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ABSTRACT 

Crushed granite stone is produced in large amounts during the cutting and processing 

of granite rocks at manufacturing factories. Thus, an attempt has been made here 

to define the role of crushed granite in enhancing the geotechnical behaviour of 

expansive soil in order to make it suitable for construction. In addition, this study 

aims to assess the use of granite stone and incinerated waste ash to stabilize 

expansive soils for subgrade. On natural and stabilized expansive soils using a 

constant portion of crushed granite as 30% with an increment of incinerated waste 

ash portion with a varying range from 2% to 8%, extensive geotechnical tests such as 

Atterberg limits, compaction characteristics, California bearing ratio (CBR), and 

swelling percentage have been carried out. The outcomes demonstrated that 

crushed granite stone is a useful tool for controlling swelling behaviour and 

enhancing soil plasticity. Furthermore, the findings demonstrated that CBR rises 

when incinerated waste ash content increases and that this increase peaks at 6% 

with a maintained 30% of crushed granite stone before declining. Therefore, this 

sum might be considered the ideal value of incinerated waste ash and crushed 

granite stone respectively. 
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CHAPTER ONE: INTRODUCTION 

1.1 BACKGROUND 

The need for better living conditions and transportation has grown along with 

civilization and urbanization. There have been and will continue to be an increasing 

number of homes, businesses, high-rise office buildings, roads, trains, tunnels, 

levees, and earth dams developed. The necessity to use inappropriate or less 

suitable locations for construction grows as suitable construction sites with favorable 

geotechnical conditions become scarce. 

Geotechnical issues and concerns, including bearing failure, significant differential 

and total settlements, instability, liquefaction, erosion, and water seepage, have 

become more prevalent for engineers. The following are some options for handling 

challenging geomaterials and geotechnical conditions:  

Avoiding the site, designing superstructures accordingly, swapping out problematic 

geomaterials for superior, non-problematic alternatives and enhancing the 

geotechnical conditions and geomaterial qualities (Hausmann, 1990).  

For many projects, it becomes more and more important to improve the 

geomaterials and geotechnical conditions. An increasingly significant component of 

geotechnical practice is ground improvement. The literature on ground improvement 

has employed a variety of terms, including “soil stabilization,” “ground 

improvement,” “ground treatment,” and “ground modification.”  

Potential issues with soft clay can arise from its low strength, high compressibility, 

significant creep deformation, and limited permeability. According to Mugisha, 

Kisira, and Muwanga (2022) the expansive clay soils of Uganda are found in semi-arid 

and arid regions, along the Albertine region, on the eastern slopes of Mount Elgon, 
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and in some parts of northern Uganda. Depending on the type of foundation, 

engineering characteristics, and soil composition, the extent of issues caused by 

these expansive soils might vary from place to place. 

1.2 PROBLEM STATEMENT 

It is almost always required to make ground improvements when constructing a 

railroad or a road. These transport routes typically pass through areas with deposits 

of weak or soft soils because of the current restrictions on land use. The mechanical 

properties of these softer soils often need to be improved in order to prevent 

residual settlements that happen during the useful life of the associated transport 

infrastructure and to adequately sustain the earth constructions. 

Town roads in the Kawanda town council in the Wakiso District run through low-lying 

areas with wide soil deposits, according to a study by Niyomukiza J.B. (2023). The 

nature of these soils under varying weather circumstances has made it difficult to 

upgrade these local roads to paved standards. The soils were used for the 

investigation, and the CBR value that was found fell short of requirements. 

1.3 OBJECTIVES 

1.3.1 MAIN OBJECTIVE 

To investigate the use of crushed granite stone and incinerated waste ash to stabilize 

expansive soils. 

1.3.2 SPECIFIC OBJECTIVES 

1. To determine the engineering properties of the neat expansive soils. 

2. To determine the engineering properties of the crushed granite stone and the 

waste incinerated ash. 

3. To determine the variations in strength properties of the modified soil. 
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1.3.3 RESEARCH QUESTIONS 

1. What are the engineering properties of the neat expansive soils? 

2. What are the engineering properties of the crushed granite stone and waste 

incinerated ash? 

3. What are the variations in strength properties of the modified soil? 

1.3.4 JUSTIFICATION 

Crushed granite stone exhibits excellent shear strength, it has angular, rough and 

sharp particles which improves in the interlocking and increasing the strength due 

these properties the OMC decreases and hence the MDD increases because of the 

increased density. 

The processes of hydration of the binder, ion exchange reaction, and pozzolanic 

reaction product production are all involved in lime stabilization. When moist soil is 

combined with quicklime (CaO), the moisture in the soil is absorbed and a chemical 

reaction occurs. 

CaO + H2 O = Ca(OH)2 + heat 

Heat is produced and the soil's moisture content is decreased by this chemical 

reaction. The strength of the soil increases as the moisture content decreases. This 

chemical reaction is also known as binder hydration. As the hydrated lime dissolves 

in the water, the concentrations of the hydroxyl (OH-) and calcium (Ca2+) ions rise. 

On the surface of the clay particles, the calcium ion Ca 2+ exchanges with cations. 

The physical characteristics of the soil, such as its reduced flexibility, can be altered 

by the ion exchange process that occurs between the binder and the soil.  

Under a high concentration of OH− (i.e., a high pH environment), silica and 

aluminium in the clay minerals dissolve into water and have reaction with calcium 
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to form calcium-silicate and calcium-aluminate gels, which are stable and do not 

dissolve into water as long as the high pH environment is maintained. This reaction 

process is called the pozzolanic reaction. The products produced from this process 

are called the pozzolanic reaction products. These products turn the soil into a 

hardened solid with high strength and stiffness. 

Cement hydration products are formed during the chemical stabilization of soils, in 

addition to the hydration of binder, ion exchange reaction, and creation of 

pozzolanic reaction products. There are various chemicals in cement that react 

chemically with water. Cement hydration can be produced by the following chemical 

reaction, which involves the majority of the components in cement, 3CaO⋅SiO2. 

2(3CaO ⋅ SiO2 ) + 6H2 O = 3CaO ⋅ 2SiO2 ⋅ 3H2 O + 3Ca(OH)2 

It is common to write 3CaO ⋅ 2SiO2 ⋅ 3H2 O, the cement hydration product, as C3 S2 

H3 or C-S-H. The release of calcium hydroxide, or Ca(OH)2, during this hydration 

aids in the pozzolanic reaction by stabilizing the lime. Over time, the following 

effects result from the development of hydration products: stiffening (loss of 

workability); setting (solidification); and hardening (increase of strength).  

The soil-cement mixture's mechanical characteristics are altered by the creation of 

cement hydration and pozzolanic reaction products, which give it more strength and 

stiffness.  

1.4 SCOPE OF STUDY 

The expansive clay was obtained from Kawanda Town Council (024’46.628”N and 

3232’18.776”E) Wakiso District. 
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The Incinerated industrial Waste Ash was obtained from BioHaz waste Solutions in 

Bombo and the granite stone was obtained from a stone quarry in Mbalala town, 

Mukono District. 

This study has been running since September 2023 and is expected to be ending in 

April 2024. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

CHAPTER TWO: LITERATURE REVIEW 

2.1 Introduction 

This section contains literature from previous scholars on the subject of soft clays, 

their stabilization, the materials, waste incineration, incinerated waste ash as a 

chemical stabiliser and granite stone use in relation to soil stabilization as a 

mechanical means. 

2.2 Geomaterials 

The term "geomaterials" refers to any material utilized in geotechnical applications, 

including enhanced, processed, and natural geomaterials as well as manufactured 

or processed geomaterials. Soil and rock comprise the majority of natural 

geomaterials. A nomenclature for intermediate geomaterial—a geomaterial with 

characteristics and behavior halfway between soil and rock—was developed by 

O'Neill and Reese in 2014. A cohesionless intermediate geomaterial has between 50 

and 100 blow counts in an SPT, whereas a cohesive intermediate geomaterial has an 

unconfined compressive strength between 0.5 and 5.0 MPa. Because they are often 

stiff and robust, rocks and intermediate geomaterials are appropriate for use in 

geotechnical applications. Natural soils, on the other hand, might present challenges 

for geotechnical applications. These include soft clay and silt, loose sand, expansive 

soil, collapsible soil, and frozen soil. 

The geomaterials that have undergone mechanical, chemical, biological, and 

hydraulic treatments are considered improved geomaterials. For instance, fiber-

reinforced soil can be created by mechanically combining fibers with clay or sand. 

Soil can be made lime- or cement-stabilized by adding lime or cement. Sand 

saturation can be decreased by adding denitrifying bacteria to the soil, which will 
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produce tiny, inert nitrogen gas bubbles (He et al., 2013). Consequently, the sand's 

potential for liquefaction is reduced. Since improved geomaterials are frequently 

the result of improving the ground, geotechnical applications can use them without 

any issues.   

2.3 On wastes 

The local hauling company, the municipal assembly, and the residents who produced 

the waste had little to no concern about the physical, biological, and chemical  

characteristics of the stream of municipal solid waste as recently as three to four 

decades ago. Similar to this, the overall amounts of waste generated received little 

consideration. Because so few measurements were taken, waste quantities may have 

seemed to be roughly constant from year to year. For easy final disposal, wastes 

were hauled to the town dump beside the river or maybe the nearby landfill. Back 

then, the main concerns with trash management were aesthetic and financial; that 

is, getting rid of unwanted stuff from the curb or dumpster as soon as possible, 

conveniently, and for the least amount of money. 

