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ABSTRACT 

 

 

Concrete is the most important construction material in construction industry. The ceramic 

industry generates large amounts of pozzolanic clay wastes every year in Bangladesh and 

worldwide. So far massive parts of ceramic wastes (CW) are directly dumped into the 

landfills. Reusing the ceramic wastes in concrete would be the sustainable solution. Also, 

it leads to avoid the environmental problems related to landfill wastes. Generally, two 

types of ceramic wastes are found in the ceramic industry such as white and red ceramic 

waste. This study investigates the mechanical properties and microscopy of concrete 

incorporating the ceramic waste powder as partial replacement of cement. In this research 

work, chemical composition by X-ray fluorescence (XRF) analysis, compressive strength 

test, splitting tensile strength test, X-ray diffraction (XRD) analysis and scanning electron 

microscopy (SEM) analysis were conducted on cement and partially replaced ceramic 

waste powder (CWP) concrete. The partial replacement proportions of cement by CWP 

were 0%, 5%, 10%, 15%, 20%, 25% and 30%. Ceramic wastes powders have been made 

by ball machine to conduct XRF analysis, mechanical and microscopic investigation. Total 

195 cylinders have been made to perform mechanical properties in this research, where 

117 cylinders were used for compressive strength test and 78 cylinders were used for 

splitting tensile strength test. Specific samples have been prepared to conduct microscopic 

investigation i.e. XRD and SEM analysis. The XRF analysis illustrated that the SiO2 and 

Al2O3 exist in ceramic powder (both red and white) which is almost twice that of cement. 

The XRF analysis of red and white ceramic powder provided satisfactory results compared 

to ASTM specification of Portland cement, fly ash, slags and control cement. Analyzing 

and illustrating the compressive strength test and splitting tensile strength test results, the 

CWP concrete provides satisfactory mechanical properties. The most favourable 

proportion in concrete for red and white ceramic waste powder were found 20% and 15% 

of partial replacement of cement respectively. The partially replaced CWP concrete 

presented satisfactory results up to most favourable mix proportions considering modulus 

of elasticity, stress-strain diagram and Poisson’s ratio of cement concrete, although, the 

modulus of elasticity calculated by ACI and ASTM methods have minor variations. The 

alite and tobermorite is the most dominating compound found in the XRD analysis of 

CWP concrete samples. Based on the XRD investigation, it was revealed that the intensity 
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of alite and tobermorite of CWP concrete is greater than control specimen. From the SEM 

analysis, it was observed that with the increase of curing ages the alite was hydrated, 

tobermorite developed and jointly formed a continuous matrix. The density of the surface 

morphology was very denser of red and white CWP concrete than cement concrete 

samples. The red CWP concrete specimens were denser and compact having lesser micro-

cracks than cement and white CWP concrete. Therefore, this study revealed that the 

ceramic waste powder (CWP) provides better performance and hence, it can be used in 

concrete as partial replacement of binder (cement) up to certain proportion. Also, reusing 

the ceramic wastes in concrete industry would be the win-win solution considering the 

costs of cement production and environmental related problems. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

1.1 Background 

 

Concrete is one of the most significant construction material used at all phases of the 

infrastructure development. Construction and demolition (C&D) wastes afford the 

maximal percentage (approximately 75%) of wastes worldwide (Zimbili et al., 2014). 

However, ceramic materials i.e. ceramic tiles, brick walls and all other ceramic products, 

contribute approximately 54% of wastes within the C&D wastes (Juan et al., 2010). 

 

The ceramic industry is increasing day by day in Bangladesh. The use of ceramic products 

is expanding day by day in different form like tiles, sanitary fittings, brick walls, and 

electrical insulators etc. Nevertheless, due to its brittle behavior huge amounts of ceramic 

materials turn into wastage during processing, transporting and fixing. C&D wastes and 

ceramic industry produce tremendous amount of ceramic wastes. Ceramic waste in Dhaka 

City of Bangladesh reaches 1.13% out of total municipal solid wastes (Islam and Rashid, 

2015). Most of these wastes are directly dumped into the landfill, increasing the burden on 

landfill loading. There is no effective use of ceramic wastes in construction sector because 

of inaccessibility of standards, avoidance of threat, lack of knowledge and experience. The 

ceramic wastes can be used in construction industry, exclusively in the concrete industry, 

in such a way that safely with no essential for vivid change in production and application 

phase. The cost of dumping of ceramic waste in landfill will not only be saved but also 

raw materials and natural resources will be replaced. Therefore, resulting saving energy 

and shielding the environment. The finest approach in the construction sector, especially 

the concrete sector, in a sustainable tactic is by using wastes from other industries as 

building materials (Mehta, 2001; Meyer, 2009). 

