peak of
4.97V due to shorter daylight hours, cloud cover, and shading, though sufficient power was
still generated for LED operation.

LED strip lights performed consistently across both summer and winter, maintaining a steady
voltage of 2.58V during night-time operation. Minor disruptions in lighting control were noted,
caused by external reflections affecting the light sensor, suggesting the need for improved
shielding or sensor recalibration.

The 3.7V Lithium-lon battery pack (7.8Ah) proved effective, with daily full charging observed
in summer (4.19V). In winter, battery voltage gradually declined to 3.6V but continued to
support LED operation, indicating adequate capacity under typical conditions.

Summer cavity temperatures ranged from 25°C to 35°C, while humidity reached 100% after
September 6, indicating moisture accumulation overnight. Winter temperatures dropped to -
5°C, with humidity levels fluctuating between 73% and 83%, suggesting condensation risks
that may affect electrical components. Additional sealing and ventilation measures may be

necessary to mitigate humidity-related degradation.
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10.3 Contribution to the Knowledge

This research has made several original contributions to the field of sustainable construction
materials and the development of solar-integrated pavement systems. It advances the
understanding of how recycled materials and renewable energy can be integrated into walkable
slab systems, offering practical solutions for urban infrastructure. The key contributions are

detailed as follows:

1. A new design approach was developed, integrating sustainable lightweight pavement slab
construction with embedded solar technology. This work advances the understanding of
combining structural functionality with energy efficiency, guiding future developments in
multi-functional construction products.

2. A 400 mm x 400 mm x 50 mm solar walkable slab was successfully designed, produced, and
tested, demonstrating the practical feasibility of integrating energy generation and pedestrian
loading capacity into a single pavement unit. This represents a significant advancement in
developing dual-function surface solutions for urban spaces.

3. The slab’s lightweight composition allows for easy handling and installation without requiring
heavy machinery, addressing a key challenge in traditional paving systems. This development
reduces installation costs and labour demands while supporting material efficiency.

4. The slab’s combination of pedestrian functionality with embedded solar-powered lighting
offers an innovative solution for enhancing both safety and aesthetics in public and private
spaces. It demonstrates the potential for smart pavements that contribute to energy self-
sufficiency while serving traditional infrastructure roles.

5. The research systematically developed and tested different mix designs, resulting in an
optimised foamed concrete containing 50% waste foundry sand (WFS), achieving a balance
between structural performance and environmental sustainability. This validated the
suitability of waste materials in enhancing lightweight pavement systems.

This research supports the broader implementation of multi-functional construction products,

offering innovative solutions for modern infrastructure.
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10.4 Recommendations for Future Work

The essential findings from this research have demonstrated the potential of integrating lightweight
concrete containing recycled materials with solar technology to develop a sustainable solar
walkable pavement slab. While the experimental and numerical analyses provided valuable
insights, further research and improvements are necessary to enhance both the structural and
electrical performance of the slab system. The following recommendations are proposed to

advance the development and practical implementation of solar pavement slabs:

1. The replacement ratio of WFS should be optimised, particularly between 25% and 50%, as
ratios beyond 50% increase water demand and lead to bonding issues and microcracks. Making
this ratio for different applications can balance strength, sustainability, and workability.
Mixture designs for example, combining WFS, RSTF, and SP should be explored further to
maximise compressive and flexural strength while maintaining workability.

2. The use of supplementary cementitious materials like silica fume or fly ash should be examined
to reduce porosity and improve the density and durability of foamed concrete mixes,
particularly when incorporating recycled materials.

3. The steel tyre fibre content should be optimised beyond the tested 1%, with further exploration
into 0.5% to 2% variations, to identify the best balance between strength, crack resistance, and
workability.

4. Alternative fibres, such as glass or carbon fibres, should be studied as potential substitutes for
steel fibres, offering improved durability and reduced risk of corrosion.

5. Reinforcements beneath the solar panel, such as additional support layers or integrated steel
mesh, could be incorporated to increase the slab’s capacity to withstand occasional light
vehicle traffic.

6. Humidity and condensation inside the slab cavity posed potential risks to electrical components
therefore, improving the sealing of the solar panel cover and battery compartment using high-
strength silicone and waterproof screws would protect internal components from moisture
ingress. Installing ventilation features or integrating moisture-absorbing materials within the
slab cavity could control humidity levels and prevent condensation build-up.