2.3.1 Categories Of Wastes  

Wastes from industries, manufacturers, utilities, and consumers have a wide range 

of chemical and physical characteristics. It is practical to classify wastes in order to 

implement management strategies that are both economical and beneficial to the 

environment and public health. Wastes can be categorized, for instance, according 

to the type of generator— namely, the sector or origin that generates the waste 

stream. The following are some of the main waste categories: building and 

demolition; radioactive; hazardous; industrial; medical; municipal; mining; 

agricultural  
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Figure 1 Showing the physical composition of municipal solid waste 

2.3.2 Hazardous Waste 

Most of the sources listed, if not all of them, produce hazardous pollutants. However, 

both the generator and the trash must comply with federal and state standards when 

the monthly quantity created surpasses a predetermined threshold. As per 40 CFR 

240.101, hazardous waste is defined by RCRA as any waste or combination of wastes 

that present a significant risk to human health or living organisms due to their non-

biodegradable or persistent nature, their ability to be biologically amplified, their 

potential for lethality, or their potential to cause adverse cumulative effects. To put 

it another way, a solid waste that may be considered an RCRA hazardous waste due 

to its quantity, concentration, or other physical, chemical, or infectious qualities.  

That’s if it can When handled, stored, transported, disposed of, or in any other way 

inappropriately, they can lead to a significant risk to human health or the 
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environment, raise the risk of death, serious disease, or incapacitation, or both.  

According to the RCRA laws, solid wastes that display any one or more of the 

following traits are considered hazardous: toxicity, ignitability, corrosivity, and 

reactivity.  

Remainders from the production of solvents, electroplating, metal treatment, wood 

preservation, and petroleum refining are a few examples of hazardous wastes. 

Compared to regular MSW, regulations mandate much stricter management of these 

wastes. For instance, a comprehensive "paper trail" detailing the waste's condition 

from the site of generation to the points of interim storage, transportation, 

treatment (if any), and final disposal is necessary. Strict regulations apply to waste-

generating establishments, carriers, and facilities for treatment, storage, and 

disposal. The "cradle to grave" method of managing hazardous wastes has been 

essential in encouraging good management practices. 

2.3.3 Industrial waste  

Every year, industrial establishments generate and manage billions of tons of 

industrial solid waste on-site; this number is almost four times more than the MSW 

produced (Tammemagi, 1999). Industrial wastes are byproducts of manufacturing 

and other activities and are produced by a wide range of facilities. Most of these 

wastes—though not all of them—are produced in sizable amounts by a single 

generator and have modest toxicity levels. Solids from coal combustion, such as fly 

ash, bottom ash, and sludge from flue gas desulfurization, are examples of an 

industrial waste stream. The chemical, iron and steel, and pulp and paper industries 

are other frequent contributors of industrial trash. Federal and state regulations 

typically do not explicitly classify municipal or hazardous trash as separate 
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categories from industrial or municipal garbage. If laboratory tests and once the 

pertinent processes are understood, an industrial waste stream is classified as 

hazardous waste. The material needs to be treated as such and transported to a 

licensed facility for treatment, storage, and disposal. 

Nonhazardous wastes are either burned or dumped at landfills or land application 

units, which are usually situated on business property. Wastewater is a major 

component of industrial waste and is either treated or held in surface 

impoundments. Eventually, treated wastewaters are released into surface 

waterways through the National Pollutant Discharge Elimination System (NPDES) with 

licenses granted by state governments under the Clean Water Act. It is the regulatory 

duty of state and some local governments to guarantee proper handling of industrial 

waste. As a result, regulatory programs will differ greatly. 

2.3.4 Universal Waste  

Both large and small enterprises subject to RCRA regulations produce universal 

wastes, and they were obliged to categorize the aforementioned elements as 

hazardous wastes. To lessen the regulatory burden on companies that produce these 

wastes, In May 2019, the Federal Register published the first version of the Universal 

Waste Rule. In particular, the Rule streamlines notice, labeling, marking, 

prohibitions, accumulation time restrictions, staff training, off-site shipments, 

exports, tracking, and transportation requirements. 

Households are also producers of universal wastes, which are allowed to be disposed 

of in the garbage since they are not subject to RCRA regulations. Businesses can 

more easily set up collection programs and participate in manufacturer take-back 

programs that are required by some jurisdictions thanks to the Universal Waste Rule. 
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It is highly supported by a wide range of industries. Industry is also drawn to the 

significant cost advantages that result from not having to handle the aforementioned 

wastes as hazardous. State-by-state variations exist in the way universal trash 

programs are implemented; for instance, some states have added their own 

universal wastes to the list provided by federal rules. 

2.3.5 Source Reduction  

The design, production, acquisition, or usage of materials—such as products and 

packaging—in a way that minimizes their quantity or toxicity prior to their entry into 

the waste management system is known as source reduction or waste prevention. To 

put it another way, the issues of responsibility, storage, collection, and disposal costs 

are eliminated when the waste is not produced. Source reduction initiatives include, 

for example (U.S. EPA, 2001): 

● Creating goods or packaging using materials that are easier to reuse or that utilize 

less harmful or quantity of materials.  

● recycling already-existing goods or packaging, such as reusable pallets, refillable 

bottles, and reconditioned barrels and drums.  

● extending the lifespan of goods to delay disposal, such as tires.  

● Utilizing packaging designed to minimize product damage or spoilage.  

● Handling organic wastes that are not products (such as leftover food and yard 

waste) by using on-site composting or other methods instead of disposing of them 

(such as leaving grass clippings on the lawn). 
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2.4 INCINERATION  

The controlled burning of wastes that are solid, liquid, or gaseous is known as 

incineration. Here, the word "controlled" is stressed to set this technology apart 

from open burning or other similarly flawed methods. Auxiliary fuel utilization, 

intense agitation of the incoming waste, an oxygen-enriched combustion zone at 

elevated temperatures, and continuous use of a forced air system are examples of 

controlled circumstances. The main goal of burning municipal solid waste (MSW) is 

to reduce volume, which ultimately prolongs the life of the land disposal plant. 

Although reductions of 50 to 60% are more realistic, it has been reported that 

incineration can reduce the volume of MSW by 80 to 90%. Reductions of up to 95–99% 

of the combustible portion—which include plastics, paper products, food waste, and 

yard debris—have been reported.  

Additional volume reduction will come from compacting the ash residue, and volume 

reduction will increase as metals are recovered from the residue. Consequently, only 

25% of the MSW that is first processed in a municipal incinerator and then compacted 

in a landfill may remain after processing. It is expected that a disposal facility's 

lifespan can be doubled by combining sanitary landfilling with incineration. "Waste 

to energy" refers to the second goal of incineration, which is the recovery of thermal 

energy from burning for the production of electricity or water heating. The third, 

albeit unintentional, advantage of incineration is detoxification of the garbage, 

which is the elimination of microorganisms and other harmful organisms. Because 

MSW has such a diverse composition, it produces a wide range of wastes that will 

need further processing and disposal. 
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The residues consist of: Trace gases (such chlorinated dibenzodioxins), which are 

dangerous at extremely low quantities; Acidic gases, like SO2, NO2, and HCl.  

Particulate stuff that the gas stream carries. Known by various names such as "fly 

ash," dust, and soot, these particles can exist as solids or liquids floating in the air 

current.  Bottom ash from incinerator residue. Process water The U.S. EPA estimates 

that the country's current incineration capacity can handle between 10 and 12% of 

its total municipal trash stream. Planning for the construction of additional 

incinerators is underway in more than 100 municipalities (NAS, 2000).  

2.4.1 Combustion Concepts  

Almost always, incineration is done using an aerobic thermal destruction method. 

The most thorough conversion of solid waste to ash, gases, and heat energy will 

come from aerobic combustion. However, there are a few requirements that must 

be taken into consideration during system design in order to accomplish efficient 

combustion with the least amount of emissions of air pollutants. For instance, the 

combustion chamber needs to have the appropriate amount of air available. In order 

to complete the combustion reactions and prevent the production of any incomplete 

combustion products, this "stoichiometric air" is required. 

In the combustion of an organic material in MSW, the presumed reaction is  

(HC)x + O2 → CO2 + H 2 O + heat  

But because not all hydrocarbons are transformed into carbon dioxide and water, 

and because some waste materials, like sulfur and nitrogen, are also oxidized, the 

process is considerably more complicated. 
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2.4.2 The Mass-Burn Incinerator  

Without a doubt, the simplest incineration process is mass burning, which involves 

burning MSW immediately off of the collecting truck. Simple trash blending and the 

removal of big, bulky objects like appliances (including stoves and washing 

machines), huge, combustible furniture, beds, and other things, as well as hazardous 

materials, are the only processing steps needed. In the garbage storage pit, the 

removal is frequently completed by the crane operator. Therefore, even aside from 

their relative simplicity, one of the main advantages of mass-burn systems is the 

avoidance of capital and operating costs associated with significant waste 

treatment. Some incinerators may utilize shredding equipment for reducing bulky 

items to workable sizes. The ease of mass burning is matched by several serious 

health and environmental issues, as will become clear. 