 

Gartner (2004) reported that the cement production needs maximal energy input (850 kcal 

per kg of clinker) and indicates the mining of huge amounts of raw materials from the 

earth (1.7 tons of rock to produce 1 tons of clinker). Furthermore, the complete production 

of one ton of cement required a total of 0.94 tons of CO2, whereas 0.55 tons of chemical 
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CO2 induces during production process and required an extra 0.39 tons of CO2 in fuel 

emissions (Gartner, 2004). The replacements of cement in concrete by ceramic wastes 

powder have a key effect on reducing concrete costs. Puertas et al. (2008) showed that the 

cement cost exemplifies more than 45% of the concrete cost. Several researchers have 

investigated and confirmed that ceramic waste powder possesses the pozzolanic reactivity 

which is an essential in binding material (Puertas et al., 2008; Lavat et al., 2009). Pacheco-

Torgal and Jalali (2010) stated that the temperature used in the manufacturing of these 

ceramic tiles is approximately 900 ⁰C. The temperatures are enough to stimulate 

pozzolanic properties of clay. Every ceramic waste powder mineral reacts at a diverse rate 

and tends to form divergent solid phases when it hydrates (Jennings, 2014). Gartner (2004) 

investigated that the partial replacement of cement by ceramic wastes in concrete 

exemplifies a huge saving of energy. Thus, it has vital environmental merits. 

 

The best tactical ways should be taking remedial measures during the investigation and 

probable pilot application of an industrial waste altercation initiative. The practical 

mechanism of waste reduction will be the replacement of waste through reuse, reducing 

and recycling. Key points to be concluded that the ceramic wastes have active use in the 

construction industry especially in the concrete production (Juan et al., 2010). In essence, 

concrete is one of the most consumed materials in Bangladesh as well as over the world. 

Most of construction project consume concrete as the key material for the structural 

members. The most plentiful area of the concrete such that it covers about 75% (by 

volume) of aggregates (Tay and Tam, 1996). Moreover, in most of the cases where there is 

a necessity for huge demand of concrete, the natural environment trimmings up being 

surrendered for economic reasons. Considering the economy and most vital the 

environmental consciousness, there has been significant amount of investigation in reusing 

and recycling wastes, particularly C&D wastes, into the production of concrete (Boyle, 

1997). 

 

Generally, ceramic wastes directly dumped into landfill might not be the best solution 

indeed, because the landfill wastes leach the chemicals that can be harmful to the 

environment. This approach also denies the idea of sustainable development, and for this 

reason it is essential to examine alternative positive use of ceramic wastes, to save energy 

that has been used to manufacture these ceramics by some means, in an optimistic way. 
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Therefore, the necessity for its effective use in other industry mostly concrete industry is 

becoming truly vibrant. 

 

The substitution of cement in concrete by ceramic wastes powder signifies a remarkable 

saving of energy. Moreover, it has significant environmental benefits. Hence using these 

wastes in concrete industry could be a win-win solution for maintaining the environment 

and at the same time the properties of concrete. Although, several researches have been 

carried out to confirm the pozzolanic reactivity of ceramic waste (CW) powder, 

nevertheless, research conducted so are scare. Surprisingly most of the researchers did not 

evaluate chemical composition and microscopic pattern of the CW powder. Therefore, this 

research investigates the feasibility of partial replacement of cement in concrete using CW 

powder towards sustainable construction. Accordingly, the aim of this research is to 

investigate the mechanical and microscopic properties of concrete incorporating CW 

powder as partial replacement of cement. 

 

1.2 Objectives 

 

The specific objectives of this research are as follows: 

1. To investigate the chemical composition of cement and ceramic waste powder by 

X-ray Fluorescence (XRF) analysis. 

2. To investigate the mechanical properties of concrete incorporating waste ceramic 

powder (white and red) as partial replacement of binding materials (cement). 

3. To investigate the most favourable proportions of partial replacement of cement by 

waste ceramic (white and red) powder in the production of concrete through 

experiments. 

4. To investigate the microscopic pattern through X-ray Diffraction (XRD) and 

Scanning Electron Microscopy (SEM) analyses of cement and ceramic waste 

powder concrete for the most favourable mix. 