7. Sensor errors caused by reflections from external light sources affected LED performance,
therefore, relocating the sensor or shielding it to reduce sensitivity to external reflections (e.qg.,

car headlights, streetlights) would ensure more reliable activation of LED lights. Calibrating
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light sensors to better differentiate between ambient and artificial light could improve
performance in urban environments.

8. Exploring alternative panel cover materials, such as thicker acrylic or slip-resistant tempered
glass, could enhance durability and improve energy absorption while ensuring pedestrian
safety. Anti-slip surface treatments on the solar panel cover should be considered to enhance
user safety during wet or icy conditions.

9. While the laboratory and short-term outdoor testing validated the slab’s initial feasibility,
extended field trials under realistic conditions are critical. Therefore, Experimental
installations in public footpaths or parks should be conducted to evaluate the slab’s real-world
performance under varying pedestrian loads and weather conditions. Monitoring mechanical
and electrical performance over several months or years would help identify potential
weaknesses and develop proactive maintenance strategies.

Implementing these recommendations will further enhance the structural resilience, electrical

efficiency, and long-term reliability of solar walkable pavement slabs. Combining improved

material compositions with more efficient energy systems will advance this technology as a viable
and sustainable solution for urban infrastructure, promoting the broader adoption of solar-

integrated pedestrian surfaces in modern smart cities.
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Appendix A

The basic calculation for three mortar solid slabs in (Kg) and (Volume)

The density of concrete mortar 2162 kg/m®
Plastic density of foamed concrete required = 1400 kg/mP
Concrete test slab L 400 mm
B 400 mm
D 50 mm
Volume 8000000 mm® or 0.008 m?
Density = Mass /Volume .. Mass=DxV= 11.20 kg
1. First calculate how much concrete is needed:
Assume that 6 x solid slabs are needed only.
Volume of concrete needed 0.024 m? 3 X solid slab
.. Mass of concrete needed = DxV = 33.60 kg
.+ 0% wastage 0 kg 0%
.. Total mass of concrete required 33.60 kg
Concrete ratio | Cement (Kg) | Sand (Kg) | Water to Volume of 3 | Typical weight
cement ratio| slabs (kg/m}*3 | of 3 slabs (Kg)
{mass]
Mixing Ratio 1/3 2/3 0.17 N/A N/A
Mass 11.20 22.40 5.60 N/A 33.60
Volume 0.008 0.016 0.0056 0.024 N/A
Material ratio |Cement (kg}| Sand (kg) | Waterto Recycle slab (mass)
(%) cement ratio| Materials (Kg)
{mass)
100% 11.20 22.40 56 0.00 33.60
50% 11.20 11.20 5.75 11.20 33.60




w/C 50%

Specific cement gravity 3.15
The specific gravity of sand 2.65
Unit weight of water 1000 kg/m3
Unit weight of foam 45 kg/m3
Total mass of raw materials{ 0.024 m3 x 1200 kg 0.024 1400
Material Weigt Calculation
Cement 9.600 3622.6
Sand 19.200 72453
Water 4.800 4800
Total

Total volume of cement, water and sand

Air volume required 0.024
The air content in foam produced by Propump 26 foaming agent i: 95%
Therefore

The amount of foaming agent required to produce 271 of foam is
The amount of water required to produce 27L of foam is

0.0157

33.60
Yolume
0.0036

0.0072
0.0048

0.0157

0.0157

0.0083

8.7706

0.0074
0.3947

m3

To make foam dilute Foaming Agent by 4% in water, e.g. 40 ml per 1 litre of water, to make a solution.
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Appendix B

Example Calculation of Carbon Footprint
For a mortar mixture containing 10 kg of waste foundry sand, 10 kg of river-washed sand, and 9
kg of Portland cement, calculate the carbon footprint using UK-specific data:

1. Portland Cement: Producing 1 kg of cement emits approximately 0.9 kg of CO:
(International Energy Agency, 2021). Therefore, 9 kg of cement emits:
9kg x0.9kg CO:/kg =8.1kg CO:

2. River-Washed Sand: Assuming the extraction and processing of 1 kg of river-washed
sand emits approximately 0.005 kg of CO- (based on general industry data). Therefore, 10
kg of sand emits:

10 kg x 0.005 kg COz/kg = 0.05 kg CO;

3. Waste Foundry Sand: Waste foundry sand, being a recycled by-product, has a much lower

carbon footprint. Assuming it emits approximately 0.002 kg of CO- per kg:
10 kg x 0.002 kg CO:/kg = 0.02 kg CO:

Total Carbon Footprint
8.1 kg CO2 (cement) + 0.05 kg CO: (river washed sand) + 0.02 kg CO- (waste foundry sand)
= 8.17kg CO:

This total carbon footprint of 8.17 kg CO: represents the emissions associated with producing the

specified mortar mixture.

