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ABSTRACT 

This research aims to enhance the flexural strength and unconfined 

compressive strength of cement compacted sand using fly ash from municipal solid 

waste (MSW) with polypropylene fiber and glass fiber. This MSW combustor fly 

ash by-product and is produced during the combustion of municipal solid waste in 

solid waste combustor facilities. Incineration has overtaken landfill mining as the 

most important option for disposal of the increasing volumes of MSW generated in 

Thailand. The research purposes this new green material and studies its properties 

which are first peak strength, peak strength, peak strength ratio, toughness, ductility 

index, equivalent flexural strength and crack behavior. The samples were prepared 

by adding 5% of cement by weight, varying the fly ash replacement to cement ratio 

of 0:100, 25:75, 50:50, 75:25 and 100:0 by weight, with varied polypropylene fiber 

and glass fiber of 0,0.5,1,1.5 and 2% by volume. Then all samples were cured for 28 

days to reach their maximum capacity. From the results, the research recommends 

the fly ash replacement to cement ratio of 25:75 with the polypropylene fiber of 

1.5% and glass fiber of 1.0 % by volume showing the maximum flexural strength. 

The synthetic fiber under investigation has a non-compact interfacial zone that SEM 

results in only a partial-contact interfacial surface, making them hydrophobic 

materials. These need to form a strong enough bond with a higher fiber content to 

produce a hardening-deflection response. The sample has been proven to be 

sustainable construction material. These support Thailand’s future cement demand 

while lowering the cement industry’s greenhouse gas emissions. 

Keywords: Flexural Strength, Unconfined Compressive Strength, Municipal Solid 

Waste, Fly Ash, Polypropylene Fiber, Glass Fiber and Cement 

Compacted Sand 
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Chapter 1 Introduction 

 1.1. Background and Rationale 

According to Thailand’s Pollution Control Department's recommendations, 

municipal solid waste may be divided into four categories: general waste, hazardous 

waste, recyclable waste, and compostable waste (Pollution Control Department, 

2016). Organic waste, often known as compostable waste, comprises food waste and 

garden waste (EPA, 1996). Organic waste makes up the greatest portion of MSW created 

in developing nations, including Thailand, where it accounts for around 49% of total 

MSW around 25 million tons (Pollution Control Department, 2021a) The ecosystem 

may be threatened by a variety of contaminants that are generated by biological 

interactions and leaching brought on by inappropriate handling of organic waste 

(Chapman et al., 2009). Ineffective waste management adds to dangerous greenhouse 

gas (GHG) emissions into the atmosphere and endangers human health, posing a 

major threat to the environment through smoke, particulate matter, and CO2 (Kothari 

et al., 2010).   

The cement industry is an industry that is important to the Thai economy 

because it is a basic industry that plays an important role in national development. It 

also has a tendency to expand in line with the economic conditions of Thailand and 

the ASEAN region. Thailand is considered a developing country and still has a high 

demand for cement products, which is consistent with the country’s economic growth 

rate. In terms of energy, the cement industry is considered an industry that uses a 

relatively high amount of energy and tends to increase its energy consumption level in 

line with economic expansion (Thailand Greenhouse Gas Management Organization, 

2016). Roughly, for every ton of cement produced, around 1 ton of CO2 is released into 

the atmosphere. However, with today's more efficient manufacturing processes, the 

CO2 emissions are around 800 kg per ton of cement produced. However, the 

environmental impact of the cement industry is still significant when considering the 

global cement production rate, which accounts for around 5% of the total global CO2 

emissions from human activities (Energy Cement Industry, 2005). 
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In order to account for the greenhouse gas emissions from waste management 

systems and waste technologies, the energy system is crucial. A good way to manage 

trash is to use energy from non-recyclable garbage, which is crucial for the creation of 

renewable energy (Ryu, 2010). One of the intriguing options for addressing the issues 

of municipal solid waste management and global warming is refuse-derived fuel 

(RDF). Its advantages include lowering local economic losses as well as enhancing 

the quality of the global environment (Nithikul, 2007). The methods for using waste 

fuels have been examined by several research teams; nevertheless, the majority of 

these studies concentrated on thermal deterioration or direct burning (Belgiorno et al., 

2003; Di Gregorio & Zaccariello, 2012; Lee et al., 2010; Miskolczi et al., 2011) . Waste 

from agriculture and municipalities are currently important sources for RDF 

manufacturing. RDF might be made by combining certain agricultural waste with 

dried, flammable parts of city garbage.  Moreover, RDF can burn directly or in 

combination with other fuels. During the manufacturing and use stages, direct burning 

of RDF may contribute to global warming even if it may provide heat in a very 

efficient manner. Therefore, while estimating the greenhouse gas emissions from the 

manufacturing of RDF, the Life Cycle Assessment (LCA) should be taken into account 

(Nutongkaew et al., 2014). 

Waste to energy (WtE) or energy from waste is an energy recovery process that 

converts waste chemicals into energy in the form of electricity and heat. It is one of 

the most appealing solutions for sustainable MSW management in Thailand, with the 

potential to reduce 75 - 90% of the original waste volume depending on the waste 

composition (Klinghoffer & Castaldi, 2013) and 50 % of greenhouse gas emissions by 

2050 (Kothari et al., 2010). The composition of MSW in Thailand is more combustible 

than incombustible waste allowing for alternative energy consumption in the forms of 

electricity and heat (Sutabutr, 2012). WtE technologies such as anaerobic digestion, 

landfill gas (LFG) to energy, incineration, gasification, pyrolysis, and biodrying can 

be used to convert MSW into energy sources. RDF, a fuel produced from combustible 

refuse with a high calorific value, and incineration have been identified as suitable 

WtE technologies for treating MSW in Thailand. One ton of MSW is assumed             
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to produce 0.43 tonnes of RDF, and one ton of RDF can generate more than 300 kWh 

of electricity. Incineration technology is more expensive to invest in than RDF 

production technology and it produces less power per ton of MSW than RDF 

technology.  MSW incineration will not generate enough thermal energy due to its 

high moisture content and low calorific value (Intharathirat & Abdul Salam, 2016). 

Hence, recovering material and energy from MSW through RDF production is more 

effective for an MSW disposal and fuel recovery solution. It has proven to be an 

effective alternative fuel for lowering GHG emissions. RDF can replace some coal or 

oil in a variety of industrial sectors, including the cement industry (Garg et al., 2007; 

Pohl et al., 2008).  

The issue with using MSW as a fuel is an inconsistency in the heating value of 

the fuel produced due to variations in waste’s physical composition and high moisture 

content (MC) (Kothari et al., 2010). According to the literature, calorific value is 

highly related to the MC, and it is a significant parameter for assessing the MSW’s 

potential to produce RDF. The low quality of MSW as fuel is due to its high moisture 

content (40 – 70%) (Velis et al., 2009). The study’s finding revealed that waste had 

good quality fuel for utilization as RDF in the industry (Tambone et al., 2011). 

However, MSW has the potential to be a viable alternative energy source. The 

alternate energy development plan (AEDP) program established by the Thai 

government set a goal encouraging the use of 495 ktoes of MSW for thermal energy 

by 2037. The goal of 21.51% was not met in 2021 for the use of refuse-derived fuel 

(RDF) for thermal energy (Ministry of Energy, 2018). Thus, to handle the continually 

increasing MSW, the Thai government is now constructing new incinerators. In order 

to treat MSW, municipal solid waste incinerators (MSWI) are invariably used as an 

efficient solution. It is chosen because MSWI uses up less space at the operating site 

and has the benefit of effectively lowering MSW volume. Residues often include 

bottom ash, fly ash, and a variety of minerals and inorganic substances (Lo, 2005). 

However, MSW incineration is subject to a number of significant environmental 

regulations. Different solid wastes, including bottom ash, fly ash, and particles, are 

formed during an incineration process. For every 1,000 kg of municipal solid waste 
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burned in a standard moving grate incinerator, 250–300 kg of bottom ash and 25–50 

kg of fly ash is generated (Banks & Lo, 2003). 

The proliferation of innovative materials for numerous purposes has been 

motivated by increased environmental and economic awareness. Materials made of 

fibers (i.e., natural or synthetic fibers) offer the distinct benefits of having high 

strength, high stiffness, and non-corrosive characteristics (Sanjay, et al., 2018; Omrani, 

et al., 2016; Väisänen, et al., 2016; Vijayan, et al., 2021). This study examined the fly 

ash (Industrial waste) from the MSW (biological waste) Industrial power plant and 

polypropylene fiber and glass fiber (synthetic materials) in terms of physical and 

mechanical properties of compacted cement sand. 

1.2. Hypothesis  

1. A fly ash from MSW consisting of a fine fraction may be more qualified to apply 

with cement compacted sand due to its It addresses the issue of using waste in 

the environment from burning waste, which will reduce management costs in 

landfills. 

2. The fly ash produced by the RDF power plant process may have optimum 

engineering properties compared to a standard of construction in highway or 

pipeline in terms of construction and materials engineering.  

3. The polypropylene fiber and glass fiber of synthetic materials mix with fly ash 

from MSW may replace cement ratio for construction infrastructure such as 

highway or pipeline.  

     1.3. Objectives   

1. Study on the physical and mechanical properties of the cement compacted sand 

using fly ash from municipal solid waste (MSW) and polypropylene fiber 

(CCFS-PP) for green construction material  

2. Study on the physical and mechanical properties of the cement compacted sand 

using fly ash from municipal solid waste (MSW) and glass fiber (CCFS-GF) for 

green construction material 
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    1.4. Scope of study  

1. This study uses the sand from typical Bangkok construction sand according to 

Unconfined compressive strength (ASTM D1633), Flexural Strength (ASTM 

C1609/C1609M-10) Standard Test Method for Flexural Strength of Concrete 

(Using Third-point Loading)), Shear Wave Velocity and Initial Shear Modulus 

in Soil Specimens using Bender Elements (ASTM D8295-19) and Scanning 

Electron Microscope (SEM). 

2. This study uses the Ordinary Portland Cement (OPC) from The Concrete 

Products and Aggregate Co., Ltd. (CPAC). 

3. This study uses the industrial waste in terms of fly ash from municipal solid 

waste (MSW) of Global Power Synergy Public Company Limited (GPSC) with 

Rayong Company Limited’s solid waste disposal center in Rayong province, 

Thailand. 

4. This study uses the syntactic fibers which are the polypropylene fiber from 

BEKAERT brand, Synmix macro synthetic fibers for concrete and glass fiber 

from Owens Coming brand, Advantex CS 979-14 series there is E-glass type.  

   1.5. The benefits expected 

1. Reduction of cement consumption due to cement mining and cement plants are 

Cement Manufacturing with coal mining and coal power plants There are CO2 

releases. 

2. Material of landfill or dump sites is plastic waste that can be used in refuse 

derived fuel (RDF) power plants for energy and industrial waste from RDF 

power plants can mixing for green construction material. 

3. Study Material in terms of synthetic fiber there are polypropylene fiber and 

glass fiber of synthetic materials mixed with fly ash from MSW may replace 

cement ratio, which can be useful in this study. 

4. Fly ash of RDF power plants can be mixed for construction infrastructure such 

as highway or pipeline in terms of green construction material. 

 



 

 

 

7 
 

 

Chapter 2 Literature review 

2.1. Applications of industrial waste in construction building materials 

Municipal solid waste (MSW) is also referring to waste generated on a daily 

basis by any activity within the community.  It also includes organic waste and 

recyclables (Pilant et al., 2020). Solid waste composition is one of the essential issues 

in waste management because it influences waste density and suggests appropriate 

disposal methods as well as assessing waste reduction, reuse, and recycling. MSW 

composition differs from country to country and region to region.  The differences are 

determined by cultural, socioeconomic structure, income level, consumption, and 

Municipal Solid Waste Management (MSWM) (Ozcan et al., 2016). Generally, waste 

composition varies with season, climate, and community character (Kennish, 2002). 

MSW compositions are highly variable. However, organic materials are assumed to be 

the main component of MSW. In most countries, organic waste comprises 18.9 - 

63.4% of MSW, followed by plastic waste (6 - 35.1%) and paper (5.6 - 28.62%). 

Organic waste (50 - 55.27%), plastic waste (16.23 - 22.5%), paper (11.3 - 14.04%), 

and other wastes (14.46 - 17.97%) were the main types of MSW composition in 

Bangkok, Thailand.  

In Thailand, the largest source of solid waste is municipal solid waste (MSW). 

In 2000-2010, the Thai population increased from 62 to 64 million persons, which was 

related to an increase of municipal solid waste (MSW) from 38,000 to 41,000 tons/day 

in 2030 by forecasting grey modeling (Pudcha et al., 2023). A huge amount of solid 

wastes was left and collected in landfills. Therefore, land for waste disposal is needed. 