The major components of the mass burn incinerator are as follows: Tipping area or 

receiving floor; storage pit; charging equipment; or filling the incinerator hopper 

with garbage. Usually, this is a front-end loader or crane. the chamber of 

combustion, system for recovering energy, Flue and pollution control equipment. 

Four major categories can be used to categorize a mass-burning incinerator 

(Hickman, 2003): burning without collecting energy and incinerating waste in 

modular furnaces using waterwall furnaces and heat recovery boilers in refractory 

furnaces for incineration. 

While all four approaches are utilized in the US and Europe, waterwall incinerators 

have shown to be the most effective way to recover energy from MSW (Hickman, 

2003). The collection vehicle empties (or "tippes") MSW straight into a storage hole. 

The pit needs to be big enough to hold enough garbage to run consistently and 
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steadily for 24 hours a day, seven days a week. After that, the MSW charge is 

transported by crane into loading hoppers, from whence it naturally falls into the 

furnace. The temperature in the combustion zone is normally kept between 815 and 

10950 C (1500 and 20000 F), depending on the type of furnace. This range of 

temperatures promotes maximum combustion and minimizes the production of 

malodorous compounds. These temperatures are also sufficient to safeguard the 

combustion chamber's refractory linings. The trash is moved via the combustion 

chamber using a succession of agitating grates. There are just a few different kinds 

of grates in use, and they are all designed to move trash through the firebox, stir 

things up, and move underfire air upward. The MSW is stirred for more thorough 

combustion by the grate's rocking or turning motion. The grates have holes through 

which ash can drop and land in a collection bin. This leftover material is known as 

"bottom ash." More unburned residue is transported to the grates' end, where it is 

gathered and mixed with additional bottom ash. The charge is dispersed across the 

grate surface several inches thick during the bulk burn of MSW. Waste and air 

combine during agitation, forcing the air over the grates (also known as "overfire 

air"). The fuel gas, any gasses produced by the MSW, and any particulate matter 

coming from the grates are all partially burned by the overfire air. Moreover, air is 

diverted beneath the grates. This underfire air, which makes up between 40 and 60 

percent of the air that enters the furnace overall, cools the grates and fuels 

combustion. Insufficient underfire air flow can raise grate temperatures and cause 

ash to become softer and clog the grates, leading to grate damage and subpar 

combustion. Boilers and water walls receive heat from the combustion gases. Boilers 

are enclosed systems that use controlled combustion. Recovering and exporting 

thermal energy as saturated steam, superheated steam, or hot water is their main 
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goal. The major components of a boiler are a burner, a firebox, a heat exchanger, 

and a device for producing and managing gas flow through the unit. The principal 

energy recovery parts of a boiler, such as waterwalls and superheaters, and the 

combustion chamber are often of "integral design," meaning that they are produced 

as a single unit (U.S. EPA, 2002). 

Illustration of a cross section of a typical boiler 

 

Figure 2 Showing the illustration of the typical boiler 

A typical mass-burn incinerator's cross section. Refuse Recycling and Recovery, by 

J.R. Holmes, Wiley, New York, 1981. Copyright John Wiley and Sons Limited. 

2.4.5 Environmental Considerations Of Mass Burn  

Mass burning is a straightforward and rudimentary technique for destroying garbage. 

Many unwanted and dangerous byproducts are so unavoidably produced.  

Fuel Quality  

We can regard raw MSW as a poor fuel if energy recovery from mass-burn incineration 

is to be achieved. Unprocessed, raw MSW has an estimated calorific value of 11,650 

kJ/kg (5000 Btu/lb). It is estimated that between 40 and 45 percent of energy is 
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emitted through the chimney as waste heat. Raw MSW can have moisture contents 

ranging from 20 to 50%, and only 50% of its bulk can be made up of flammable 

elements. 

Resource Recovery  

Other than the magnetic extraction of ferrous metals from the ash, there are no 

options for material recovery in mass burns. As contrast to "front-end" recovery, 

which refers to separation prior to combustion, this is referred to as "back-end" 

recovery, or after combustion. Recovered metal is frequently unfit for sale and has 

a lower value than front-end metal. As MSW moves through the incinerator's burning 

zones, oxidation and contamination from other metals and nonmetals will cause the 

ferrous component to deteriorate. 

Air Quality  

A diverse range of inorganic and organic materials can be found in the flue gases 

that exit the combustion chamber. During incineration, the Law of Conservation of 

Mass is still in effect; the material that was originally in the garbage is only 

transformed into ash or a gas. Under ideal circumstances, carbonaceous wastes 

release heat energy and are transformed into harmless products like CO2 and H 2 O. 

However, the true makeup of flue gases is quite complicated and depends on the 

original MSW content, furnace design, and combustion conditions. It is well 

recognized that a large number of the chemicals released into incinerator flue gases 

are harmful to human health. When MSW is burned, the main air pollutants that are 

of concern are particles, acid gasses, and trace gases. 
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Particulates  

Particulates, often known as "fly ash," are droplets of either organic or inorganic 

substance that can be solid or liquid. Particles in the atmosphere are referred to by 

several names. Particulate matter is the most evident and readily apparent type of 

air pollution. 

Particles with a diameter of less than 100 µm, whether solid or liquid, are known as 

atmospheric aerosols. Particles in the range of 0.001 to 10 µm are frequently 

suspended in the air in close proximity to sources of pollution, like power plants and 

industrial sites. Ionic solids, dissolved ionic species (electrolytes), metal oxides, and 

carbonaceous material make up the majority of aerosols. Carbon, water, sulfate, 

nitrate, ammonium nitrogen, and silicon are the main components. The size of 

aerosol particles has a considerable impact on their composition. Smaller particles 

are typically acidic and come from gasses, like when SO2 is converted to H2 SO4. 

Materials produced mechanically typically make up larger particles (Manahan, 2003). 

Particulates are a public health hazard since MSW incinerators frequently release 

substantial amounts of them into the respirable fraction, which has a diameter of 

about 15 µm. In addition, fly ash contains several trace elements, heavy metals, and 

chlorinated dibenzodioxins. The rates of particle emission from a mass-burn 

incinerator are ascertained by: The percentage of non-combustible elements in 

waste is known as the ash content. If a particle is small enough, it can get entangled 

in the gasses that are passing through the system. 

Design of a furnace. Certain systems cause the waste to be more agitated, which 

releases particles. Furthermore, an excessive amount of surplus air might cause 
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particle entrainment. To reduce particle emissions, overfire and underfire air must 

be used as efficiently as possible. 

The temperature. Remaining material that hasn't been fully burned can form in the 

combustion chamber due to a low temperature zone. These materials are frequently 

lightweight and portable. 

 

 

Figure 3 Showing the terminology associated with Atmospheric particles 

Acid Gases  

Water and other elements are produced along with carbon dioxide when an organic 

material burns. Several pounds can be created by incinerators for every ton of waste 

they are charged, including gases like SOx, NOx, and HCl. Since these gases easily 

dissolve in water to produce the equivalent strong acids, they are collectively 

referred to as "acid gases."  

Wallboard, tires, and plant tissue (yard waste) are all sources of sulfur. Sulfur burns 

and transforms into the proper oxides. Sulfur dioxide is a primary pollutant since it 

is immediately emitted during the burning of municipal solid waste and the 

simultaneous oxidation of sulfur. 
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S + O2 → SO2  

In addition to causing acute respiratory irritation, SO2 can corrode metal and stone 

objects. When sulfur dioxide combines with atmospheric oxygen and water vapor to 

form sulfur trioxide, sulfur emissions are transformed into a secondary pollutant: 

2SO2 + O2 → 2SO3  

The SO3 combines with water to form sulfuric acid,  

SO3 + H2 O → H2 SO4   

This substance is associated with a number of respiratory conditions and is corrosive 

to skin and mucosa. The main cause of acid rain is sulfuric acid, which is harmful to 

biota and will corrode objects. SO2 levels in stack emissions have been measured 

over a broad range of values. Per ton of MSW charged, up to 0.68 to 1.4 kg (1.5 to 3 

lb) of SO2 have been observed, which can significantly change the pH of local 

precipitation. Natural, uncontaminated rain has a pH of 5.6 to 5.7, while acid rain 

can have a pH as low as 2. A limit of 10–20 kg SO4–2/ha/year was suggested by the 

US EPA in response to the atmospheric acid deposition on freshwater aquatic 

systems. N can also be found in food and yard debris. Burning nitrogen produces 

nitrogen oxides as a byproduct. 

NOx :  

N2 + O2 → 2NO  

2NO + O2 → 2NO2  

One significant element of photochemical haze is nitrogen dioxide. The creation of 

nitrogen oxides, whether from vehicles, factories, or the burning of MSW, is the first 
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step in the generation of photochemical smog. Hydrocarbons are also released into 

the atmosphere from a variety of sources, including industrial and automobile 

processes (such as burning fuel). When sunlight interacts with the different 

components, it produces ozone (O3), a secondary pollutant that then reacts with 

hydrocarbons to make a variety of chemicals, such as organic acids and aldehydes. 