289



Appendix C

Solar panel manual energy production calculation
To determine if the Colossal 6V 9W Solar Panel can power a 3V Bright White LED Strip (120
cm) for 14 hours using the Adafruit Universal USB/ DC/ Solar Lithium lon/Polymer Charger
(bq24074), the RS PRO 3.7V Lithium-lon Rechargeable Battery Pack (7.8Ah), and the Adafruit
Trinket 3.3V MCU Development Board, follow these steps:
1. Solar Panel Output and Charging Efficiency

1. Solar Panel Output:
The solar panel provides 6V at 1.5A, resulting in 9W of power under optimal conditions.
2. Battery Charging Calculation

2. Daily Energy Production:
Assume the panel gets 5 peak sun hours per day (this can vary based on location):
Energy Produced Daily = 9Wx 5hours = 45Wh

3. Charger Efficiency:
The bg24074 charger is quite efficient but not perfect. Assuming an efficiency of 90%:
Usable Energy = 45Wh x 0.9 = 40.5Wh
3. Battery Storage Calculation
To store this energy, we use the RS PRO 3.7V 7.8Ah battery pack. First, convert the energy to
ampere-hours at 3.7V
Energy in Ah = 40.5Wh/3.7V = 10.95Ah
The battery pack can store up to 7.8Ah, so in ideal conditions, it can be fully charged over multiple
days, considering the daily energy input.
4. LED Strip Power Consumption

4. Power Requirement for 14 Hours:
The LED strip consumes 4.32W:
Total Energy Required = 4.32IW x 14h = 60.48Wh

Convert this to ampere-hours at 3.7V:
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Energy in Ah = 60.48Wh/3.7V = 16.35Ah
5. Powering the LED Strip
To determine if the system can sustain the LED strip for 14 hours:
1. Daily Charge Accumulation: The solar panel provides 10.95Ah per day.
2. Battery Capacity: Each battery pack provides 7.8Ah, requiring 3 packs for 21.26Ah total
capacity.
6. Conclusion
Daily Energy Balance:
« Energy Produced Daily: 40.5Wh
» Daily Energy Needed: 60.48Wh (for 14 hours of LED use)
Since the energy produced daily (40.5Wh) is less than the energy needed (60.48Wh), the system
can only partially power the LED strip daily.
Sufficient Storage Capacity: However, with enough battery storage (21.26Ah total capacity from
3 battery packs), the LED strip can run for 14 hours:
» Stored Energy: 78.66Wh (21.26Ah * 3.7V)
This stored energy can power the LED strip for more than a day, but the system will need to

accumulate this energy over multiple days of good sunlight to balance out the power consumption.
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Appendix D

Waste foundry sans analysis form William Lee Ltd Callywhite Lane Dronfield
S18 2XU

» Castings
(4 Q Technology
h International
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Brunci'W gy, Rohernam, S60 SWQ, UK
Tol o 44 (D) 114 2541 184

UNAS Tosting Ladoratiosy No 0144

Analysis of foundry waste against:

Council of the European Union Decision (2003/33/EC)

Establishing criteria and procedures for the acceptance of
waste at landfills pursuant to Article 16
of and Annex Il to Directive 1999/31/EC

for

William Lee Ltd

19 October 2018
Cti Ref: E69590
Customer ref: WL/24758-3.1

Jon Donohoe
Castings Technology International
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(9 = Wilars Lee L3

Analysis of Waste Streams from William Lee Ltd
1. Introduction

These samples were taken by Wiliam Lee Ltd and submitted to Cti for analysis. The
samples were analysed in accordance with the Waste Acceptance criteria as
received and to BSEN12457-3 for leachable matenals in the waste stream.

2 Results of esting
21 HWS
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