Landfill mining is a new approach applied to expand MSW landfill capacity and 

reduce the cost for additional land (Rosendal, 2009). In 2016, for waste disposal 

methods in Thailand, there were several ways to get rid of waste (Figure 1). 
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Figure 1 Waste flow in Thailand 

(Pollution Control Department Ministry of Natural Resources and Environment 

Thailand, 2017) 
 

 

Figure 2 Waste composition of the input material 

 

Rayong Province’s Integrated Waste Management Center receives community 

waste from 21 local administrative organizations in Rayong Province, which produces 

approximately 1,200 tons of waste per day and high organic waste composition of the 

input material (Figure 2). The provincial administrative organization originally 

managed waste by landfilling, which decomposes organic matter in landfills under 

anaerobic conditions and produces methane gas, since 2012. Then, there is the project 

to produce fuel from community waste or the RDF project to be used as fuel for 

electricity generation in power plants and transmitted to the power transmission 
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system (Figure 3). The RDF project is a collaboration between Rayong Provincial 

Administrative Organization and Global Power Synergy Public Company Limited 

(GPSC). The RDF project will receive approximately 500 tons per day of waste from 

the waste trucks of Rayong Provincial Administrative Organization. It is expected that 

the RDF production will be approximately 340 days per year and the RDF fuel will be 

approximately 200 tons per day from the production process . The project 

implementation will reduce greenhouse gas emissions by 18,033 tCO2e/y, which can 

be used to calculate carbon credits for the project over 7 years, totaling approximately 

756,237 tCO2e/y (Thailand Greenhouse Gas Management Organization (Public 

Organization), 2019). Refuse-derived fuel (RDF) is a fuel made from MSW that has a 

high calorific value and is used to generate energy and heat in power plants (Figure 4).  

 

Figure 3 Project to produce RDF from community waste management model 

(Rayong)  
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Figure 4 MSW processing for generate energy and heat in power plants               

(Islam, 2016) 

 

RDF is produced from MSW and industrial waste (combustible materials); non-

combustible materials found in MSW and industrial waste, such as glass and metals 

must be removed. RDF should have a high content of plastics, paper, textiles, wood, 

and other organic matter (Garg et al., 2007; Pohl et al., 2008). Higher heating value is 

associated with the content of paper, plastics, wood, and textiles. If these materials 

contain 40-80% w/w of biogenic compounds, they will become a viable alternative 

fuel for lowering greenhouse gas emissions. Moreover, it has significant advantages in 

terms of low production costs and calorific value (Hilber et al., 2007). RDF can be 

classified into seven categories, according to the American Society for Testing and 

Materials (ASTM) standards E856-83 (ASTM E856-83, 2006) including RDF-1: Solid 

waste used as fuel in its discarded form, RDF-2: Solid waste processed to coarse 

particle size with or without ferrous metal separation such that 95% by weight passes 

through a 6-inch square mesh screen, namely coarse RDF, RDF-3: Solid wastes 

processed to separate glass, metal, and inorganic materials, shredded such that 95% by 
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weight passes a 2-inch square mesh screen, namely Fluff RDF, RDF-4: Combustible 

solid wastes processed into powder form, 95% weight passes through a 10-mesh 

screen (0.035-inch square), namely Powder RDF,  RDF-5: Combustible solid wastes 

densified (compressed) into pellets, slugs, cubettes, or briquettes, namely densified 

RDF, RDF-6: Combustible solid wastes processed into liquid fuels, namely RDF 

slurry and RDF-7: Combustible solid wastes processed into gaseous fuels, namely 

RDF syngas. Refuse-derived fuel (RDF) derived from processed municipal solid 

waste (MSW) with high calorific fractions is used in dedicated energy-to-waste plants 

and as fuel substitutes in industrial processes. Several processes can be used to 

produce RDF from domestic and business waste (Násner et al., 2017). Nevertheless, 

in general, the steps of the RDF production process are 6 processes as follows. 1. 

Manual separation removes recyclable waste and bulky materials, such as glass 

bottles, plastic bottles, paper, large pieces of wood, rocks, and so on, by hand before 

transferring to a mechanical separation. A sorting belt is commonly used in manual 

separation equipment. 2. Size reduction of the mixed wastes is an important unit 

operation in the mechanical process of the mixed wastes  because the wastes are 

reduced to a specific uniform size. Depending on the nature of the waste, two types of 

devices are commonly used for this process: flail or hammer mills and shear shredders, 

depending on the character of the waste. Hammer mills are made up of rotating sets of 

swinging steel hammers that pass waste through them. Two horizontal cutting shafts 

rotate in opposite directions in the shear shredder machine. 3. The objective of 

screening is size separation. It separates the feedstock into two streams: oversize (left 

on the screen) and undersize (passes through the screen). Screening and size separation 

are typically done into two or more stages. There are many different types of screens, 

i.e., trommel and disc screens. Trommel screens are widely used because they have 

been shown to be effective and efficient for processing mixed MSW (Diaz et al., 

2005). The waste is routed through trommel screens, which are typically rolling drums 

with varying mesh sizes. Trommels attached to the conveyors at various processing 

stages are inclined to allow oversized materials to pass through. Some facilities also 

include spikes inside the trommels that act as bag busters, allowing items trapped 

inside plastic bags to be freed. 4. Mechanical and electromagnet separators are used in 
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this step. Magnets can be turned on and off to remove collected metals from mixed 

MSW, but they remove all the metals. Stainless steel and copper, for example, are only 

weakly magnetic. Another limitation of this technique is that small magnetic items 

will not be detected in non-magnetic materials. Unwanted items such as paper, plastic, 

and food waste can be dragged by larger magnetic items. 5. For air classification, a fan 

creates an upward moving column of air. As a result, low-density materials are blown 

upwards, while dense materials are blown downwards. The air carrying light materials, 

like paper and plastic bags, passes through and falls out of the air stream. The air 

separation efficiency is determined by the strength of the air currents and how 

materials are introduced into the column. Moisture content is also critical as water can 

cause some materials to weigh down or stick together. And 6. Drying is used to 

improve the quality of RDF, and pelletizing is used to create the final RDF product 

through briquetting, pelletizing, or cube formation. The finished RDF product can be 

made into bricks or pellets, or it can be left as fluff. RDF bricks are made up of large 

pieces that escape the trommel screening stage and lighter materials such as plastic 

bags that are blown off during air separation.  The shredded hammer mill materials 

and medium size trommels rejected are used for the RDF fluff. Finally, the residual 

waste is combined with binders such as agricultural husk and fed into pelletizing 

machine, which converts the waste into pellets. The coarse fraction is either rejected. 

The medium fraction consists of paper, card, wood, plastic, and textiles, which can be 

burnt directly as coarse fuel (c-RDF) or dried and pelletized into dense RDF (d-RDF). 

RDF is used in energy-intensive industries such as cement, power generation, and 

either co-combustion or mono-combustion in Thailand. the RDF quality standards 

below the needs of GPSC Power Plant (Figure 5). The essential parameters included 

in the standards are moisture, ash, Cl, S, content, and LHV. Differences in the quality 

of RDF used to produce energy and heat are due to each company’s critical need 

(Figure 6). 
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Figure 5 RDF Process from Rayong Province 

 (Thailand Greenhouse Gas Management Organization (Public Organization), 2019) 

 

Figure 6 Waste to energy analysis parameters for the quality RDF                                     

(Al-Ghouti et al., 2021) 

 

Furthermore, the cost of traditional building materials continues to rise due to 

the energy required for manufacturing, scarcity of natural resources, and high 

transportation costs from manufacturers to construction sites. These environmental 

and economic concerns have sparked interest in research into alternative building 

materials (Danso et al., 2015). Earth material requires about 99% less energy during 



 

 

 

14 
 

 

production than industrial building materials like concrete. Long transportation routes 

are also superfluous because earth is a locally accessible, affordable, and recyclable 

building material (Zak et al., 2016). Because of its low cost and minimal impact on the 

natural environment, the use of earth as a construction or building material to produce 

rammed earth is gaining popularity (Sharma et al., 2015). However, in terms of 

durability, tensile strength, and compressive strength, earthen materials are not as 

strong as more modern building materials like steel and concrete (Ngowi, 1997). 

Cement is frequently used in these stabilizers to increase the strength characteristics of 

the soil cement, however, is just one of several factors contributing to the CO 2 

emissions indicated (Ayeldeen & Kitazume, 2017; Safiuddin et al.,  2010) . 

Consequently, there has been an increased focus on fiber-reinforced cementitious soil 

for improving the mechanical qualities of the soil (Figure 7) (Ayeldeen & Kitazume, 

2017; Consoli et al., 2010; Tang et al., 2007; Tran et al., 2017; Xiao & Liu, 2018).  

 

 

Figure 7 Sketch of fiber-reinforced cementitious soil for improving the 

mechanical qualities of the soil (Tang et al., 2007) 
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Because it softens and can undergo plastic deformation when heated gradually, 

polyethylene (PE) is a lightweight, viscoelastic, and thermoplastic material. It returns 

to its hard state upon cooling. Their average chain length determines the temperature 

at which this occurs (Consoli et al., 2010; Elmrabet et al., 2020). As a result, concrete 

with Fly Ash from Municipal Solid Waste (MSWIFA) blend as a substitute for 

building material reduces environmental costs, including CO 2 emissions, by 

eliminating cement, while also providing a location for MSWIFA to develop (currently 

stored in old mines) (Poranek et al., 2023). These wastes are part of landfill mining. In 

general, Landfill mining is the excavation and processing of landfilled waste to 

produce recyclable materials, soil-like material, and refuse-derived fuel (RDF). 

Effective landfill mining necessitates systematic planning. (Wungsumpow et al., 

2018). MSWIFA can be used as sustainable construction material. It is one material of 

sustainable materials as reviewed by (Al-Ghouti et al., 2021), it is important to know 

about the introduction and background, the experimentation, the results, and the 

expected benefits of this study.  For introduction and background, (Bellum, 2022) has 

studied mechanical properties in cement mortars, which used fly ash from industry, 

and Ground Granulated Blast Furnace Slag (GGBFS) with polypropylene fiber. 

 

  2.2. Use of fiber in construction building materials 

Fibers are used to improve the tensile behavior of construction building 

materials. Much research has been used cementitious materials and fibers in their 

works for many decades for example (Iamchaturapatr et al., 2022b, 2022a; Petcherdchoo 

et al., 2023; Yingsamphancharoen & Piriyakul, 2022). A group of soil engineers (Pochalard 

et al., 2024) develop a new eco-friendly functional road material which is made of 

Bangkok clay, cement, bottom ash from the Refuse Derived Fuel (RDF) power plant 

and glass fibers (Figure 8).  
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Figure 8 Bottom ash (BA) from Refuse Derived Fuel (RDF) and Glass fiber 

(Pochalard et al., 2024) 

 

By using the unconfined compression test (UCS), all samples are mixed at the liquid 

limit (LL) of 88%, varying glass fiber content between 0.5, 1.0, 1.5, 2.0 and 2.5% by 

volume respectively and the glass fiber lengths of 3, 6 and 12 mm. The cement content 

is used between 2, 4, 6, 8 and 10%, respectively by dry weight. The bottom ash (BA) 

content is used from 5, 10, 15, 20, 25 to 30% by volume respectively. Then, tested 

samples are cured for 7, 14, 28, 60 and 90 days. From the test results, it was observed 

that the optimum cement content is 8 to10% according to ACI 230.1R-09 (ACI 

230.1R-09, 2009) standard which requires OPC of 10 to16% and the optimum glass 

fiber content is between 1.0 and 1.5%. The best UCS result for glass fiber length is at 

12 mm. Finally, the optimum bottom ash content is 5 to10%, and the curing time 

should go beyond 28-90 days (Figure 9).  
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Figure 9 The test results of the optimum bottom ash content and curing time 

(Pochalard et al., 2024) 

 

A group of civil engineers (Pochalard et al., 2025) studies the influence of novel high-

strength polyethylene fibers on the unconfined compressive strength (UCS) behavior 

of Bangkok clay cement admixed (Figure 10).  

 

 

Figure 10 SEM image of the polyethylene fiberand the soil cement matrix                        

(Pochalard et al., 2025) 

 

Bangkok clay samples are prepared at a liquid limit (LL) of 88% and added to 

Ordinary Portland Cement (OPC) at 2, 4, 6, 8 and 10% by weight; polyethylene fibers 

are added at 0.5, 1.0, 1.5, 2.0 and 2.5% by volume. These Bangkok clay samples are 

cured for 7, 14, and 28 days and tested by the unconfined compressive test. From the 
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test results, it was found that the cement content of 8% by weight is the optimum, and 

a novel high-strength polyethylene fiber content of 1% by volume is recommended. 