However, because incineration happens at relatively moderate temperatures, the 

concentrations of NO2 created by incineration are frequently modest. The sequence 

of events following can also transform nitrogen into HNO3, another element of acid 

rain:  

2HNO3 → → 2NO2 + H2 O   

Paints, pigments, goods based on polyvinylchloride (PVC), and bleached paper all 

contain chlorine in MSW. Burning produces gaseous hydrogen chloride, or HCl, which 

condenses with water to produce the corresponding hydrochloric acid. This corrosive 

liquid harms skin, eyes, and mucous membranes. It is linked to acid rain.  

HCl (g) + H2 O → HCl (aq) 

 

Figure 4 Showing the simplified scheme for photochemical smog 
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Trace Gases 

 These gases can exist at a few parts per million (ppm) or less, but they can still 

pose a threat to biological systems. Burning waste materials containing chlorine is 

known to produce polychlorinated dibenzofurans (PCDFs) and polychlorinated 

dibenzodioxins (PCDDs), some of which are very harmful. PCDF has 135 possible 

isomers and PCDD has 75 possible isomers (Lisk, 1988). The most poisonous isomer 

of 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD) is found in animals and varies in 

toxicity between species by a factor of over 5000. A preliminary report made 

available to the public for review by the U.S. PCDDs are a major concern to public 

health, according to the EPA. According to the EPA research, PCDDs can harm the 

immune system and interfere with hormone regulation. They can also cause serious 

reproductive and developmental difficulties even at very low exposure levels. 

Furthermore, PCDDs are known to pose a cancer risk to people.. 2,3,7,8-TCDD was 

classified as a Class 1 carcinogen in 1997 by the International Agency for Research 

on Cancer of the World Health Organization, indicating that it is known to cause 

cancer in people. Different isomers of PCDF and PCDD have been detected at 

quantities of ng/m3 and parts per billion (ppb) in fly ash and incinerator emissions 

from multiple countries, respectively. Because of the high temperatures, it is 

unlikely that PCDDs and PCDFs will form in the combustion chamber itself; instead, 

they will form in the cooling gases as they depart the flue. According to Hutzinger 

et al. (2002; Lisk 2004), there are three possible explanations for the occurrence of 

PCDDs and PCDFs in MSW incinerator emissions: These compounds are derived from 

precursors that have been chlorinated, such as PCBs, chlorophenols, and 

chlorobenzenes that are present in the trash. They are produced when phenol is 

produced by the breakdown of complex organic compounds, such as lignin, and are 
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then synthesized at high temperatures in the presence of chlorine, perhaps with the 

aid of metal ions. Following pyrolysis, it is also feasible for chemically unrelated 

chlorinated organics to form, such as PVC. 

PCDDs are formed in incinerators at 500ºC or below, and they are destroyed at 900ºC 

or more. Factors that encourage PCDD and PCDF generation and persistence include 

low combustion temperature, wet MSW, excess or inadequate oxygen, and short 

residence times (Lisk, 2004). High temperatures and well-oxygenated multistage 

combustion zones are features of contemporary furnace designs that optimize 

conditions for the more complete destruction of PCDDs and PCDFs. Some more 

recent incinerators use fossil fuel-powered auxiliary burners to keep the combustion 

zone temperature high enough during crucial periods, such as while burning wet MSW 

or beginning and ending operations. New rules for MSW incinerator emissions have 

been released by the U.S. EPA, and published are the ideal operating parameters to 

comply with these emission regulations. PCDD and PCDF degradation require 

sufficient oxygen, sufficient turbulence in the combustion zone to prevent quench 

zones, and sufficient residence time for the compounds in the combustion zone. A 

minimum of one second of residence time and 7–10% oxygen or 50–100% more air are 

needed for an acceptable destruction.  

Subsequent research revealed that the amount of PCDDs generated in the flue gas is 

independent of the PVC content of the original MSW if the temperature, oxygen, 

turbulence, and residence duration are ideal for the breakdown of PCDDs and their 

precursors. Earlier theories of PCDD formation from MSW incineration focused on the 

content of PVC, which typically accounts for 50% of the chlorine content of the 

original waste. Since burning wood is known to produce PCDDs, it appears that the 
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chlorine content of wood is high enough to react with precursors created during 

combustion, such as phenols (Choudry et al., 1982; Olie et al., 1983). Therefore, it 

may not be as beneficial as it initially seems to remove PVC from MSW before burning 

in an effort to lower PCDD emissions. 

Furthermore, it has been proposed that PCDDs and PCDFs could form well outside of 

the combustion zone in the pollution control devices or in the stack. These 

compounds can be produced by chlorinating precursors that have been adsorbed to 

the surface of fly ash particles and subsequently desorbed to be discharged into the 

flue gases. Conventional gas cleaning technologies can remove PCDDs and PCDFs in 

their adsorbed form because they condense on fly ash particles beyond the 

combustion zone and are tightly adsorbed. For instance, unless complex multistage 

plates are included, electrostatic precipitators effectively capture big fly ash 

particulates but infrequently eliminate tiny particles (less than 2 µm in diameter) 

(Lisk, 1988). Additionally very effective at removing particulates from the flue gas 

stream are baghouses. By using a dry scrubber upstream, baghouses can remove fly 

ash more effectively. Scrubbers, which eliminate acidic components from flue gas 

by adding an alkaline (lime, for example) slurry, are supposed to promote fly ash 

particle agglomeration, hence enhancing baghouse collection efficiency. 

 PCDD measurement during waste combustion is a costly and challenging task. By 

measuring the carbon monoxide emissions from a stack, one can approximate the 

emissions of PCDDs. PCDDs = (CO / A)2, where CO is the concentration of carbon 

monoxide in the flue gas as a percentage of total gas and A is a constant that depends 

on the operating system, is how much CO is present in the flue gas, according to 

Hasselriis (1987). The off-gas PCDD concentrations are given in ng/m3.  
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The quantity of surplus air used and the combustion temperature both control CO 

emissions, which in turn controls PCDD emissions. Numerous quantitative 

correlations that are reliable indicators of PCDD and PCDF generation have been 

established based on empirical data (Vesilind et al., 2002).  

PCDDs + PCDFs for modular incinerators equal  

2670.2 – 1.37T + 100.06CO.  

For waterwall incinerators,  

PCDDs + PCDFs = 4754.6 – 5.14T + 103.41CO 

where T (ºC) represents the furnace temperature in waterwall incinerators and the 

secondary chamber temperature for modular combustors, respectively. PCDDs and 

PCDFs can be created in any type of incineration process—not just the ones utilizing 

MSW—albeit in very small amounts. Paper, wood, vegetable wastes, chlorophenols, 

polychlorinated biphenyls (PCBs), and the combustion of coal and gasoline-powered 

engines have all been documented to contribute to their creation (Lisk, 2003). When 

Berlincioni and di Domenico (2005) tracked the vapor and smoke emissions from an 

MSW incinerator for PCDDs and PCDFs, they discovered that less than 10% of the 

chemicals released were linked to fly ash. Additionally, they took soil samples up to 

a kilometer away from the incinerator in a number of directions, and they discovered 

that the maximum PCDD concentration was 7 x 104 ng/m2 of soil surface. These 

substances may have leached or been plowed into deeper soil layers because they 

were not limited to the top 5 cm of the soil. The highest concentration of highly 

chlorinated isomers accumulated. The less chlorinated isomers, according to the 

authors' theory, were less persistent due to their high vapor pressure and light 

reactivity (photolability). During the burning of MSW, two additional organic and 
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chlorinated pollutants are produced: PCBs and polycyclic aromatic hydrocarbons 

(PAHs). Among the compounds in the latter category are chrysene, benzo[a]pyrene, 

and pyrene. 

Benzo[a]pyrene is one of the carcinogenic PAHs. PAHs are created by incomplete 

combustion, just like PCDDs, and they have been found in fly ash and gaseous 

emissions from MSW incinerators. For instance, PAHs can be produced when 

saturated hydrocarbons are not completely burned. Free radicals are created when 

carbon–hydrogen and carbon–carbon bonds are broken, which occurs at 

temperatures higher than roughly 5000 C (9500 F). The radicals undergo 

dehydrogenation and unite to generate heat-resistant aromatic rings (Manahan, 

2004). It was discovered that the concentrations of PAHs on fly ash from an MSW 

incinerator varied significantly day to day, and these variations matched those of 

the fly ash's overall organic component concentrations (Eiceman et al., 2004). 

According to Colmsjö et al. (2003), during the plant's cold start-up, the 

concentration of PAHs in the stack gases from an MSW incinerator increased by more 

than 1000 times. Particles of fly ash were significantly adsorbed with large PAH 

molecules. The tiniest particles, measuring less than 5 µm in diameter, were found 

to have the highest concentrations of PAHs (Pierce and Katz, 2010), placing them in 

the respirable range. 

According to Davies et al. (2010), an electrostatic precipitator and a spray tower 

may effectively remove the more volatile PAHs found in the stack gases from an MSW 

incinerator. The best conditions for PCDD and PCDF destruction should be used in 

incinerators, which should significantly lower PAH emissions. Like PCDDs and PCDFs, 
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PAHs are also formed during various combustion activities such as burning coal, 

burning wood, running gasoline engines, and incinerating sewage sludge. 