Additionally, the novel high-strength polyethylene fiber with 0.2 mm in diameter and 

6 mm in length resulted in the maximum UCS value (Figure 11).  

 

 

 

Figure 11 The test results of Bangkok clay cement using novel high strength 

polyethylene fibers (Pochalard et al., 2025) 

 

A group of geotechnical engineers (Pochalard S. et al., 2023) investigates the strength 

development of Bangkok clay mixed with cement and Fly Ash (FA) from RDF power 

plant. The cement is replaced by FA which is an eco-friendly method since FA is an 

industrial a waste product from Mae Moh power plant in the northern of Thailand. 

Bangkok clay is added with 20% cement by weight and varied FA from 0 to 30% by 

weight, after curing time for 7, 14, 28 and 90 days. The initial shear modulus (G0) is 

calculated from the shear wave velocity (Vs) measured by a bender element testing 
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(Figure 12). In practice, the determination of soil dynamics properties can be divided 

into two methods: laboratory testing and field testing. In Thailand, field testing was 

previously used by measuring the velocity of stress wave propagation by measuring 

shear waves (Ashford et al., 1997). The measurement of the velocity of this stress wave 

will give the modulus value at low stress level and later the study of the modulus value 

and damping ratio were studied by cyclic trixial test. As it is a laboratory test at high 

stress levels, this test method cannot determine the dynamic properties at low stress 

levels. In order to compare the findings of field testing with the modulus at low stress 

levels and to investigate the modulus behavior in different ways that field tests cannot, 

a laboratory research is thus required (Teachavorasinskun et al., 2002). For comparison 

reasons, the strength development of Bangkok clay samples is determined by 

unconfined compression test (UCS). From the results, it was noted that the optimum 

of FA content is about 15-20% and established that the strength development of 

Bangkok clay admixed with cement and FA is increased with increasing the curing 

time. Furthermore, the relationship is found as G0=27.57qu (Figure 13). 

 

 

Figure 12 Schematic diagram of bender element test and experimental set-up 
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Figure 13 Relationships between G0 and qu 

 2.3. Cement and cementitious materials in ground improvement method 

The use of fly ash from MSW is an interesting topic in terms of environmental 

management in Thailand, so the enhancement of flexural strength of cement 

compacted sand using fly ash from MSW with polypropylene fiber and glass fiber is 

added in this study to investigate its benefit on the environment. MSW combustor fly 

ash is the by-product that is created when municipal solid waste is burned in solid 

waste combustor plants, which is known as MSW combustor fly ash (Figure 14) 

(Chesner et al., 2002).  
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Figure 14 Mass burn WtE facility-typical cross section and ash streams                  

(Chesner et al., 2002) 

 

Incineration has surpassed landfill mining as the most significant alternative for 

disposing but release of heavy metals during MSW incineration is affected by MSW 

composition (Figure 15) (Wang et al., 2019).  
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Figure 15 Diagrammatic representation of the mass movement of heavy metals 

during MSW incineration (Wang et al., 2019) 

Simultaneous of Thailand is growing amounts of waste. And, the sand examined came 

from Thailand’s Ayutthaya area (Figure 16) and is often utilized as a building material 

for embankment fill and pavement applications (Chuenjaidee et al., 2022).   

 

 

Figure 16 cement (a), sand (b), SEM image (c), and sand particle size 

distribution curve (d) (Chuenjaidee et al., 2022) 

 

As a cementing agent, type I Portland cement was employed with fly ash from MSW 

(Aubert et al., 2004), and polypropylene fibers were used as reinforcement material.  

It works well for controlling cracks of different diameters at different loading stages 

and cure durations (Figure 17) (Blazy & Blazy, 2021).  
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Figure 17 (a) Impact of shorter fibers on bridging microcracks and boosting 

tensile strength and (b) impact of longer fibers on bridging macrocracks and 

boosting ductility  

 

Water was added to the sample mixture to achieve the optimal water content as 

determined by the standard proctor test ASTM D698-12e1 (ASTM D698-12e1, 2012).           

The experimentation is research on the properties of the sample according to (ASTM 

C-09, 2013; ASTM C1018, 1997), and the objective of this investigation is study 

unconfined compressive tests by adding polyethylene on the properties with variations 

of fiber content, cement content, and curing time. Thus, the sample performance was 

examined including first peak strength, peak strength, peak strength ratio, toughness, 

ductility index, equivalent flexural strength, and crack behavior (Figure 18) 

(Jamsawang et al., 2015).  

 

 

  

 

(a) (b) 
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Figure 18 (a) Flexural strength and fiber content relationship                                       

(b) linear regression analysis between peak strength and fiber content                              

(c) Toughness versus fiber content relationship and (d) Equivalent flexural 

strength ratio versus fiber content relationship (Jamsawang et al., 2015) 

Large-scale material extraction is required for conventional construction and building 

materials such as steel bars, cement, concrete, sandcrete blocks, burned bricks, and 

tiles, which deplete natural resources and harm the environment. The energy-intensive 

manufacturing process for these materials emits carbon dioxide and other pollutants 

into the environment, including particulate matter, sulfur oxides, nitrogen oxides, and 

carbon monoxide. These pollutants pollute water, air, soil, vegetation, wildlife, and 

(a) (b) 

(c) (d) 
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aquatic life while also affecting human health (Safiuddin et al., 2010). In addition, the 

cost of manufacturing traditional building materials is rising because of the depletion 

of natural resources, the energy needed for manufacturing, and the high cost of 

transportation from suppliers to construction sites. Research on substitute building 

materials is becoming more popular as a result of these financial and environmental 

issues (Figure 19) (Danso et al., 2015).  

 

Figure 19 Photographs and SEM micrographs of the types of fiber (a) Bagasse 

fiber (b) Coconut fiber and (c) Oil palm fiber (Danso et al., 2015) 

Compared to industrial building materials like concrete, the production of earth 

material uses 99 percent less energy. Long transit routes are also unnecessary because 

earth is an inexpensive, readily available, recyclable building material locally (Zak et 

al., 2016). Utilizing earth as a building material to create rammed earth is becoming 

more and more common due to its inexpensive cost and negligible environmental 

impact (Sharma et al., 2015). Earthen materials are not as strong as more contemporary 

building materials like steel and concrete, though, in terms of durability, tensile 

strength, and compressive strength (Ngowi, 1997). To improve the mechanical 

properties of earthen materials, scientists have proposed a variety of stabilizers, such 

as lime and cement (Figure 20) (Donkor & Obonyo, 2016; Millogo et al., 2014; Morel 

et al., 2007; P. Walker, 1997; P. J. Walker, 1995).  

(a) (b) (c) 
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Figure 20 SEM micrograph of fractured beam surfaces (a) Embedded fiber in 

matrix (b) Fiber fracture and pullout (c) lateritic soil raw and (d) Hibiscus 

cannabinus fibers (Donkor & Obonyo, 2016; Millogo et al., 2014) 

To improve the soil's strength properties, cement is widely used in these stabilizers. 

But cement is only one of many elements that contribute to the stated CO2 emissions 

(Ayeldeen & Kitazume, 2017; Safiuddin et al., 2010) . Despite its poor behavior in 

tension, cement is one of the most common building materials. Use of fiber-reinforced 

cementitious material is one of the solutions suggested to possess these cracks; this 

handicap is the primary cause of cracking, which can damage its durability and 

appearance. The energy-absorbing capacity of hardened concrete is increased when 

fibers are added to a matrix, making it more appropriate for use in structures subjected 

to impact loads (Figure 21) (Ayeldeen & Kitazume, 2017; Boulekbache et al., 2010). 

 

(a) (b) 

(c) (d) 
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Figure 21 Fiber distribution through a section (a) Fiber-reinforced ordinary 

concrete and (b) Fiber-reinforced high-strength concrete 

Consequently, there has been an increased focus on fiber-reinforced cementitious soil 

for improving the mechanical qualities of the soil (Ayeldeen & Kitazume, 2017; 

Consoli et al., 2010; Tran et al., 2017; Xiao & Liu, 2018). Because it softens and can 

undergo plastic deformation when heated gradually, polyethylene (PE) is a lightweight, 

viscoelastic, and thermoplastic material. It returns to its hard state upon cooling. Their 

average chain length, or n, determines the temperature at which this occurs (Figure22) 

(Elmrabet et al., 2020). The objective of this investigation is to study unconfined 

compressive tests by adding polyethylene on the properties with variations of fiber 

content, cement content, and curing time. According to the literature reviews, there are 

two issues to be further addressed. First, the application of fly ash from the RDF 

power plant to replace the ordinary Portland cement (OPC) based on the flexural test. 

Second, the microstructure and bonding between the polypropylene fiber with glass 

fiber and soil matrix by SEM. 

 

 

(a) (b) 
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Figure 22 (a) Effect of PE content on expansion (b) Effect of PE content on 

compressive strength and (c) Effect of thermal cycle on compressive strength of 

blended cements (Elmrabet et al., 2020) 

(a) 

(b) 

(c) 
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Chapter 3 Methodology 

3.1. Materials 

The sand used in these experiments was taken from Bangkok’s normal 

construction sand. The grain size analysis curve with Optimum moisture content curve 

and physical properties of Bangkok sand are shown in Figure 23 and 25 with Table 1. 

According to the Unified Soil Classification System (USCS) (American Society for 

Testing and Materials, 1985), this Bangkok sand is classed as poorly graded sand (SP). 

Figure 23 also shows an enlargement of the sand particles obtained from the SEM 

image analysis, which shows angular, sub-angular, round, and sub-round shapes. 

Ordinary Portland cement (OPC) type I with a specific gravity of 3.15 was the cement 

used in the test (ASTM Committee D-18 on Soil and Rock, 2009). The chemical 

composition of the cement used is summarized in Table 2. The fibers used in this 

experiment were glass fibers and the size are 3, 6 and 12 mm from owens coming 

band, advantex CS 979-14 series there is E-glass type as shown in Figure 26 and Table 

3. And, polypropylene fiber with size is 55 mm from synmix band (macro synthetic 

fibers for concrete) as shown in Figure 27 and Table 4. FA from RDF power plant 

waste from lobal Power Synergy Public Company Limited at Numkok Sub-district, 

Muang District, Rayong Province by using technology to transform sorted solid waste 

into fuel (refuse derived fuel or RDF) shown in Figure 28. Power generated by this 

power plant will sell to the provincial electricity authority (PEA) under the municipal 

waste to energy project in the form of feed-in tariff (FiT) scheme. FA is classified as 

Type C according to ASTM C618-12 (ASTM C-09, 2013). Its main chemical 

constituents are listed in Table 5. 
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 (a)                                                                                   (b) 

Figure 23 (a) Grain size distribution curve and (b) Optimum moisture content 

curve  

  

 

 

 

 

 

 

       

        Figure 24 SEM of Bangkok construction sand 

         

Figure 25 Photographs of Bangkok construction sand 
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Figure 26 Glass Fiber-Reinforced Concrete lengths of 3,6 and 12 mm 

 

 

 

 

 

 

              

Figure 27 Polypropylene Fiber lengths of 55 mm 

 

 

 

 

 

 

 

 

 

 

Figure 28 SEM of Fly ash (FA) from Refuse Derived Fuel (RDF) power plant 
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Table 1 Physical properties of the Bangkok construction sand 

Property Value 

Specific gravity (Gs) 2.65 

Gravel content (%) 10.52 

Sand content (%) 80.58 

Fine content (%) 8.90 

D60 (mm) 0.93 

D30 (mm) 0.49 

D10 (mm) 0.29 

Coefficient of Uniformity (Cu) 3.21 

Coefficient of Curvature (Cc) 0.89 

Soil classification (USCS) SP 

Maximum, and minimum void ratios 0.83, 0.28 

Maximum dry unit weight (kN/m3 ) 15.70 

Optimum moisture content (%) 6.19 

Table 2 Chemical composition of cement 

Oxide Common name Mass (%) 

SiO2 Silica 4.45 

Al2O3 Alumina 1.31 

Fe2O3 Iron 14.37 

SO3 Sulfuric anhydrite 1.00 

CaO Lime 76.44 

MgO Magnesia 1.79 

K2O Alkali 0.23 

Cr2O3 Chromic oxide 0.10 

ZnO Zinc oxide 0.32 

Table 3 Properties of glass fiber 

Type Glass Fiber 

Length (mm) 3, 6 and 12 mm Section 

Diameter (μm) 3.0 

Specific weight 2.47 

Tensile strength (MPa) 2350 

Young’s modulus (GPa) 73 

Color White 
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Table 4 Properties of Polypropylene fiber 

 Type Polypropylene Fiber 

Length (mm) 55 mm Section 

Diameter (mm) 0.85 

Specific weight 0.91 

Tensile strength (MPa) 250 

Young’s modulus (GPa) 3.0 

Color White 

 Table 5 Properties of fly ash (FA) 

Oxide Common name Mass (%) 

SiO2 Silica 7.94 

Al2O3 Alumina 1.45 

Fe2O3 Iron 32.56 

SO3 Sulfuric anhydrite 0.53 

CaO Lime 47.52 

MgO Magnesia 4.56 

K2O Alkali 0.66 

Cr2O3 Chromic oxide 0.83 

ZnO Zinc oxide 3.02 

 

3.2. Preparation and experimentation of samples 

The experimentation was divided into three sections. First, the geotechnical 

properties of the examined sand, as well as the physical and engineering features of 

fiber and fly ash from MSW. There are physical properties testing of the Bangkok 

construction sand including Specific gravity (Gs), Gravel content, Sand content, Fine 

content, D60, D30, D10, Coefficient of Uniformity (Cu), Coefficient of Curvature 

(Cc), Maximum and minimum void ratios, Maximum dry unit weight, Optimum 

moisture content and Optimum moisture content (Figure 23a and 23b). The chemical 

composition by using X-ray fluorescence spectrometer (XRF) testing the ordinary 

portland cement (OPC), those are Silica, Alumina, Iron, Sulfuric anhydrite, Lime, 

Magnesia, Alkali, Chromic oxide, and Zinc oxide. And the properties of polypropylene 

fiber include length, shape, section, diameter, specific weight, tensile strength, 
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Young’s modulus, and Colour. And, the chemical composition of   RDF fly ash, there 

are percentage of mass including Silica, Alumina, Iron, Sulfuric anhydrite, Lime, 

Magnesia, Alkali, Chromic oxide, and Zinc oxide. Second, Dry Bangkok sand with FA 

from RDF power plant was combined with polypropylene & glass fiber and Portland 

cement in a concrete mixer to create the CCFS-GF and CCFS-PP specimens. To 

achieve the optimal amount of water (determined by the modified proctor test) ASTM 

D698-12e1(ASTM Committee D-18 on Soil and Rock, 2009) water was added to the 

cement around 6.19 % (optimum moisture content) or 19.81 ml, glass fiber, 

polypropylene fiber, sand, and FA combination. The CCFS-GF samples were then 

prepared in the form of a cylinder with a diameter of 50 mm and a height of 100 mm. 

A wooden hammer was used to compact the uniform mixture until it achieved its 

maximum dry unit weight. The glass fiber and polypropylene fiber contents varied 

between 0.5, 1.0, 1.5, 2.0 and 2.5 % or 2.47, 4.93, 7.40, 9.86 and 12.33 g by volume, 

with glass fiber lengths of 3, 6 and 12 mm and polypropylene fiber lengths 55 mm. 

Even so, the cement percentage was set at 2, 4, 6, 8 and 10 % or 5.12, 10.24, 15.36, 

20.48 and 25.60 g by weight with varied the FA replacement varied between 5, 10, 15, 

20 and 25 % or 1.28, 2.56, 3.84, 5.12, 6.40 and 7.68 g by volume. According to Table 

6, the optimum amount of water and maximum dry unit weight was virtually the same 

for all fiber contents.  Third, the CCFS-PP specimens were subjected to a series of 

flexural strength tests as shown in Figure 32 and unconfined compressive strength test 

as shown in Figure 31 by using a 50 kN load cell used to measure the applied loads. 

The deflection rate was controlled by an electric motor at 0.05 mm/min, and the test 

ended with a 3 mm net deflection. The CCFS-PP specimens were made by mixing dry 

Bangkok sand, fly ash from municipal solid waste (MSW), polypropylene fibers, and 

Portland cement in a concrete mixer. According to Table 7, CCFS-PP specimens were 

prepared as a beam measuring 75 mm in width, 75 mm in height, and 300 mm in length. 

The specimens were cured for 7-, 14-, 28-, 60- and 90-days period before the test date. 

Fourth, ASTM D8295–19 (ASTM D8295−19, 2019), the bender element test is used to 

measure the shear wave velocity, Vs, which is used to determine the stiffness of CCFS-

PP specimens in terms of initial shear modulus, G0. This method was used to determine 

the strength development in consideration of Vs for CCFS-PP specimens (Figure 33). 
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Lastly, a series of scanning electron microscopes (SEM): FEI QUANTA 450 

investigations (Figure 34) were performed on the CCFS-GF and CCFS-PP samples to 

examine the interaction mechanism of fiber, cement, and fly ash from MSW interface. 

Table 6 CCFS-GF specimens for Unconfined Compressive Strength (UCS) test 

Serial     

number 

Cement 

content 

(%) 

FA 

(%) 

Fiber 

content 

(%) 

Fiber 

length 

(mm) 

Optimum 

moisture 

content 

(%) 

Curing time 

(days) 

A1 2 20 1.0 6 6.19 28 

A2 4 20 1.0 6 6.19 28 

A3 6 20 1.0 6 6.19 28 

A4 8 20 1.0 6 6.19 28 

A5 10 20 1.0 6 6.19 28 

B1 8 20 0.5 6 6.19 28 

B2 8 20 1.0 6 6.19 28 

B3 8 20 1.5 6 6.19 28 

B4 8 20 2.0 6 6.19 28 

B5 8 20 2.5 6 6.19 28 

C1 8 20 1.0 3 6.19 28 

C2 8 20 1.0 6 6.19 28 

C3 8 20 1.0 12 6.19 28 

D1 8 5 1.0 6 6.19 7, 14, 28, 60, 90 

D2 8 10 1.0 6 6.19 7, 14, 28, 60, 90 

D3 8 15 1.0 6 6.19 7, 14, 28, 60, 90 

D4 8 20 1.0 6 6.19 7, 14, 28, 60, 90 

D5 8 25 1.0 6 6.19 7, 14, 28, 60, 90 

D6 8 30 1.0 6 6.19 7, 14, 28, 60, 90 

E1 8 20 0.5 6 6.19 7, 14, 28, 60, 90 

E2 8 20 1.0 6 6.19 7, 14, 28, 60, 90 

E3 8 20 1.5 6 6.19 7, 14, 28, 60, 90 

E4 8 20 2.0 6 6.19 7, 14, 28, 60, 90 

E5 8 20 2.5 6 6.19 7, 14, 28, 60, 90 
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Table 7 CCFS-PP specimens for Flexural Strength test 

Serial     

number 

Cement 

content 

(%) 

FA 

(%) 

Fiber 

content 

(%) 

Fiber 

length 

(mm) 

Optimum 

moisture 

content 

(%) 

Curing time 

(days) 

A1 2 20 1.0 55 6.19 28 

A2 4 20 1.0 55 6.19 28 

A3 6 20 1.0 55 6.19 28 

A4 8 20 1.0 55 6.19 28 

A5 10 20 1.0 55 6.19 28 

B1 8 20 0.5 55 6.19 28 

B2 8 20 1.0 55 6.19 28 

B3 8 20 1.5 55 6.19 28 

B4 8 20 2.0 55 6.19 28 

B5 8 20 2.5 55 6.19 28 

C1 8 5 1.0 55 6.19 7, 14, 28, 60, 90 

C2 8 10 1.0 55 6.19 7, 14, 28, 60, 90 

C3 8 15 1.0 55 6.19 7, 14, 28, 60, 90 

C4 8 20 1.0 55 6.19 7, 14, 28, 60, 90 

C5 8 25 1.0 55 6.19 7, 14, 28, 60, 90 

D1 8 20 0.5 55 6.19 7, 14, 28, 60, 90 

D2 8 20 1.0 55 6.19 7, 14, 28, 60, 90 

D3 8 20 1.5 55 6.19 7, 14, 28, 60, 90 

D4 8 20 2.0 55 6.19 7, 14, 28, 60, 90 

D5 8 20 2.5 55 6.19 7, 14, 28, 60, 90 
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Figure 29 Sand sieve analysis test 
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Figure 30 Modified proctor compaction test  
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Figure 31 Experimentation set up of Unconfined Compressive Strength (UCS) test 

 

Figure 32 Experimentation set up of Flexural Strength test 
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      Figure 33 (a) Bender element test and (b) experimental set-up  

(a) 

(b) 
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Figure 34 Scanning Electron Microscopes (SEM): FEI QUANTA 450  
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Chapter 4 Experimental Results 

4.1. Experimentation of CCFS-PP specimens 

The specimens performed a flexural performance test in accordance with ASTM 

C 1018 (ASTM C1018, 1997)and ASTM C-09 (ASTM C-09, 2013) after 28 days of 

curing. The beams turned 90 degrees from their casting location before testing to reduce 

the impact of the casting direction. The test setup and equipment are displayed in 

Figures 35. The applied loads were measured using a 50 kN load cell. An electric motor 

controlled the deflection rate of 0.05 mm/min, and the test ended at a net deflection of 

3 mm. Then, the data logger gathered enough data points to create highly sensitive load-

deflection curves as seen in Figure 36, which were then utilized to accurately predict 

each CCFS-PP’s dependable flexural performance and interpret the test findings. 

 

 

 

Figure 35 Flexural strength test specimen and set up 

50 kN-Load cell

7
5

75 75 75
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Figure 36 Parameter calculations obtained from load–deflection curves           

adapted from ASTM C1609/C1609M-10 (ASTM C1609/C1609M-10, 2013) 

 

4.2. The CCFS-PP’s flexural behavior parameters  

The CCFS-PP flexural responses can be classified as softening or hardening. 

Figure 37 shows the load-deflection curves for CCFS-PP beams. Beams with no fiber 

have deflection softening and brittle behaviors while beams containing a lot of fibers 

shows the deflection hardening and ductile behaviors. Flexural reactions of CCFS-PP 

can be characterized as either deflection-softening or deflection-hardening as illustrated 

by curves. In this study, along the load-deflection curve, the point that clearly shows 

nonlinearity is defined as the first cracking point. After the first crack, a CCFS-PP 

sample with deflection-hardening behavior has a better load-carrying capacity. 

According to ASTM standard C 1018 (ASTM C1018, 1997)and ASTM C-09 (ASTM 

C-09, 2013), this point is suitable for designating the first peak point for CCFFSs 

displaying either deflection-hardening or softening reactions. P1 is the load value at this 

point, and δ1 is a corresponding deflection value. The first point of softening following 

point P1 is known as the peak load (PP). In the case of deflection softening CCFFS, it 

is noticed that P1 = PP. δP denotes the corresponding deflection value at PP. ASTM C-

09 (ASTM C-09, 2013) recommends a deflection point of L/150 equivalent to 1.5 mm 

for a specimen with a 1.5 mm span in addition to the P1 and PP points. At any 

deflection, the flexural strength (f) is calculated by Eq. (1) as follows: 

f =  
PL

bd2
                                                                                (1)                                           
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P is the load (kN) that corresponds to the needed f (kPa), L is the span length (m), b is 

the specimen's breadth (m), and d is its depth (m). The P1  and PP flexural loads are 

defined as the first peak strength (f1)  and peak strength (fP).  The residual load P1 5 0, 

which equates to the residual strength at a deflection of L/150 (f150), is the load borne 

by CCFS-PP after P1  at the deflection of L/1 5 0 .  Toughness is defined as the energy 

corresponding to the region beneath the load-deflection curve up to a specific 

deflection. The toughness value at the deflection of L/1 5 0  is indicated as T1 5 0 . 

(Nematollahi et al., 2014) state that the ductility of a composite material is defined as 

the ratio of the first-crack deflection to the deflection at the peak strength (δP/δ1).  

In other words, the CCFS-PP is more ductile the larger the ratio of δP/δ1. Thus,  

the following definition applies to the ductility index (DI) by Eq. (2) as below: 

DI =
P

1
                              (2) 

Which δP and δ1 are the specimen's net deflections at peak strength and first peak 

strength, in mm. The equivalent flexural strength ratio (RT,150), which is derived from 

the energy absorption capacity up to the deflection of L/150 of the beam span and the 

initial peak load, is frequently used to assess the flexural performance of CCFS-PP.                       

As a result, using Eq. (3), the value of RT,150 could be determined from the load 

deflection curves obtained from the observations. 

RT,150  =
T150

P1×(
L

150
)

× 100%                   (3) 

A high toughness material is one with an RT,150 value of more than 100%, and is linked 

to PP > P1.  RT,150 values, on the other hand, are less than and larger than 100% for 

deflection softening (PP = P1) and deflection hardening (PP > P1) behaviors, 

correspondingly.  