Toxic Metals  

Another major issue with burning MSW is the potential for heavy metals to escape 

with the exhaust gasses. The most researched elements that are currently governed 

by the Clean Air Act are lead, cadmium, and mercury. These three metals also 

happen to be the most likely to pose a health risk.  

It is particularly challenging to regulate mercury as an atmospheric pollutant since 

it easily volatilizes and escapes through the exhaust gases from incinerators. 

Additionally, the physical and chemical characteristics of various mercury species 

cause them to behave substantially differently in air pollution control devices and 

in the atmosphere. About 10 to 20% of elemental mercury (Hgo) and 75 to 85% of 

divalent mercury (Hg2+), which may be mostly HgCl2, are released by garbage 

incinerators. By contrast, 20–50% of the mercury emitted from coal combustion 

sources is HGO, and 50–80% is divalent mercury (Carpi, 2012). The kind of air 

pollution control device used at the source, the species in the exhaust stream, and 

the makeup of the input all have an impact on the quantity of mercury released by 

combustion facilities. The partitioning of mercury in flue gas between elemental and 

divalent forms may be affected by the quantity of particulate carbon, HCl, and other 

contaminants in the stack emissions. The proportion of HgCl2 (i.e., HgCl2/total Hg) 

rose with increasing HCl concentration in a study by Nishitani et al. (2004).  

There are several sophisticated technologies in use to remove mercury from stack 

gasses, but they are all quite costly. Wet lime or limestone flue gas desulfurization, 

sodium sulfide injection, and activated carbon injection are examples of air 
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pollution control equipment for mercury removal in combustion facilities. Hgo is 

more easily transported across long distances in the atmosphere due to its poor 

water solubility and high vapor pressure, even though it is water soluble and can be 

extracted from the atmosphere by wet and dry deposition near combustion sources. 

Eventually, dry deposition onto surfaces and wet deposition following oxidation to 

water-soluble, divalent mercury are the methods used to remove elemental mercury 

from the environment (Carpi, 2003). Nishitani et al. looked into how mercury 

speciation changed after going through a dust collector (2000). Mercury in the 

exhaust gas went through a cloth filter, converting some of the Hg° into HgCl2. 

However, it is obvious that keeping incinerator flue gas out of the waste stream is 

the greatest way to lower the amount of mercury it contains. The early 2000s saw 

the virtual abolition of mercury from batteries and household battery collection 

programs, which led to a significant reduction in atmospheric mercury emissions. 

Another hazardous metal that could volatilize and become mobilized in a mass-burn 

incinerator is cadmium. Average Cd losses from a laboratory-scale system burning 

various waste kinds were reported by Zhang et al. (2001) to be 69 and 74% at 850 

and 1000°C, respectively. In addition, the atmosphere lost twenty more metals. At 

500°C, Sn was released; at 850°C, K, Mg, Na, Bi, Cr, Ge, Li, Pb, Sn, Tl, and Zn were 

lost; at 1000°C, nine further metals were lost: Al, Be, Cs, Nb, Sb, Sr, Th, Y, and Zr. 

According to conjecture, the released metals were primarily transported as metallic 

chloride compounds, such as CdCl2, SnCl4, SnCl2, ZnCl2, and PbCl2, to the 

combustion exhaust gas. Ca, Fe, Ag, Ba, Co, Cu, Ga, Hf, Mn, Mo, Ni, Rb, Sc, Ta, Ti, 

U, V, and W were not found to have any substantial losses. Research has been done 

on how the combustion of MSW incinerators affects nearby plants and soils through 
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the transformation of inorganic compounds. For instance, Kukkonen and Raunemma 

(1984) discovered that there was a significant inverse relationship between the 

amounts of Br, Ca, Cl, Cr, Fe, Ni, Pb, Si, Ti, V, and Zn on birch leaf samples and the 

distance from an MSW incinerator in Finland. 

 

 

Figure 5 Showing the PAH compounds from gaseous phase and particulate phase in 

incinerator flue gas 

2.5 AIR POLLUTION CONTROL  

Many different types of incinerator air pollution control systems are available; these 

range from basic baffles to capture particulates to scrubbers intended to eliminate 

specific acid gasses. Despite having expensive initial expenses, a lot of these 

technologies are quite good at eliminating particular air pollutants. The right 
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equipment selection is contingent upon factors beyond the incineration system as 

well as the intended emission quality and quantity. For instance, using wet scrubbers 

will be restricted if there is no water source nearby. 

2.5.1 The Electrostatic Precipitator  

The electrostatic precipitator (ESP) is a common tool used by big municipal 

incinerators for cleaning flue gas, particularly for particle matter removal. With an 

effectiveness of nearly 99%, the ESP can eliminate particles as small as fractions of 

a micron. 

 

Figure 6 Showing the Electrostatic precipitator (U.S. EPA, Air Pollution Engineering 

Manual, 2nd ed., 1973) 
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A sequence of discharge electrodes is passed through the stream of "dirty" gas. The 

electrodes typically have a negative charge between 1000 and 6000 V. A corona, or 

cloud of charge, is produced at this voltage. Regardless of their original makeup, the 

majority of particles traveling through this corona will acquire a negative charge. 

The discharge electrode is located close to a grounded (positive) surface known as 

the collection electrode. The grounded surface will draw the negatively charged 

particles and cause them to gather there. Finally, by turning off the voltage to each 

electrode and repeatedly tapping them with rappers or wetting down the plates, the 

particulate debris is eliminated from the collector surface. After that, the particles 

are disposed of. Particulates may occasionally be chemically or physically resistant 

to charge changes. These won't be caught when they go through the ESP.  

 

Figure 7 Showing the Electrodes within the ESP. (From Williams, 1998. Reproduced 

with kind permission of John Wiley & Sons, Inc.) 

The following are some benefits of employing the ESP for flue gas cleaning:  

● Very effective particle removal  
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● Relatively insensitive to high effluent gas temperatures 

● No need for wastewater treatment 

Disadvantages include:  

● Exorbitant space requirements.  

● High capital expenses (even a basic model can set you back several million dollars)  

● The ESP is frequently susceptible to the flue gas's chemical makeup. Metallic 

components are corroded by acid gasses. 

● Equipment are required for gathering the seized items 

● A significant amount of electrical equipment is required 

2.5.2 Gas Washing  

Because wet scrubbers can successfully remove both particle and gaseous 

contaminants, they have gained popularity for cleaning contaminated gas streams. 

In wet scrubbing, a liquid that is added to the scrubbing apparatus as a finely 

atomized mist is brought into close contact with a polluted gas stream. Gravity spray 

towers are the most popular type of low-energy scrubber. They work by forcing liquid 

droplets—typically only cold water or a diluted alkaline solution—to descend through 

rising exhaust gasses and drain into a wastewater collector at the bottom of the 

chamber. Typically, a variety of spray nozzles atomize liquid to create the droplets. 

Rising from the bottom of the unit, the hot flue gas enters. The vertical gas velocity 

is between 2 and 5 feet per second, or 75 and 150 cm/s. At the top of the tower, a 

mist eliminator is required for higher velocities (Vesilind et al., 2002). As soon as 

particulate matter enters the chamber, it gets wet and falls out due to gravity. Gases 

that easily dissolve in the mist, as H2 SO4, HNO3, and HCl, generate the equivalent 
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aqueous acids that also fall out due to gravity. The chamber's walls are constantly 

being cleaned by the spray water. 

One of the most prevalent gaseous pollutants from the burning of MSW and other 

materials, including coal, is sulfur dioxide. Sulfur dioxide has been mostly removed 

from stack gas by condensing SO2 to sulfuric acid for many years by coal-burning 

utilities and other large-scale SO2 emitters. Since SO2 dissolves fairly easily in water, 

the acidic liquid that results is collected and prepared for disposal. The following 

reactions for SO2 capture are the same as those previously mentioned for the 

creation of acid rain: 

SO2 + O2 → SO3  

 SO3 + H2 O → H2 SO4 (aq)  

To absorb the SO2, a solution of quicklime or limestone can also be prepared. When 

quicklime is added, the reaction is  

SO2 + CaO → CaSO3 (s)  

With limestone, the reaction is  

SO2 + CaCO3 → CaSO4 (s) + CO2 

Lime materials can be added to the combustion chamber or sprayed straight into the 

scrubber. Quicklime is created when limestone is fed into the furnace and reacts 

quickly:  

CaCO3 → CaO + CO2  
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Figure 8 Showing the Acid gas cleaning scrubber (packed tower; U.S. EPA, 

EPA/625/6-829/024, 2005). 

Gravity settling tanks can be used to separate poor solubility substances like calcium 

sulfite and calcium sulfate. However, the formation of calcium salts poses a new 

challenge in terms of disposing of massive amounts of solid waste, which is 

essentially a slurry with a high water content. The flue gas desulfurization sludge in 

certain facilities is merely kept in ponds on the premises of the business. The 

application of this sludge is the subject of extensive current study. The applications 

being investigated are for building panels (drywall) (EPRI, 2005), reclamation of coal 
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mine wastes (Stehouwer et al., 2005), usage as an agricultural amendment (Carlson 

and Adriano, 2004), and roadway construction, for reclamation of coal mine spoils 

(Stehouwer et al., 2004), roadway construction, As previously discussed, heavy 

metals and other inorganic pollutants may be present in flue gases; therefore, these 

contaminants must also be taken into account while treating the scrubbing medium. 