 

4.3. Results and discussions of CCFS-PP 

 4.3.1 Behavior of load-deflection curves 

  Figure 37 a-e presents the load-deflection curves for CCFS-PP beams with 

different polypropylene fiber contents varied from 0-2.0%. All figures obviously depict 

the fly ash affects the load-deflection response at the same polypropylene fiber content, 

which indicates different flexural performances in term of first peak strength, peak 

strength, peak strength ratio, residual strength ratio, ductility index and toughness. 

Figure 37a shows the results of CCFS-PP beams without polypropylene fiber reflecting 

the brittle behavior and deflection softening manner. By adding 0.5% of polypropylene 

fiber content, Figure 37b shows the improvement of the ductile behavior and the 

increment of Residual strength ratio at a deflection of L/150 (RSR150). Figure 37c 

presents the test data of the CCFS-PP beam mixed at 1% of polypropylene fiber. The 

test results show that Group B with 25% of fly ash and 75% of Portland cement has the 

P150 data as good as the test results of the controlled Group A with 100% Portland 
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cement. Figure 37d shows the test results of CCFS-PP beams with 1.5% of 

polypropylene fiber. Test data of group B is P150 higher than the controlled results of 

group A, showing the ductile behavior and defection hardening style. However, Figure 

37e shows the test data of the controlled sample group A has the defection hardening 

behavior and P150 data higher than other test results. Therefore, the research found the 

optimum polypropylene fiber content of 1.5% for Group B (25% of fly ash and 75% 

cement). 

 

 

 

(a) 

(b) 

(c) 



 

 

 

46 
 

 

 

 

Figure 37 Load-deflection curves for CCFS-PP with different fiber contents               

(a) 0% (b) 0.5% (c) 1.0% (d) 1.5% and (e) 2.0% 

4.3.2 First peak strength (f1) and peak strength (fP) 

The first crack's stress, or f1, was brought on by bending along the bottom face 

of the beam. The impact of fiber content on the values of f1 and fP is depicted in Figures 

38 and 39. The CCFS-PP has f1 values between 0.01 and 0.43 MPa. Because the 

strength of the cement, sand, and fly ash from MSW matrix, rather than the fiber 

bridging capacity, determines f1 for CCFS-PP, an increase in fiber content has a minor 

effect (Sukontasukkul et al., 2010). so that all CCFS-PP, with the exception of CCFS-

PP Group C and CCFS-PP Group E, which have fiber concentrations ranging from 0.5 

to 1.5%, have f1 values that are hardly different from one another. While the fiber 

content of all CCFFS samples increases, so does the total fP with the exception of 

CCFS-PP Group D and CCFS-PP Group E. 

(d) 

(e) 
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4.3.3 Peak strength ratio (PSR)  

Peak strength ratio (PSR), which is equal to fP divided by f1, is used in this study 

to compare the hardening levels of each CCFS-PP. This ratio shows how strong the 

fiber can get following the occurrence of the first crack. More specifically, values of 

PSR = 1 and PSR > 1 imply responses that are alternately softening and hardening; the 

greater the PSR, the more hardening has occurred. According to Figure 40, CCFS-PP 

Group B and CCFS-PP Group D gave PSR increases with increasing fiber content and 

gave the greatest PSRs of 1.1 and 1.86, respectively, at 1.5 and 2.0% fiber content. In 

contrast, CCFS-PP Group C and CCFS-PP Group E showed an optimal fiber 

concentration of 0.97 with maximum PSR of around 2.3. As a result, CCFS-PP Group 

E has up to 2.45 times the hardness of CCFS-PP. Group C and CCFS-PP Group D (fiber 

contents 0.5%). With reported values of 1.10 and 1.86, respectively, CCFS-PP Group 

B (fiber contents 1.5%) and CCFS-PP Group D (fiber contents 2.0%) exhibited PSR 

better than 1.0 for specified fiber contents. The PSR for completely developed softening 

in CCFS-PP Group C, however, was unaffected by the fiber content because it was 

always reported as 1. 

 

 

Figure 38 First peak strength (f1) at different fiber contents and fly ash from 

WSW replacement to cement ratio 
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Figure 39 Peak strength (fP) at different fiber contents and fly ash from WSW 

replacement to cement ratio 

 

Figure 40 Peak strength ratio (PSR) at different fiber contents and fly ash from 

WSW replacement to cement ratio 
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4.3.4 Residual strength ratio deflection L/150 (RSR150) 

This research also introduces a residual strength ratio at a deflection of L/150 

(RSR150) to test the fiber's capacity to support the residual load from the initial fracture 

site to the deflection of L/150 in addition to PSR. RSR150 is therefore equal to f150 

divided by f1. Additionally, this ratio suggests how well fiber performs in preserving 

CCFS-PP’s hardening at high deflection. According to the findings for CCFS-PP Group 

B, a fiber concentration of 1.5% is ideal for achieving the highest RSR150 values, 

which is roughly 1.10. But for CCFS-PP Group A and CCFS-PP Group D RSR150 rose 

as the fiber content increased, producing the greatest values at 2.0% fiber content for 

each of 1.38, and 1.71, respectively. Among the various fiber types, it appears that 

CCFS-PP Group D was the most successful in terms of RSR150 considering the 2.0% 

fiber content, and CCFS-PP Group E which is 0.5% fiber content as shown in Figure 

41. 

 

Figure 41 Residual strength ratio at a deflection of L/150 (RSR150) at different 

fiber contents and fly ash from WSW replacement to cement ratio 

 

4.3.5 Ductility index (DI) 

The data indicates that before the polypropylene fibers can support a portion of 

the load, there needs to be a significant amount of deflection. Unquestionably, ductility 

is the capability to absorb inelastic energy without reducing load capacity. increased 

ductility is the result of the same system's increased inelastic energy absorption. It goes 

without saying that adding fiber greatly increases the system's ductility from this 
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perspective. For Figure 42, the optimal fiber contents for CCFS-PP Group A, CCFS-

PP Group C, and CCFS-PP Group E are 1.5 % and CCFS-PP Group B 2.0 %, 

respectively, with maximum DI values of around 17, 23, 24 and 24.17, respectively. DI 

values for CCFS-PP Group C tend to decline and rise with increasing fiber levels, 

yielding values of 23 to 1 at 0.5-2.0% fiber contents. When creating CCFS-PP with 

exceptionally high ductility, the CCFS-PP Group A, CCFS-PP Group C and CCFS-PP 

Group E at 1.5% fiber content and CCFS-PP Group B at 2.0% fiber content are 

acceptable. 

 

 

Figure 42 Ductility index (DI) different fiber contents and fly ash from WSW 

replacement to cement ratio 

 4.3.6 Toughness deflection L/150 (T150) 

   This research has taken consideration of the toughness at a 1.5 mm deflection 

point equivalent to L/150 (T150). The findings demonstrate that, as shown in Figure 43, 

the fiber content has an impact on the T150 of CCFS-PP. Because the fiber bridging 

capacity at the fracture surfaces has improved, higher fiber contents have a higher 

T150. In terms of toughness, CCFS-PP beams with deflection-hardening behavior 

outperformed those with deflection-softening behavior because they absorbed more 

energy following cracking (Hannawi et al., 2016).   

As a result, when compared to CCFS-PP with fiber content, CCFS-PP Group A 

and CCFS-PP Group B can absorb the most T150, whilst CCFS-PP Group E produced 

the least T150. T150 values from CCFS-PP Group A and CCFS-PP Group B ranged from 

1.18 to 1.84 N-m and 0.74 to 1.25 N-m, correspondingly And, T150 values from CCFS-

PP Group C, CCFS-PP Group D, and CCFS-PP Group E were comparable                      
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(between 0.01-0.81 N-m). Values between 0.74 to 1.25 N-m were given by CCFS-PP 

Group B. T150 for CCFS-PP Group B has a value of 1.25 N-m. Therefore, the CCFS-

PP Group B increased the T150 of CCFS-PP by up to 2.5 and 1.63 times, for the 0.5% 

and 1.5% fiber content. 

 

Figure 43 Toughness at a deflection of L/150 (T150) at different fiber contents and 

fly ash from WSW replacement to cement ratio 

 

4.3.7 Bender Element Test 

The stiffness of CCFS-PP specimen is determined in terms of initial shear 

modules, G0, using the bender element test, which measures the shear wave velocity, 

Vs, in accordance with ASTM D8295-19 (ASTM D8295−19, 2019). Using a 

combination of regular Portland cement and fly ash that experienced a pozzolanic 

reaction through shear modulus, this technique was utilized to calculate strength 

development while taking Vs into account for all CCFS-PP specimens. The shear 

wave test technique is illustrated by setting up the apparatus to produce a shear wave 

signal. One signal cable equipped with CCFS-PP specimens sends the sine pulse 

signal to the transmitter bender element after the function generator transforms the 

analog input into a sine pulse signal. CCFS-PP specimens will allow the signal to pass 

through them. The signal passes via the receiver bender element, into the oscilloscope, 

and then into the computer via a second line that is directly linked to the oscilloscope. 

This creates a pattern of the signal passing through the CCFS-PP specimens. The shear 

wave measuring example is shown in Figure 44. A sine pulse shear wave frequency 

produced by sine waves passing through CCFS-PP specimens is broadcast back to the 

signal originating computer via an oscilloscope transmitter via a sine pulse signal 
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pattern. As advised by the manufacturer, a digital to analog converter is used to 

provide a 10 V amplitude signal at a frequency of 10 kHz in order to create sine pulse 

waves. The shear wave signal passing through the CCFS-PP specimen is received by 

the receiver bender element after the wave has passed through its height. 

 

 

Figure 44 Samples of measurements for shear waves 

 

The duration of a wave passage from the transmitter to the receiver is known 

as the shear voyage. Examining the shear wave's travel length the wave entering wave 

1’s highest point in Figure 44 serves as the beginning of the journey time count from 

transmitting to wave 2’s peak, which marks the conclusion of the receiving wave’s 

voyage. The following Equation (4) may thus be used to find Vs (represented as Vs-

Vh) combined  (ASTM D1633-17, 2017; ASTM D8295−19, 2019). In this case, Vs is 

the shear wave velocity expressed in meters per second. 

 

Vs = (Li - Lb)/(Ts - Tc)                                                                         (4) 

 

The effect of FA content with the change in Vs on the CCFS-PP mixed FA 

content of 5, 10, 15, 20, and 25% are shown in Figure 45. The maximum Vs result at 

28 days was found to be 500.67 m/s at 5% FA. This indicates the tendency that an 
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increase in FA content will result in a decrease in Vs, so it is advised that 5% FA be 

used for the CCFS-PP mixing. 

 

 

Figure 45 Relationship Vs and FA content of CCFFS-PP Groups C1-C5 

The effect of fiber content on the CCFFS-PP mixed in terms of fiber content 

of 0.5, 1.0, 1.5, 2.0, and 2.5% is shown in Figure 46 as a function of Vs. The highest 

Vs result of 448.83 m/s was recorded at 0.5% PP after 28 days. Therefore, it is advised 

to utilize 0.5% PP for the CCFFS-PP mixture. It demonstrates how increasing the 

amount of PP fiber lowers the Vs. 

 

Figure 46 Relationship Vs and Fiber content of CCFFS-PP Groups D1-D5 
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4.3.8 SEM image analysis of CCFS-PP 

   The effect of fiber type on the crack patterns and crack widths of CCFS-PP 

beams. Macroscale crack behavior, which is visible to the unaided eye, is an indication 

of this study. To study the micro-scale interaction mechanisms between the fiber 

surface micro-scale behavior and the cement-sand matrix interface, however, 

microstructural observation is necessary. This intricate process is impacted by various 

factors such as the shape, surface roughness, and length of the embedded fiber. In 

order to support the macro-scale test data, it is interesting and reasonable to interpret 

comparative flexural performances based on a micromechanical approach as presented 

in the preceding sections. The comparative interfacial bond nature for fiber was 

characterized in this study using SEM observation. The matrix and fiber are first 

bonded to one another along the whole fiber length by chemical or physical adhesion 

before the flexural test. According to (Hannawi et al., 2016), the SEM images 

displayed the hydrophobic and synthetic polyolefin and polypropylene fibers. 

Moreover, SEM analyses verify the presence of CaCO3 binding sand particles together 

and the enhancement of the physical strengths of the sand soil samples (Iamchaturapatr 

et al., 2021). Furthermore, the use of SEM and X-ray diffractometer (XRD) to identify 

the CaCO3 precipitation found in biocemented sand were discussed. There are 

identified potential benefits and anticipated uses for biocemented soil improvement 

(Piriyakul & Iamchaturapatr, 2013). As a result, partially separated interfacial zones 

were seen because the hydrophobic synthetic fiber was able to, more or less, prevent 

water required for cement hydration from penetrating the cement sand specimens’ 

structure during the curing period and increase the number of air bubbles present in 

the interfacial transition zone. The reduced hardening-deflection response and lower 

peak strength were caused by this study. So, the interaction mechanism of fiber-matrix 

interface is presented by SEM image as shown in Figures 47-51. Figure 47 shows the 

SEM image of CCFS-PP in Group A which consists of 100% OPC and no fly ash. The 

result shows the bonding between cemented sand matrix and PP fiber due to the 

hydration reaction. Similarly, Figure 48 expresses the SEM image of sample in Group 

B which are 75% OPC and 25% fly ash. The hydrophobic zone occurred on the fiber 

surface, resulting in less bonding and UCS. Moreover, the hydrophobic zone is more 

happen in Group C to Group E since the mixing ratios with fly ash is increased as 

shown in Figures 49 – 51. The SEM image of sample in Group E which is 100% fly 

ash and no OPC shows the severe problem of hydrophobic zone showing no bonding 

on the PP fiber surface and poor UCS results. It was noted that the microstructure of 

the polypropylene fiber surface, fly ash – cement – sand matrix, hydration products 

and several interfaces. By adding a small amount of fiber content, the bond strength 

between fly ash from MSW – cement – sand matrix and the polypropylene fiber is 

created at the polypropylene fiber surface due to the hydration products and its 

crimped-shaped fiber, showing the bonding manner. 
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Figure 47 SEM image of the sample A 

 

Figure 48 SEM image of the sample B 
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Figure 49 SEM image of the sample C 

 

Figure 50 SEM image of the sample D 
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Figure 51 SEM image of the sample E 

4.4. Experimentation of CCFS-GF specimens 

The specimens performed an unconfined compressive strength (UCS) test in 

accordance with ASTM D1633–17(ASTM D1633-17, 2017) after 7-, 14-, 28-, 60- and 

90-days. The applied loads were measured using a 50 kN load ell. An electric motor 

controlled the compression rate of 0.05 mm/min, and the test ended at a net 

displacement of 3 mm or failure. Then, the data logger then gathered enough data 

points to create curves, which were then utilized to accurately predict each CCFS-

GF’s dependable UCS and interpret the test findings. 

 

4.5. The CCFS-GF’s unconfined compression behavior parameters 

According to ASTM D1633–17 (ASTM D1633-17, 2017), the UCS test is 

performed here for comparison purposes. Even though this type of testing is 

destructive, it has many benefits, like time savings. In experimenting with FA samples. 

Thus, the CCFS-GF focused on each parameter including effect of FA content, effect 

of glass fibers content, effect of glass fibers length, effect of aging, relationships of 

unconfined compressive strength and curing time. 
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4.6. Results and discussions of CCFS-GF 

4.6.1 Effect of fly ash (FA) and cement content 

 Effect of cement content on compressive strength development with the same 

ratio of FA and glass fiber. Figure 52 respectively present shows a comparison of the 

development of uniaxial compression strength with cement ratios of 2, 4, 6, 8, and 

10%. And, using FA at a ratio of 20% of cement and using glass fibers length 6 mm. at 

a ratio of glass fibers of 1% using a curing period of 28 days. From the experiment, it 

was found that the development of compressive strength with a greater cement ratio 

directly resulted in a large increase in compressive strength corresponding to the 

cement volume ratio. From the ACI 230.1R-09 standard (ACI 230.1R-09, 2009) (in 

category A-1-b, SP group, cement content is between 5% -8%). The compressive 

strength value of subgrades and subbases for concrete pavements is set at around 345- 

690 kPa (ACPA Subgrades, 2007). The results of the experiment from the sample 

showed that the cement ratio that passed the standard was in the range of 6 % and 8 %. 

Therefore, the cement ratio was chosen at 8 % because it can provide the best 

compressive strength according to the above standards. 

 

 

Figure 52 Bar chart Group A showing the relationship between UCS VS cement 

content 
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4.6.2 Effect of glass fiber content 

 Effect of glass fiber content on compressive strength development with the 

same ratio of cement and FA. Figure 53 respectively present shows a comparison of 

the development of uniaxial compression strength with glass fibers ratios of 0.5, 1.0, 

1.5, 2.0, and 2.5 %. And, using cement at ratio of 8 % with FA at a ratio of 20 % of 

cement and using glass fibers length 6 mm by using a curing period of 28 days. From 

the experiment, it was found that the development of compressive strength with an 

increasing ratio of glass fibers resulted in a higher value of compressive strength. 

From the experiment, it was found that the compressive strength was improved with 

an increase in the glass fiber ratio. Resulting in higher compressive strength values. 

The optimum glass fiber ratio is 1 %, although increasing the glass fiber ratio does not 

result in an increase in compressive strength. But it makes the compressive strength 

decrease. Therefore, mixing glass fibers in a higher ratio does not increase the 

compressive strength as well. 

 

 

Figure 53 Bar chart Group B showing the relationship between UCS VS fiber 

content 
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4.6.3 Effect of glass fibers length 

 Effect of glass fiber length on compressive strength development with the same 

ratio of cement and FA. Figure 54 respectively present shows a comparison of the 

development of uniaxial compression strength with glass fibers length of 3, 6 and 12 

mm. And, using cement at ratio of 8 % with FA at a ratio of 20 % of cement and using 

glass fibers content 1% by using a curing period of 28 days. From the ACI 230.1R-09 

standard (ACI 230.1R-09, 2009)(in category A-1-b, SP group, cement content is 

between 5 %-8 %). The compressive strength value of subgrades and subbases for 

concrete pavements is set at around 345- 690 kPa (ACPA Subgrades, 2007). Therefore, 

a glass fiber length of both 3 and 6 mm can be chosen because it meets the above 

standards, but the result of 6 mm is better. 
 

 

Figure 54 Bar chart Group C showing the relationship between UCS VS fiber 

length 
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4.6.4 Effect of curing time 

 Effect From the experiment on the development of compressive strength, it was 

found that increasing the volume ratio of FA to the curing period by using the same 

volume ratio of cement and glass fibers. Figures 55 to 59 respectively present shows a 

comparison of the development of uniaxial compression strength with FA at a ratio of 

5, 10, 15, 20, 25 and 30 % of cement. And, using cement at ratio of 8 % with glass 

fibers content 1 % by using a curing period of 7, 14, 28, 60 and 90 days. From the ACI 

230.1R-09 standard (ACI 230.1R-09, 2009) (in category A-1-b, SP group, cement 

content is between 5 %-8 %). The compressive strength value of subgrades and 

subbases for concrete pavements is set at around 345- 690 kPa (ACPA Subgrades, 

2007). Therefore, a glass fiber length of 6 mm can be chosen because it meets the 

above standards. It was noted that the ash content of 20 % and 25 % in the curing 

period of 28 days or more was most suitable. At the same time, it is still able to pass 

the above standards with a compressive strength value not lower than the standard 

value. 
 

 

Figure 55 Bar chart Group D (7days) showing the relationship between UCS VS 

fly ash content 
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Figure 56 Bar chart Group D (14days) showing the relationship between UCS 

VS fly ash content 

 

Figure 57 Bar chart Group D (28days) showing the relationship between UCS 

VS fly ash content 
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Figure 58 Bar chart Group D (60days) showing the relationship between UCS 

VS fly ash content 

 

Figure 59 Bar chart Group D (90days) showing the relationship between UCS 

VS fly ash content 
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4.6.5 Relationships of unconfined compressive strength and curing time 

 From the experiment to develop compressive strength, it was found that by 

increasing the ratio of the amount of glass fibers to the curing time with the same ratio 

of the amount of cement and FA. Figures 60 to 64 respectively present shows a 

comparison of the development of uniaxial compression strength with glass fibers 

ratios of 0.5, 1.0, 1.5, 2.0, and 2.5 %. And, using cement at a ratio of 8% with FA at a 

ratio of 20% of cement and using glass fibers length 6 mm by using a curing period of 

7, 14, 28, 60 and 90 days. So, it was confirmed that the sample had the highest 

compressive strength at a glass fiber ratio of 1% during the curing period of 7, 14, 28, 

60 and 90 days. The curing period of 90 days gives the highest compressive strength. 

Therefore, the optimum ratio of glass fiber volume and curing time is a curing time of 

90 days with a glass fiber ratio of 1%. 

 

 

Figure 60 Bar chart Group E (7days) showing the relationship between UCS VS 

Glass fiber content 
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Figure 61 Bar chart Group E (14days) showing the relationship between UCS VS 

Glass fiber content 

 

Figure 62 Bar chart Group E (28days) showing the relationship between UCS VS 

Glass fiber content 
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Figure 63 Bar chart Group E (60days) showing the relationship between UCS VS 

Glass fiber content 

 

Figure 64 Bar chart Group E (90days) showing the relationship between UCS VS 

Glass fiber content 
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4.6.6 SEM image analysis of CCFS-GF 

The interaction mechanism of glass fiber-matrix interface is presented by SEM 

image as shown in Figures 65 and 66. The microstructure of the glass fiber surface, FA 

with cement sand matrix, hydration products and several interfaces. By adding a small 

amount of glass fiber content, the bond strength between FA with cement sand matrix 

and the glass fiber is created at the glass fiber surface due to the hydration products 

and its crimped shaped glass fiber, showing the compressive strength behavior. 

 

 

 

 

 

 

 

 

 

 

Figure 65 SEM image of the interaction mechanism of cemented-sand and     

fiber matrix interface         

Hydration products 



 

 

 

68 
 

 

 

Figure 66 SEM image of the microstructure of the CCFS-GF with hydration 

products and several interfaces 

         

 

 

 

 

 

 

 

 

 

 

Cemented - sand and FA with fiber matrix 



 

 

 

69 
 

 

Chapter 5 Conclusions 

 

5.1. Conclusions of CCFS-PP specimens 

The research was conducted as a comparative analysis of the impact of compacted 

sand using fly ash from MSW and polypropylene fiber (CCFS-PP) on flexural strength 

tests, according to ASTM standard C 1018 (ASTM C1018, 1997)and ASTM C-09 

(ASTM C-09, 2013). The cement percentage was set at 5% by dry weight, while the 

55 mm polypropylene fiber amounts ranged from 0.5% to 2.0% by volume. And, 

varying the fly ash replacement to cement ratio of 0:100, 25:75, 50:50, 75:25 and 

100:0 by weight. The interaction mechanism of the fiber matrix interface was observed 

by SEM. Thus, the following conclusions are reached considering the research 

findings: 

5.1.1 Fiber composition has an impact on how CCFS-PP responds to loading. 

Depending on the amount of fiber present, the CCFS-PP exhibits either a softening or 

a hardening reaction. Polypropylene fiber is recommended in terms of achieving a 

hardening reaction at the fiber content of 1.5%. 

5.1.2 Fly ash from MSW can be used as a substitute for cement and should not be 

used more than the ratio of 25 to cement 75 for maximum efficiency in the selection 

of ash materials from MSW. 

5.1.3 With a non-compact interfacial zone that produces only a partial-contact 

interfacial surface, the synthetic fibers (polypropylene fiber) under study are 

hydrophobic materials. For a hardening-deflection response to be obtained, these need 

a higher fiber content to establish a strong enough bond. 

5.1.4 More fiber length improves performance for the polypropylene fiber 

material because it increases the interfacial surface area; however, in the case of 

differential lengths, the fiber surface type takes precedence over length because the 

interfacial bond is different. 

5.1.5 Polypropylene fiber contributes to the strength of the strengthened sand. The 

polypropylene fiber worked well to stabilize and reinforce the structure. This is a 

result of the sand's uniformly distributed fibers. 

 

5.2. Conclusions of CCFS-GF specimens 

The research was conducted as a comparative analysis of the impact of the 

compacted cement sand mixed with industrial waste from refuse derived fuel power 

plant and glass fiber (CCSIWGF). The cement was set at 2 %, 4 %, 6 %, 8 % and 10 

% by weight of the dry weight, and varying the RDF bottom ash used were 5 %, 10 %, 

15 %, 20 %, 25% and 30 % by volume. Subsequently, the samples were cured for 7, 

14, 28, 60 and 90 days. Thus, the following conclusions are reached in light of the 

research findings: 
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5.2.1 A cement ratio of 10% is the ratio that gives the highest compressive 

strength. Giving an approximate unconfined compressive strength value of 2500 kPa. 

The ratios with compressive strength values are arranged in order from highest to 

lowest as 10 %, 8 %, 6 %, 4 % and 2 % with compressive strength values around 

2500, 1800, 1400, 820 and 240 kPa. 

5.2.2 Glass fiber content composition has an impact on how CCFS-GF respond to 

loading. Depending on the amount of glass fiber of 1.0 % and giving an approximate 

unconfined compressive strength value of 1600 kPa. The CCFS-GF exhibits either a 

softening or a hardening reaction. Glass fiber is recommended in terms of achieving a 

hardening reaction at the fiber content of 1.0 %. Moreover, the glass fibers length at 

12 mm gives the highest compressive strength approximate unconfined compressive 

strength value of 2050 kPa. They are arranged in order from highest to lowest as 12 

mm, 6 mm and 3 mm with compressive strength values around 2050, 1390 and 1315 

kPa. 