Reimann (2004) employed a two-stage method including lime and 

trimercaptotriazine at an MSW incinerator in Germany to eliminate salts, mercury, 

and other heavy metals from the scrubbing medium. The treated wastewater 

complied with Germany's strict discharge regulations. 

 

Figure 9 Showing the Acid gas cleaning using a gravity spray tower scrubber 

(EPA/625/6-829/024, U.S. EPA, 2005). 
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Advantages of gas washing include: 

• The simultaneous removal of particles and acid gasses. However, it is advised that 

particles be eliminated first (for example, by using a baghouse). Increased gas 

removal efficiency is made possible by particle removal.  

• High-temperature flue gas streams are accommodated by the system, which is fed 

by a liquid mist.  

• It is possible to alter the cleaning media to improve removal effectiveness. For the 

treatment of particularly acidic flue gasses, for instance, a diluted NaOH solution 

can be used in place of water.  

Disadvantages:  

• Energy input is high, mostly for the purpose of pumping liquids into and out of the 

system.  

• A constant supply of water is necessary.  

• Equipment corrosion is unavoidable due to the formation of aqueous acids and 

alkalis. As a result, maintenance expenses could be high.  

• Large amounts of wastewater will be generated. Before this liquid is released into 

a receiving body of water, it needs to be treated.  

• Particulates that are eliminated from the gas stream beforehand improve the 

efficiency of acid gas removal. 

2.5.3 Fabric Filters (Baghouses)  

One of the earliest, most straightforward, and most effective techniques for filtering 

out solid particulate matter from gas streams through fabric media is the baghouse. 
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The baghouse is made up of a straightforward arrangement of permeable bags that 

let gases pass through while capturing particulate particles. Glass fibers, cotton, and 

nylon are among the heat-resistant components that make up the filter cloth. The 

fabric selection is influenced by the operating temperature range, moisture content, 

flue gas chemical composition, and the physical and chemical characteristics of the 

particles being collected. Typically, the cloth filter bags are flat or tubular in shape. 

There might be anything from ten to several thousand bags in a baghouse, which is 

the structure in which the bags are suspended. The baghouse system can run 

constantly, with some bags' airflow switched off for upkeep and cleaning. Flue gases 

are supplied into bottom-feed units through the baghouse hopper at the base and 

subsequently into the bag's interior. Dust-filled gas enters the top of the filters in 

top-feed devices. Usually, the baghouse filter fabric is woven with rather big gaps, 

approximately 50 µm in diameter. 

Still, given that these filters can capture particulates as small as 1 µm, clearly more 

is going on than just sieving. Particulate entrapment in the fabric weaving and 

electrostatic attraction appear to be the causes of particle capture. The bag's woven 

materials eventually combine to create a dust cake, which serves as an efficient 

sieving mechanism. Using felted materials reduces or eliminates this dust coating, 

and impingement and inertial forces work together as the main filtering mechanisms 

(Vesilind et al., 2002).The pressure across the fabric filtering media drops as 

particles accumulate, necessitating periodic cleaning of the filter. The fabric is freed 

of dust by mechanical or gravitational methods. The baghouse is divided into 

sections when there are a lot of bags involved, allowing one section to be cleaned 

while the others are still in use. 
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2.6 Metals  

Many poisonous metals, including Cd, Pb, As, Be, V, and Hg, as well as some relatively 

less dangerous elements, such Cu, Zn, Fe, and Al, may be found in high amounts in 

ash. Lead and cadmium concentrations in fly ash are thousands of times higher than 

those in bottom ash, but they are still far higher than those in uncontaminated soils. 

The process of incineration concentrates these elements in the ash. Paper and 

plastic matrix materials that held metals and prevented their escape into the 

environment are eliminated through incineration. 

Once metals are in the form of ash, they are far more bioavailable. Lead and 

cadmium, for example, can be easily extracted from ash in concentrations that often 

beyond the government thresholds for being classified as hazardous waste. Toxic 

metals are a common component of many consumer goods that end up in municipal 

garbage. Old pesticides, paint, and ceramics can all contain arsenic. Lead can come 

from metal plating and be found in paints, plastics, and inks. Paints, plastics, 

newspapers, fungicides, and flashlight batteries all contain mercury. 

Lead and cadmium are two of the main components of MSW that come from 

batteries, plastics, and other pigment uses. Reducing the quantity of harmful metals 

in the waste stream can be accomplished practically by banning their disposal and 

recycling batteries through specialized collection systems. However, applying such 

methods to the use of pigments and plastics is more challenging. 
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Figure 10 Showing the concentration ranges of elements in MSW and bottom ash, 

fly ash, and suspended particulates from MSW 

2.7 Ash Management  

The leachability of heavy metals in ash—that is, how rapidly will a specific metal 

leach from ash and enter the groundwater supply or some other environmental 

receptor—has been the focus of concerns over ash mobility and toxicity. However, 

others have criticized the "leachability methods" for being insufficient for 

determining toxicity. In addition to contaminated groundwater, there are other ways 

that ash can expose people and the environment, therefore it is important to take 
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into account the overall amounts of both metals and PCDDs when evaluating the 

toxicity of ash. 

For instance, ash particles can be inhaled by humans, and the poisons on the 

particles then enter the bloodstream or tissue directly. Furthermore, ash particles 

could be consumed directly or through tainted food or drink. Data on the entire 

chemical makeup of ash must be included in a comprehensive evaluation of the risks 

it poses because these exposure routes can be quite important. 

Several steps must be taken to lessen the risk associated with metals and other 

pollutants in ash (Denison and Rustin, 2000):  

• Prevent goods that are contain potentially hazardous metals from reaching the 

waste stream.  

• Keeping metal-containing materials out of incinerators  

• Ash can be prepared for disposal either chemically or physically (e.g., by mixing 

with Portland cement and letting it set).  

• ash should be disposed of entirely in safe locations free of other waste (a process 

known as "monofilling").  

• Compacting the ash prior to or during landfilling  

The density of noncompacted MSW ash can reach 900 kg/m3 (1500 lb/yd3). The 

density of the ash can reach 1980 kg/m3 (3300 lb/yd3) if it is compacted. The ash is 

extremely impermeable at this density; permeability could be as low as 1 x 10-9 

cm/sec (Vesilind et al., 2002). Alternative uses for ash are being explored as the 

amount of ash produced increases and finding landfill space becomes increasingly 

challenging.  
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Other applications include capping strip mines, used as road base material, 

structural fill, gravel drainage ditches, and combining with cement to create 

building (construction) blocks.  

Additionally, recyclable metals, particularly steel and aluminum, can be recovered 

from the ash left over after MSW is burned. 
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CHAPTER THREE: METHODOLOGY 

This chapter provides a detailed explanation for the laboratory tests and procedures 

that are to be carried out in this research. These tests are to be carried out to 

determine the mechanical and engineering properties of the neat expansive soils, 

crushed granite stone and incinerated hospital waste ash. 

3.1 Materials and methods 

3.1.1 Materials 

Soil sample 

The soil sample obtained was one that exhibits the properties of expansive soils ie 

one that is prone to volume changes which relates to the changing moisture 

conditions. The cyclic water ingress and removal causes moisture imbalance that 

triggers the shrink and swell cycle. This was sourced from Kawanda Town council, 

Wakiso District. 

Incinerated hospital waste ash. 

The Municipal waste ash was collected from BioHaz waste Solutions in Bombo which 

burns the inorganic hospital waste at temperatures above 5000C providing the 

residue with a calcified nature. 

3.1.2 Methods  

Sample preparation 

Collected soil samples were first dried under sunlight, the clods will then be broken 

to get a unified sample. The organic matters, smal0l aggregates are to be removed 

carefully from the sample. The sample is to be kept in the oven for drying at a 

maintained temperature of 1000 c for 24 hours. The prepared sample is then to be 

divided into 3 clusters that will be tested. The weight of the soil samples to be tested 
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are to be weighed. The various proportions of bagasse ash and burnt brick are also 

to be weighed. Four different blends are to be prepared for blending with the soils 

in varying proportions of 3%, 6%, 9% and 12%. 

The following tests are to be carried out to determine the engineering properties of 

the expansive soils.  

Particle size distribution 

This experiment was done to determine the predominant soil components in the soil 

sample obtained to ascertain whether its expansive as reported. The test is to be 

carried out with BS: 1377- part 2(1990) 

For each sieve size  

Percentage passing (%) = 100 - percentage retained (%) 

              =100 - (
𝑀

𝑀𝑠
× 100) 

Cumulative percentage passing = 100 - cumulative percentage retained 

                 =100 - (
𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑

𝑑𝑟𝑦 𝑚𝑎𝑠𝑠
× 100) 

                 = 100 - (
𝑀+𝑀𝑏

𝑀𝑠
× 100) 

Where; 

M and Mb - retained masses for the current and previous sieves respectively 

Ms - Dry mass 
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Soil plasticity index 

This is a measure of the soil’s ability to undergo irreversible deformation while 

withstanding an increase in loading. It is established by experimental tests to 

determine the Atterberg limits. 