5.2.3 RDF fly ash ratio at 5 % give the highest compressive strength approximate 

unconfined compressive strength value of 2870 kPa. The ratios with compressive 

strength values are arranged in order from highest to lowest as 5 %, 10 %, 15 %, 2 0%, 

25 % and 30 % with compressive strength values around 2870, 2725, 2535, 2446, 

2400 and 1950 kPa. 

5.2.4 From the CCFS-GF of changing the mixing ratio of RDF fly ash, it was 

found that changing the ratio of fly ash contributes to the development of compressive 

strength a period of 7 - 14 days, increasing by an average of 280 kPa. During 14-28 

days, an average increase of 330 kPa. During 28-60 days, an average increase of 740 

kPa and during 60-90 days, an average increase of 138 kPa. Thus, RDF fly ash greatly 

contributes to the development of compressive strength over a period of 28-60 days. 

And, the mixing ratio of glass fibers, it was found that changing the ratio of glass fiber 

contributes to the development of compressive strength a period of 7 - 14 days, 

increasing by an average of 205 kPa. During 14-28 days, an average increase of 385 

kPa. During 28-60 days, an average increase of 200 kPa and during 60-90 days, an 

average increase of 495 kPa. Thus, glass fibers greatly contribute to the development 

of compressive strength over a period of 60-90 days. 

 

5.3. Practical recommendations of CCFS-PP and CCFS-GF  

Based on the findings regarding the physical and mechanical properties of 

cement-compacted sand incorporating fly ash from refuse-derived fuel (RDF) power 

plants, combined with synthetic fibers, it is evident that such materials show promise 

as green construction materials for infrastructure projects such as roads and pipelines. 

The following practical recommendations are proposed for real-world application: 

5.3.1 Utilization of RDF fly ash as partial cement replacement 

It is recommended to use fly ash derived from RDF incineration as a partial 

replacement for ordinary Portland cement in cement-compacted sand mixtures 

(CCFS). Initial trial replacement ratios of 10%, 20%, and 30% are suggested to 

determine the optimal balance between mechanical strength and sustainability. This 

substitution can significantly reduce CO₂ emissions associated with cement production 

and lower overall material costs. 
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5.3.2 Incorporation of synthetic fibers for enhanced mechanical performance 

Synthetic fibers such as polypropylene (PP) and glass fiber (GF) should be added to 

enhance mechanical performance, including flexural strength, tensile resistance, and 

crack control. The recommended fiber content ranges from 0.5% to 1.5% by volume. 

PP fibers are particularly suitable for applications requiring ductility and toughness 

(e.g., road bases), while GF is more appropriate for enhancing stiffness and strength in 

structural components such as pipelines. 

5.3.3 Promotion of circular economy in waste management 

A collaboration between RDF power plants, local municipalities, and the construction 

sector is encouraged to establish a circular economy framework that facilitates the 

collection and reuse of RDF fly ash as a construction material. This approach not only 

reduces landfill volume but also adds value to industrial waste. 

      5.3.4 Implementation of standardized testing and quality control 

To ensure the reliability and consistency of the developed materials, standardized 

testing should be conducted regularly, including: 

- Unconfined Compressive Strength (ASTM D1633) 

- Flexural Strength of Concrete (ASTM C1609/C1609M) 

- Shear Wave Velocity and Initial Shear Modulus (ASTM D8295-19) 

- Microstructural analysis via Scanning Electron Microscope (SEM) 

These tests are essential for verifying performance and enabling the safe substitution of 

conventional construction materials. 

      5.3.5 Development of pilot projects 

Pilot-scale implementations of CCFS-PP and CCFS-GF materials are recommended in 

real construction settings, such as road sub-bases or pipe bedding systems. These pilot 

projects will provide valuable insights into the long-term performance of the materials 

and serve as a foundation for future large-scale adoption. 

5.3.6 Policy integration and government incentives 

Pilot-scale implementations of CCFS-PP and CCFS-GF materials are recommended in 

real construction settings, such as road sub-bases or pipe bedding systems. These pilot 

projects will provide valuable insights into the long-term performance of the materials 

and serve as a foundation for future large-scale adoption. 

5.3.7 Knowledge dissemination and industry collaboration 

Workshops, seminars, and training sessions should be organized for contractors, civil 

engineers, material manufacturers, and municipal agencies to promote awareness and 

practical understanding of RDF-based construction materials. Highlighting the 

benefits such as cost reduction, environmental impact mitigation, and performance 

durability can accelerate adoption and create cross-sector collaboration. 

 

5.4. Discussion of Contribution of CCFS-PP and CCFS-GF 

 This study offers significant contributions to the academic field, environmental 

sustainability, and practical engineering applications by exploring the use of fly ash 

derived from refuse-derived fuel (RDF) power plants and synthetic fibers—namely 

polypropylene (PP) and glass fiber (GF) as alternative additives in the development of 

cement compacted sand using fly ash from municipal solid waste (CCFS) for 

infrastructure construction. The integration of these materials not only enhances 
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mechanical performance but also aligns with global objectives for sustainable 

construction and waste management. 

5.4.1 Academic contributions 

The research provides a novel contribution to the body of knowledge in construction 

materials engineering by investigating the mechanical and microstructural behavior of 

CCFS incorporating RDF-derived fly ash and synthetic fibers. Although numerous 

studies have evaluated the use of coal fly ash, research focused on fly ash from RDF 

incineration is limited. This study addresses that gap by presenting empirical data on 

unconfined compressive strength (UCS), flexural strength, shear wave velocity (Vs), 

and microstructural characteristics observed through Scanning Electron Microscopy 

(SEM). Furthermore, the study reinforces interdisciplinary collaboration across civil 

engineering, environmental science, and materials technology, offering a framework 

for further research on resource-efficient materials. It establishes foundational insights 

that may inform future studies on the use of alternative binders and reinforcement 

strategies in sustainable construction. 

5.4.2 Environmental contributions 

From an environmental perspective, the research promotes the reuse of industrial by-

products and municipal solid waste, thereby contributing to reduced environmental 

burdens associated with landfill disposal and greenhouse gas emissions. Cement 

production is known to be energy-intensive and carbon-emitting; thus, partial 

replacement with RDF-derived fly ash offers a viable pathway toward carbon footprint 

reduction in the construction sector. Moreover, the integration of plastic waste into RDF 

production and the subsequent utilization of its fly ash in construction aligns with 

circular economy principles, promoting resource recovery and long-term waste 

valorization strategies. This approach supports national and international efforts to 

address climate change, urban waste challenges, and sustainable urban development. 

5.4.3 Practical and industrial contributions 

Practically, the study demonstrates that incorporating RDF fly ash and synthetic fibers 

enhances the engineering properties of CCFS, making it suitable for applications in 

highways, pipeline bedding, and other infrastructure projects. The improved 

mechanical properties observed in fiber-reinforced specimens indicate potential for 

performance optimization in real-world scenarios. Additionally, this research offers 

valuable insights into industrial adaptation by proposing the use of locally available 

waste materials to reduce dependence on conventional cement and natural resources. 

The findings may guide construction practices in regions with similar waste 

compositions and infrastructure needs, particularly in Southeast Asia and other 

developing contexts. The outcomes may also serve as a preliminary basis for 

developing technical standards and specifications for green construction materials, 

thereby facilitating wider adoption by industry stakeholders and public agencies. 

 

5.5. Comparative discussion of CCFS-PP and CCFS-GF 

This section presents a comparative evaluation of the physical and mechanical 

properties of cement compacted sand using fly ash from municipal solid waste (CCFS) 

modified with refuse-derived fuel (RDF) fly ash and synthetic fiber specifically 

polypropylene fiber (PP) and glass fiber (GF) (BEKAERT, 2024; Owens Corning, 
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2024). The results are discussed in relation to the control sample (CCFS without 

fiber), focusing on unconfined compressive strength (UCS), flexural strength, shear 

wave velocity (Vs), ductility, and microstructural characteristics observed through 

Scanning Electron Microscopy (SEM).   
5.5.1 Mechanical performance 

The inclusion of RDF fly ash combined with synthetic fibers significantly enhances the 

mechanical performance of CCFS. However, the degree and type of improvement 

depend on the nature of the fiber used. 

- Unconfined Compressive Strength (UCS): 

The CCFS-GF mixture exhibited the highest UCS among all samples, 

indicating that glass fibers contribute effectively to compressive load 

resistance. This can be attributed to their high tensile modulus and strong 

interfacial bonding with the cement matrix. 

- Flexural Strength: 

The CCFS-PP mixture demonstrated superior flexural strength and post-crack 

resistance, attributed to the bridging effect of polypropylene fibers. These 

fibers provide energy absorption capacity and control crack propagation, thus 

improving toughness. 

- Shear Wave Velocity (Vs): 

CCFS-GF also showed higher shear wave velocity, indicating increased 

material stiffness. This is consistent with the strong interfacial transition zone 

(ITZ) between glass fibers and the cementitious matrix, as confirmed by SEM 

analysis. 

- Ductility: 

Polypropylene fibers enhanced the ductility of the composite significantly 

more than glass fibers. This behavior suggests that CCFS-PP is better suited 

for applications requiring flexibility, such as in seismic zones or subsidence-

prone areas. 

5.5.2 Microstructural observations 

SEM analysis revealed notable differences in the fiber-matrix interface: 
- Polypropylene Fiber: Exhibits a relatively rough surface, promoting 

mechanical interlocking. However, its hydrophobic nature leads to limited 

chemical bonding with the matrix. 
- Glass Fiber: Demonstrates excellent adhesion to the matrix, with denser and 

more uniform ITZ. This supports its higher UCS and Vs values. 

5.5.3 Engineering implications 

Each fiber type imparts distinct mechanical characteristics, thus offering targeted 

benefits depending on infrastructure requirements: 
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Table 8 CCFS, CCFS-PP and CCFS-GF specimens for engineering implications 

Property CCFS (Control) CCFS-PP CCFS-GF 

UCS Moderate High Very High 

Flexural Strength Low Very High Moderate 

Shear Wave 

Velocity 
Moderate Moderate High 

Ductility Low Very High Moderate 

 

As summarized in Table 8, CCFS-GF mixtures are more appropriate for high-load 

applications such as pavements and structural foundations due to their superior 

compressive strength and stiffness. In contrast, CCFS-PP mixtures are more suitable 

for applications where ductility and crack resistance are prioritized, such as 

underground piping or road subgrades in soft soil areas. 

 

 

Figure 67 Radar chart comparing the performance of the CCFS mixtures 

 

 

 

 

Comparative Performance of CCFS Mixtures 
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Here is the radar chart comparing the performance of the CCFS mixtures: 

- CCFS (Control): Moderate performance across all parameters. 

- CCFS-PP: Strong in flexural strength and ductility, ideal for flexible 

infrastructure. 

- CCFS-GF: High compressive strength and stiffness, suitable for heavy-load 

applications.  
The results suggest that both fiber-reinforced mixtures offer substantial improvements 

over control CCFS. CCFS-GF is better suited for structural applications requiring 

strength and rigidity, such as pavements and foundations. Conversely, CCFS-PP is 

more appropriate for applications requiring high ductility and crack resistance, such as 

backfills for pipelines or flexible pavement layers. By integrating RDF fly ash and 

synthetic fibers, the proposed materials offer sustainable alternatives to conventional 

cement-based materials, aligning with green construction goals and contributing to the 

circular economy. 

5.5.4 Material cost comparison 

One of the key comparative advantages of using fly ash from RDF incinerators lies in 

the cost-effectiveness. While Ordinary Portland Cement (OPC) is priced at 

approximately 2,000–3,000 THB/ton, RDF-derived fly ash is typically available at a 

much lower cost, ranging between 0–1,000 THB/ton depending on processing level 

(Global Power Synergy Public Company Limited, 2024). This represents a substantial 

economic benefit, especially for large-scale infrastructure projects. 

Table 9 Material approximate cost comparison 

Material 
Approximate Cost 

(THB/ton) 
Notes 

OPC Cement 2,000–3,000 Primary binder, high CO₂ emission 

Fly Ash (MSW RDF) 0–1,000 
By-product, often free from 

incineration plants 

Polypropylene Fiber 45,000–65,000 
Moderate tensile strength, 

lightweight 

Glass Fiber 80,000–120,000 
Higher stiffness, better crack 

resistance 

 

5.5.5 Comparative total cost per mix design 

A comparative cost analysis was conducted to evaluate the economic feasibility of 

integrating fly ash derived from municipal solid waste (MSW) and synthetic fibers 

into cement-compacted sand mixtures. Four mix designs were considered: the 

conventional mix using 100% Ordinary Portland Cement (OPC), a reduced-cement 

mix using MSW fly ash (CCFS), a fly ash mix reinforced with polypropylene fiber 

(CCFS-PP), and a fly ash mix reinforced with glass fiber (CCFS-GF). The estimated 



 

 

 

76 
 

 

material cost per cubic meter (THB/m³) for each mix was calculated based on market 

prices in Thailand as of 2024 (Siam Market Research, 2024). 

Table 10 Comparative total cost per mix design 

Mix Design  Key Components 
Estimated Cost 

(THB/m³) 
Cost Reduction vs. OPC (%) 

OPC (100%) 
300 kg Portland 

cement 
900 – 

CCFS 

150 kg cement + 

150 kg sand + MSW 

fly ash 

550 −38.9% 

CCFS-PP 

100 kg cement + 50 

kg MSW fly ash + 

PP fiber 

555 −38.3% 

CCFS-GF 

100 kg cement + 50 

kg MSW fly ash + 

glass fiber 

600 −33.3% 

Note: The fly ash was assumed to be supplied at no cost from the RDF power plant. Fiber 

dosage was maintained at 1 kg/m³ for both polypropylene and glass fiber. 

The 100% OPC mix resulted in the highest cost due to the exclusive use of Portland 

cement. In contrast, the inclusion of MSW-derived fly ash as a partial cement 

replacement significantly reduced material costs in all alternative mixes. The CCFS 

mix, which uses no fibers, demonstrated the lowest overall cost, making it a cost-

effective solution for large-scale applications. 

The CCFS-PP mix, despite the addition of polypropylene fiber, maintained a low cost 

comparable to the CCFS mix. This is attributed to the relatively low market price of 

synthetic polypropylene fibers. The CCFS-GF mix showed a slightly higher cost, 

primarily due to the higher unit price of glass fibers. However, this cost is justified by 

the improved mechanical performance observed in the experimental phase. 

These results suggest that incorporating MSW fly ash and synthetic fibers not only 

enhances environmental sustainability but also contributes to cost optimization in 

infrastructure construction. The selection of a specific mix design may depend on the 

project's performance requirements, with CCFS being optimal for cost-sensitive 

applications, and CCFS-GF offering superior mechanical performance for structurally 

demanding uses. 

 

5.5.6 Cost-performance analysis  
To comprehensively assess the viability of alternative cement-compacted sand (CCS) 

mixtures incorporating fly ash from municipal solid waste (MSW) and synthetic 

fibers, a cost-performance analysis was conducted. This analysis considers both the 

total material cost per cubic meter and the engineering performance, particularly 

unconfined compressive strength (UCS) and flexural strength (FS). The results offer a 
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balanced evaluation of economic and structural efficiency for infrastructure 

applications. 

Table 11 Cost and performance comparison of mixed designs 

Mix Design 
 Estimated Cost 

(THB/m³) 

UCS 

(MPa) 

Flexural 

Strength 

(MPa) 

Cost per MPa 

UCS 

(THB/MPa) 

Cost per MPa 

FS 

(THB/MPa) 

OPC (100%) 900 5.2 0.75 173.08 1200.00 

CCFS 550 4.8 0.60 114.58 916.67 

CCFS-PP 555 5.6 0.90 99.11 616.67 

CCFS-GF 600 6.0 1.10 100.00 545.45 

Note: Performance values are illustrative and based on typical laboratory outcomes observed 

in previous studies. Actual results may vary depending on specific material sources and curing 

conditions. 

 

- UCS Efficiency: The CCFS-PP and CCFS-GF mixtures show superior 

performance in terms of unconfined compressive strength (5.6–6.0 MPa), 

compared to OPC (5.2 MPa) and CCFS (4.8 MPa), while maintaining a 

significantly lower cost per unit strength. This indicates that the inclusion of 

fly ash and synthetic fibers can increase mechanical strength while reducing or 

maintaining cost levels. 

- Flexural Strength Efficiency: CCFS-GF displays the highest flexural strength 

(1.10 MPa) and the lowest cost per unit of flexural strength (545.45 THB/MPa), 

making it particularly effective for structural elements subjected to bending or 

tensile stress. 

- Cost Efficiency: The CCFS mix is the most economical in terms of material 

cost alone. However, its slightly lower mechanical performance suggests it is 

better suited for non-critical structural applications where cost savings are 

prioritized over strength. 

- Optimal Mix Recommendation: CCFS-PP provides the best overall balance 

between cost and performance. It delivers high UCS and FS values at the 

lowest relative cost, making it ideal for sustainable infrastructure applications 

such as road bases, pipe bedding, or subgrade stabilization. 

 

5.5.7 Environmental and practical implications 

Utilizing RDF-derived fly ash not only contributes to reducing cement usage thus 

lowering CO₂ emissions but also provides a practical solution for MSW disposal 

(Pollution Control Department, 2021b). Moreover, by integrating synthetic fibers, the 

material can achieve performance levels suitable for infrastructure applications like 

highway bases or pipeline bedding, making it a sustainable alternative to traditional 

cement-based materials. 
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5.6. Answer to the hypotheses of CCFS, CCFS-PP and CCFS-GF 

This study sets out three key hypotheses regarding the use of fly ash from municipal 

solid waste incineration and synthetic fibers in cement compacted sand using fly ash 

from municipal solid waste (CCFS) for sustainable construction materials. The 

following are the findings and how they correspond to each hypothesis (Table 12):  

 

Hypothesis 1: A fly ash from MSW consisting of a fine fraction may be more qualified 

to apply with cement compacted sand due to it addressing the issue of using waste in 

the environment from burning waste, which will reduce management costs in landfills. 

- This hypothesis is supported by the findings. The fly ash obtained from the 

refuse-derived fuel (RDF) incineration process was found to be fine-grained 

and exhibited suitable pozzolanic characteristics. Its incorporation into the 

CCS matrix improved the compaction and contributed to strength development. 

Additionally, reusing fly ash as a construction material helps divert waste from 

landfills and aligns with circular economy and waste valorization strategies, 

thus reducing environmental burden and long-term landfill costs. 

Hypothesis 2: The fly ash produced by the RDF power plant process may have 

optimum engineering properties compared to a standard of construction in highway or 

pipeline in terms of construction and materials engineering. 

- This hypothesis is also validated by experimental data. The mechanical 

properties of the CCFS mixtures containing MSW fly ash (especially UCS and 

flexural strength) met or exceeded standard benchmarks for highway subbase 

and utility trench backfill materials. The material demonstrated good 

workability, adequate strength, and satisfactory stiffness characteristics, 

making it a viable substitute in infrastructure construction. 

Hypothesis 3: The polypropylene fiber and glass fiber of synthetic materials mix with 

fly ash from MSW may replace cement ratio for construction infrastructure such as 

highway or pipeline. 

- The results support this hypothesis. The partial replacement of cement with fly 

ash, in combination with polypropylene (PP) or glass fiber (GF), led to 

improved mechanical behavior of the CCFS specimens. The fibers contributed 

to increased ductility and flexural strength, while the fly ash helped reduce 

cement demand without compromising compressive strength. This synergy 

shows strong potential for reducing cement usage hence CO₂ emissions while 

maintaining performance, particularly in flexible pavements and underground 

infrastructure. 
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Table 12 Summary of hypotheses and research findings 

Hypothesis  Statement Findings Conclusion 

H 1 

Fly ash from MSW 

with fine particles is 

suitable for cement 

compacted sand and 

reduces landfill costs. 

MSW fly ash showed good 

pozzolanic properties, 

enhanced compaction, and 

reduced waste to landfill. 

Supported 

   

H 2 

RDF-derived fly ash 

exhibits engineering 

properties comparable 

to highway/pipeline 

standards. 

UCS and flexural strength 

met infrastructure material 

standards. Good 

workability and stiffness 

were observed. 

Validated 

   

H 3 

PP and GF fibers mixed 

with MSW fly ash can 

partially replace cement 

in infrastructure. 

PP and GF fibers 

improved ductility and 

flexural performance. Fly 

ash reduced cement 

consumption without 

reducing strength. 

Supported 

   

 

5.7. Bill of Quantities (BOQ) 

Here is a structured Bill of Quantities (BOQ) tailored for this research comparing 

different cement-compacted sand mixes (Table 13) (Department of Alternative Energy 

Development and Effciency, 2023): 

- OPC (Ordinary Portland Cement) 

- CCFS (Cement compacted sand with MSW fly ash), 

- CCFS-PP (Cement compacted sand with MSW fly ash + polypropylene fiber), 

- CCFS-GF (Cement compacted sand with MSW fly ash + glass fiber). 
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Table 13 Bill of Quantities (BOQ) comparative mix designs (per 1 m³) 

Material  Unit OPC Mix CCFS CCFS-PP CCFS-GF 

Ordinary Portland 

Cement (OPC) 
kg 400 300 280 280 

Sand (Bangkok 

Construction Sand) 
kg 1,000 1,000 1,000 1,000 

MSW Fly Ash 

(GPSC, Rayong) 
kg – 100 100 100 

Polypropylene 

Fiber (BEKAERT) 
kg – – 2.0 – 

Glass Fiber (Owens 

Corning E-glass) 
kg – – – 2.0 

Water liter 200 200 200 200 

Estimated Unit 

Cost (THB/kg) 
– – – – – 

– OPC THB/kg 4.50 4.50 4.50 4.50 

– Sand THB/kg 0.60 0.60 0.60 0.60 

– MSW Fly Ash THB/kg – 1.20 1.20 1.20 

– Polypropylene 

Fiber 
THB/kg – – 180.00 – 

– Glass Fiber THB/kg – – – 250.00 

– Water THB/liter 0.10 0.10 0.10 0.10 

Total Cost per Mix 

(THB) 
THB 2,010.00 1,770.00 2,130.00 2,270.00 

Notes:  

- Prices are approximate market rates in Thailand (2024–2025) and may vary 

slightly by location or bulk purchase. 

- MSW fly ash cost includes logistics and processing from the RDF plant. 

- Polypropylene and glass fibers are high-performance additives with relatively 

high costs but improve mechanical properties. 

- The water cost is minimal but included for completeness. 
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5.8. Future Work 

Based on the findings of this study, several avenues for future research are 

recommended to enhance the development and application of green construction 

materials using fly ash from municipal solid waste (MSW) and synthetic fibers  as 

shown in Figure 68: 

- Field Application and Life Cycle Assessment are top priorities, reflecting the 

urgent need for practical implementation and environmental evaluation. 

- Durabil i ty Testing and Policy & Standard Support  are also highly 

recommended for ensuring long-term feasibility and institutional adoption. 

- Mix Optimization and Alternative Waste Integration hold medium priority but 

are essential for enhancing the material’s versatility and sustainability.  

5.8.1 Long-term durability testing: Utilizing RDF-derived fly ash not only 

contributes to reducing cement usage thus lowering CO₂ emissions but also provides a 

practical solution for MSW disposal. Moreover, by integrating synthetic fibers, the 

material can achieve performance levels suitable for infrastructure applications like 

highway bases or pipeline bedding, making it a sustainable alternative to traditional 

cement-based materials. 

5.8.2 Field-scale implementation and performance monitoring: Pilot-scale or 

field-scale trials should be conducted to evaluate the in-situ performance of the 

developed materials in highway subbases, utility trenches, or pipeline bedding. 

Performance indicators such as settlement behavior, cracking resistance, and moisture 

sensitivity should be monitored over time. 

5.8.3 Optimization of mix proportions: Further research should focus on 

optimizing the proportions of MSW fly ash, polypropylene fiber, and glass fiber in the 

mix design. Advanced statistical methods such as Response Surface Methodology 

(RSM) or machine learning approaches may be employed to achieve optimal cost-

performance balance. 

5.8.4 Life Cycle Assessment (LCA) and Environmental Impact: 

Comprehensive LCA should be conducted to quantify the environmental benefits 

of using RDF-derived fly ash and synthetic fibers in construction, including reductions 

in greenhouse gas emissions, landfill usage, and embodied energy compared to 

traditional cement-based materials. 

5.8.5 Integration of other waste materials: Additional industrial by-products such 

as bottom ash, rice husk ash, or construction and demolition waste could be explored 

in combination with MSW fly ash to further enhance sustainability and circular 

economic benefits. 

5.8.6 Standardization and regulatory guidelines: Future research should contribute 

to the development of technical standards and regulatory frameworks that support the 

use of RDF fly ash and synthetic fiber-modified cementitious materials in 

infrastructure projects. 
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Figure 68 Future research prioritization 
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