Plasticity index = Liquid limit – Plastic limit 

Sample preparation 

A sample of the soil large enough to yield a test specimen was obtained, weighed to 

about 400 g and then passed through a 425 micron filter. This will be enough material 

for the liquid test, plastic limit as well as the shrinkage tests. Water will be added 

to the soil after then it will be put on a glass plate. It will then be vigorously mixed 

with a palette knife until its thick and has formed a paste. The formed mx will then 

be placed in an air tight container and then left for 24 hours to allow water to 

infiltrate the soil. 

Liquid limit 

This refers to the soil’s moisture content at which it transitions from liquid state to 

the plastic state.  

In this study it is aimed at confirming the swelling nature of the expansive soils. 

This is carried out in accordance to BS: 1377-part2 (1990) 

Calculations 

The moisture content, w, of the soil sample on each container is to be calculated 

as; 

W=(
𝑀1−𝑀2 

𝑀2−𝑀3
) × 100 (%) 
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Where; 

M1 = mass of wet soil + container 

M2 = mass of dry soil + container 

M3 = mass of container 

Average moisture content is to be calculated as follows for each test 

Wave= (
𝑤1+𝑤2

2
)% 

The reading of the average penetration and the average moisture content are to be 

recorded. 

Plastic limit  

This refers to the moisture content of the soil at which it becomes too dry and it 

begins to behave as a plastic material. The experiment is to be carried out with 

reference to BS:1377-part 2(1990) 

Calculations 

The moisture content of the first, w1 and the second portion w2 are calculated from; 

W= (
𝑚1−𝑚2

𝑚2−𝑚3
)×100(%) 

Where: 

M1= mass of wet soil threads + container 

M2 = mass of dry soil threads + container 

M3 = mass of the container 
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The plastic limit will be the average moisture content of both portions provided their 

difference does not exceed 0.5%  

Plastic limit= (
𝑤1+𝑤2

2
)% 

Linear shrinkage 

This is the measure of the amount of shrinkage that is likely to be experienced by 

the soil if the drying process is prolonged beyond the plastic limit. This experiment 

is to be done according to BS:1377-part 2(1990) 

Calculations  

Linear shrinkage (%) = (1-
𝐿𝐷

𝐿𝑂
)×100 

Where; 

LD= oven dried length of the soil bar 

LO= initial length of the soil bar 

Proctor compaction test 

This test was carried out to obtain the relationships between compacted dry density 

and soil moisture content that is the optimum moisture content at which the soil 

type will become the most dense and attain its maximum dry density. It is to be 

carried out with accordance to the field compaction.  

The experiment was carried out with reference to the procedure in BS:1377-

part2(1990) 

Sample preparation 
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Representative samples were generated from the soil that passes through the 20mm 

filter and then combined with varying quantities of water to provide an appropriate 

range of moisture levels. The moisture content and the portions are to be sealed in 

an air tight container and then allowed to cure for approximately 3 hours. 

calculations 

bulk density, p= (
𝑚2−𝑚1

𝑣
×1000) (in 𝑘𝑔 𝑚⁄ 3 ) 

where; 

m1= mass of mold and base plate(g) 

m2= mass of mold, base plate and compacted soil(g) 

v= volume of the mold (in cm3 ) 

dry density, pd= 
100𝑝

100+𝑤
 where w is the moisture content of the soil (in %) 

The readings of the dry densities and the corresponding moisture contents are to be 

recorded in a table. 

California bearing ratio 

The CBR test was carried out as specified in BS 1377: part 4(1990). The one point 

method will be applied. The CBR value is the resistance to 2.5 mm penetration of 

the conventional cylindrical plunger of 50 mm diameter as a percentage of the 

plunger’s known resistance to 2.5 mm penetration. 

Sample preparation 

The CBR was performed on a material that passes the 20mm sieve which was of a 

total weight of 25 kg. 
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According to the BS heavy compaction test, the sample will be raised to an optimum 

moisture content of (OMC ± 0.3%) 

Calculation 

The matching penetration is to be plotted for each value of the force as ordinated, 

and a smooth curve is to be created through the points. The normal curve is a convex 

and does not require modification. 

Penetration of 2.5 mm and 5.0 mm is to be used for calculating the CBR value. 

At 2. 5 mm penetration, the CBR value is to be calculated from; 

CBR value (in %) = P ×
100

13.2
 

At 5.0 mm penetration, the CBR will be calculated from; 

CBR value (in %) = P×
100

20.0
 

Where P is the plunger force in kN, obtained by multiplying the dial gauge reading 

at the corresponding penetration by the proving ring factor of 0.113 

Unconfined Compressive strength 

The unconfined compressive strength test is a laboratory method that is used to 

determine the shear strength of the soil that does not contain any confinement. This 

test is carried out to evaluate the properties of cohesive soils. 

It will be carried out with accordance to BS 1377: part 4(1990) 

Sample preparation 
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We shall use split type UCS mold to contain 4 kg of similar soil sample. The mass of 

the air dry sample of the material is to be calculated by taking the moisture content 

of the dried material. 

The weight of the stabilizer is to be determined and mixed with the soil and the 

bagasse ash. The amount of water required to bring each sample to OMC is to be 

calculated and added to the soil and mixed thoroughly. The 2 specimens for each 

percentage from each, the different sets with different quantity of the stabilizer 

will be cured for a period of 7 days after which they will be compacted in the UCS 

machine. The specimen will be crushed to total failure on the compaction machine 

and the load that will be applied will be at a rate of 140kpa/s. 

Calculation 

The UCS is to be calculated by dividing the maximum axial load that the sample 

could sustain by the cross sectional area of the sample. 

UCS = 
𝑃𝑚𝑎𝑥

𝐴
 

Where; 

UCS = unconfined Compressive strength (in kPa) 

Pmax = Maximum axial load sustained by the sample (in N) 

A = Cross sectional area of the sample (in m2) 

X Ray Florescence 

An equipment called XRF is used to analyze the chemical makeup and elemental 

content of rocks, minerals, sediments, and fluids. It operates using wavelength 
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dispersive spectroscopy techniques, which are comparable to those of an electron 

microbe. 

Test procedure  

The procedures that are to be taken during the determination of the chemical 

composition while using the XRF machine are as follow; 

1. When all the power sources and UPS are switched on, press the power button 

on the left side of the XRF machine. 

2. Turn on the computer to which the method software is installed. 

3. Switch on the x-rays by turning the key on the “HT ENABLED” knob in a 

clockwise direction. There will be a light beam on the front corners of the 

instrument indicating that the x- rays have been switched on. 
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CHAPTER FOUR: RESULTS, ANALYSIS AND DISCUSSIONS 

This chapter presents the laboratory results from tests carried out in this study. The 

data is analysed and discussed from the results of the tests carried out. So far, the 

tests carried out were to determine the engineering properties of expansive soils 

and these tests included sieve analysis, Atterberg limits, California bearing ratio and 

Proctor test. Other tests were carried out to determine the engineering properties 

of Crushed granite and Ash from waste incineration and these were sieve analysis 

and X-Ray Fluorescence test respectively. 

4.1. Classification tests. 

4.1.1. Neat soil 

The neat soil used in this study was greyish-black. The soil was classified using USCS 

as CH fat clay. 

4.1.1.1. Sieve analysis 

The neat soil was sieved and it was noted to have 1.28% gravel, 29.57% sand and 

69.15% fines. The high percentage of fines contributes to the high plasticity of the 

soil. The results from the sieve analysis test are shown in the table below. 

Table 1 Showing the grading results for the neat soils 

Sieve Size 

(mm) 

Passing (%) Grading Limits (G60 

& 80) 

63.0 100 

 

100 100 

37.5 100 

 

80 100 

20.0 100 

 

60 95 

5.0 100 

 

30 65 
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Figure 11 Showing a graph of %age passing against sieve size for neat soils. 

4.1.1.2. Atterberg limit tests. 

Atterberg limits are a basic measure of the critical water contents of fine-grained 

soils such as silt and clay as they transition from solid to liquid. They can also be 

referred to as consistency characteristics of the soil. A summary of test results of 

the neat soil sample is summarized in table  
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Table 2 Showing consistency characteristics 

Consistency characteristics 

Liquid Limit (%) 57.5 

Plastic Limit (%) 27.5 

Plasticity Index (%) 30 

Linear shrinkage (%) 15.0 

 

The soil had a high liquid limit which implied high compressibility as well as a high 

shrinkage or swelling potential. Having a high liquid limit directly implied a plasticity 

index. This indicated an excess of clay material in the neat soil. Linear shrinkage is 

used to estimate the swell and shrink behaviour of the soils. A shrinkage of 15.0% 

lies within the range of critical chance for cracking due to swelling and shrinking. 

Table 3 Showing linear shrinkage and expansive rating 

Category Linear shrinkage (%) Expansive rating 

Low 0-12 Non-Critical 

Medium  12-17 Marginal 

High 17-22 Critical 

Very High >22 Very Critical 

 

Less than 35% of the liquid limit is typically considered low plasticity, 35% to 50% is 

considered intermediate plasticity, 50% to 70% is considered high plasticity, and 70% 

to 90% is considered extremely high plasticity. Thus, the findings demonstrated the 

extremely high plastic clay content of both soil samples. This indicates that the 
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subgrade soils have a propensity to cause fractures in the pavement structures 

because they are readily deformed and swelled and are unable to withstand both 

internal and exterior stresses. Stabilizing expansive soils before the sub-base, base, 

and surfacing layers is one way to prevent such failures; different additives are 

required. 

4.1.1.3. California Bearing Ratio. 

This test is carried out to evaluate strength of soil as subgrade material. This soil 

had a CBR value of 11.1% from bottom and 5.1% from top from one point method of 

determining CBR, so we consider the greater value which is 11.1%. 

Table 4 Showing a graph of force against penetration 

 

The CBR test found that the two soil samples had the ideal moisture content at 2.54 

and 5.08 penetration at the specified maximum dry density. At a maximum dry 

density and 0.17% CBR swell, the soil sample had a 0.8% soaked CBR value, but the 
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soil sample had a 0.91% CBR value and 0.21% CBR swell. Low CBR values were found 

in the results for the soil samples.  

4.1.1.4. Proctor test. 

This test was carried out to determine the maximum dry density and optimum 

moisture content of the neat soil. These parameters are obtained in order to 

determine the compaction levels of the soil. The soil sample had a maximum dry 

density of 1.569gm/cm3 and an optimum moisture content of 22.4%. 

 

Figure 12 Showing a graph of Dry density against moisture content 

4.1.2. Categorization of the waste 

Source: The waste used in the incineration process to obtain the ash was got from 

some hospitals and drug shops within the central region of Uganda. These hospitals 

include Mukwaya General Hospital along Ggaba road, Marie Stopes Uganda, 

Bethesda Medical Centre along Makerere hill road among others. It also treats 

waste from collection companies like Bin it services limited. 

Composition: The waste comprises of items such as expired pharmaceuticals(such 

as drugs), food products, sharps (such as needles and syringes), personal protective 

equipment ( like hand gloves and masks), general waste (non hazardous waste such 
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as box packaging, paper documents and other office supplies) plastic bottles, 

plaster, bandages among others. 

Category: Medical waste. 

Meaning of color codes used in packaging 

• Black represents waste that is non infectious such as paper, packaging 

material or empty containers. 

• Red represents biohazardous waste indicating that the contents may be 

contaminated with potentially infectious materials such as blood, bodily 

fluids or items used in patients care that have been in contact with those4 

substances. 

• Yellow represents hazardous waste that requires treatment before disposal. 

• These include sharps like needles, syringes or materials contaminated and 

often signify high level risk. 

To categorize the waste used for incineration 

Table 5 Showing the methodology for objective 3 

Procedure Standard  

Identify the source of the waste. 

Determine the constituents of the 

waste. 

Classify the waste according to the 

standard  

National Environment Management 

Authority  
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4.1.2.1. Properties of waste incinerated ash 

The ash was a dark-coloured material passed through sieve size 300 micro-meter and 

assessed for chemical composition. 

4.1.2.2. X-Ray Fluorescence Test 

XRF test was conducted to examine the chemical properties of fly ash. Figure 13 

presents the chemical composition of fly ash obtained from XRF-Spectrometer 

analysis. It is comparable in composition to geological materials since its main 

constituents are oxides of Si, Fe, Ca, Al, Na, and K. The results align with earlier 

studies that have been published, including those conducted by Blanc et al. 

(2018), Gori et al. (2011), and Lin et al. (2015).  

 

 

 

Figure 13 Showing a pie chat of the chemical composition of the incinerated waste 

ash 
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4.1.3. Properties of Crushed Granite Stone. 

The cost of granite is 70,000 Uganda Shillings per tonne.  

The crushed granite stone was greyish in colour and it was majorly gravel. 

4.1.3.1. Sieve Analysis 

The crushed granite stone was sieved and it was noted to have 74.46% gravel, 25.33% 

sand and 0.21% fines. The high percentage of gravel will enable in the interlocking 

of granite particles with soil particles hence filling voids present in the expansive 

soils, which will increase the Maximum Dry Density of the soil whilst reducing its 

Optimum Moisture Content. Results from sieve analysis are summarized below. 

Table 6 Showing grading results for the crushed granite stone 

 

MAXIMUM SIEVE 

SIZE (mm) 

Cumulative 

passing (%) 

SPECIFIED LIMITS           

(spec table 

3902/2)(%) 

37.5 100 100 

28.0 95 87—97 

20.0 88 75 – 90 

10.0 63 52 – 68 

5.0 43 38 – 55 

2.0 31 23 – 40 

1.18 24 18 – 33 

0.425 16 11 – 24 

0.075 7 4 – 12 
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Figure 14 Showing the graph of %age passing against the seive size 

The data above shows that the material is mostly coarse. 

4.1.4 The Effect Of Waste Incinerated Ash And Crushed Granite Stone On Density And 

Moisture Content Of The Soil. 
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Figure 15 Showing a graph of MDD against percentages of the ash 

The variation of the expansive soil's MDD with ash%. As the percentage of ash 

increases, the MDD of the soil continues to increase. When the ash rose to 4%, the 

MDD increased from 1.603 g/m3 to 1.668 g/m3. 
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Figure 16 Showing a graph of OMC against percentages of ash and granite 

30% CGS improves density of soil and reduces the moisture content due to 

interlocking properties of the CGS.  

There is an increase in density of the soil and a corresponding decrease in moisture 

content with increase in ash from 2% to 6% because the reaction between ash and 

the clay properties of the soil creates a strong bond and reduces water intake of the 

soil. 

However, beyond the threshold (6% ash content), the MDD starts to decrease due to 

excessive addition of ash, which might lead to overcrowding of particles, hindering 

proper compaction and resulting in reduced density. 
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4.1.5 The Effect Of Waste Incinerated Ash On The California Bearing Ratio 

 

Figure 17 Showing a graph of CBR against percentages of ash and granite 

Replacement of 30% of the soil with CGS leads to increase in CBR value of about 

7.7%. This is due to the interlocking properties of the CGS . 

However, introduction of 2% ash leads to slight decrease in the CBR value by about 

0.2%. Further increase in ash percentages leads to further reduction in CBR values 

up to 6% ash+30% CGS after which the CBR increases again. 

4.1.6 Effect Of Waste Incinerated Ash And Crushed Granite On The Atterberg Limits 

Of The Soil. 

4.1.6.1 Plastic index 
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Figure 18 Showing a graph of Plasticity index against the percentages of ash and 

granite 

Modification of the soil with 30% CGS leads to decrease in plasticity index by about 

4%. However, introduction of Ash further leads to gradual decrease in values of PI up 

to 22.3% at 8% ash+30% CGS. This is because the calcium ions in the ash exchange 

with cations on the surface of the clay particles. The ion exchange reaction between 

the ash and the soil reduces the PI of the soil. 

4.1.6.2 Linear Shrinkage 

As observed, the linear shrinkage decreased with introduction of 30% CGS and 

continued to decrease with 2% addition of Ash at every stage. 
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Reason: When added to soil, ash binds soil particles together, reducing their ability 

to move and settle. This binding effect reduces the tendency of the soil to shrink 

linearly, meaning it will maintain its volume more effectively. 

 

 

Figure 19 Showing a graph of linear shrinkage against percentages of ash and granite 

4.1.7 Final design. 

Table 7 Showing the final design 
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Expansive 

soil (%) 

Granite 

Stone 

(%) 

MWIA 

(%) 

Total 

percentage 

Plasticity  

Index 

Linear 

Shrinkage(%) 

MDD 

(gm/cm3) 

OMC CBR 

100 0 0 100 26.2 13.4 1.623 21.1 18.8 

68 30 2 100 25.9 13.0 1.564 21.6 18.6 

66 30 4 100 24.6 12.3 1.603 20.5 18.6 

64 30 6 100 23.6 11.4 1.668 19.5 17.5 

62 30 8 100 22.3 11.1 1.620 21.7 18.0 

 

From the above design in table 6, we note that the optimum ash content that gives 

a desired result is 6% with a 30% crushed granite content. 

The obtained CBR was 17.5 which is above the required 15 for a subgrade soil. 

The obtained PI was 23.6 which is also below 25 the maximum PI for a subgrade soil. 

The MDD obtained at 6% ash content was 1.668 which was the highest amongst all 

the varied percentages making it the ideal amongst all of them. 
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CHAPTER FIVE. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions. 

• The neat soil did not meet the requirements for G15 material and therefore 

they needed to be stabilized so this purpose before its use. 

• The chemical constituents of the incinerated waste ash such as Calcium Oxide 

with a percentage of 67% proved it capable of providing a cementitious 

material to improve the plasticity of the expansive soils.  

• Both the crushed granite stone and the incinerated waste ash when used 

together with the expansive soils in percentages of 30% for crushed granite 

and varying percentages of ash by 2% proved to raise the CBR of the expansive 

soils from 11% to 18% hence the soil was stabilised. 

5.2 Recommendations. 

• This research could help understand the long-term characteristics and 

durability of stabilized soil with incinerated waste ash and crushed granite 

stone. 

• Further study should be carried out to determine the various potential uses 

of the incinerated waste ash and crushed granite stone as a means of waste 

reduction and management. 
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