 

1.3 Methodology 

 

To achieve the objectives of this research, the following steps were completed: 

 Review of literature 

 Measurement of material properties 

 Specimens preparation 
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 X-ray Fluorescence (XRF) analysis 

 Cylindrical compressive strength test 

 Splitting tensile strength test 

 X-ray Diffraction (XRD) analysis 

 Scanning Electron Microscopy (SEM) analysis 

 Analyses and observation of these test results 

 

1.4 Scope and Limitations of this Study 

 

The research work has been carried on cement and CWP concrete. The concrete were 

made by cement and cement partially replaced by CW powder up to 5% to 30%. Ceramic 

wastes powders have been made by ball machine to conduct XRF analysis. Total 195 

specific cylinders have been made to perform this work, where 117 cylinders were used 

for compressive strength of cylindrical concrete specimen and 78 cylinders were used for 

splitting tensile strength test. Specific samples have been prepared to conduct microscopic 

investigation i.e. XRD and SEM analysis. Reusing the ceramic wastes in concrete could be 

a win-win solution. The outcomes obtained through this research work can be used for 

solving the waste management problem in ceramic industry and at the same stage it‘s 

forwarding to produce a more sustainable concrete by decreasing the usage of non-

renewable resources like cement. The chemical composition and reactions will help to 

decide the uses of ceramic powder as binding materials. The mechanical properties of the 

ceramic waste concrete will lead to find the optimum concrete mix. Finally, microscopic 

analysis of ceramic waste concrete will help to hydrated mineralogical compositions and 

morphology of CWP concrete. Also, this research will assists to reduce environmental 

problems related to landfill wastes by using waste ceramic. The outcomes of this research 

work can also be used as a guideline for the practicing engineers as well as in the 

construction industry. 

 

Limitation of this work is to measure the surface morphology of the CWP concrete by 

SEM, because this analysis performed only on 1 cm
2
 sample. For this reason, more 

samples have to perform by SEM to find out the actual surface morphology that was time 

consuming and costly job. 
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1.5 Organization of the Thesis 

 

This thesis paper contains the following chapters. 

 

Chapter I: Introduction 

This chapter provides background of this study, objectives along with scope and 

limitations as well as methodology of this research. 

 

Chapter II: Literature Review 

This chapter focuses on the available literature related to the thesis topic that would help to 

understand the thesis topic. Brief discussion on several parameters and techniques to 

describe the mechanical properties of concrete, chemical composition and microscopic 

investigation of cement and CWP concrete were also reviewed in this chapter to conduct 

the study. 

 

Chapter III: Materials and Research Methodology 

This chapter describes the detailed methodology adopted to accomplish this study. X-ray 

Efflorescence (XRF) analysis, compressive strength test, splitting tensile strength test, X-

ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) analysis were described 

in this chapter. Also, the procedure for analyzing the results is explained in this chapter.  

 

Chapter IV: Results and Discussion 

This chapter reveals the results and findings of the study. Moreover, XRD and SEM 

analysis of concrete containing optimum CW powder replacement have been performed. 

 

Chapter V: Conclusions and Recommendations 

This chapter presents the summary of the thesis, the conclusions of the study and the 

recommendations for further extensions of the work. 
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CHAPTER II 

 

 

LITERATURE REVIEW 

 

 

2.1 General 

 

Before presenting the details of testing program, it is important to review the state of the 

art regarding topics that would help to understand the thesis topic. Brief discussion on 

several parameters and techniques to describe the mechanical properties of concrete, 

chemical composition and microscopic investigation of cement and CWP concrete were 

also reviewed in this chapter. 

 

2.2 Cement 

 

Khajuria et al. (2013) reported that all the materials required i.e. cement, sand, water and 

coarse aggregate to produce concrete mix are vital. Among them cement is incredibly 

usually the foremost vital due to its property to link within the chain as a binding material. 

Firstly, the cement binds the sand and stone together. Secondly, it fills up the voids spaces 

amongst sand and coarser stone particles to make a compacted mass. It constitutes solely 

concerning 20% of the total volume of concrete mix. It‘s the vigorous side of binding 

medium and is the merely technically controlled element of concrete. Any variance in its 

amount impacts the compressive strength of the concrete mix (Khajuria et al., 2013). 

Portland cement denoted as ordinary Portland cement is that the furthermost significant 

kind of cement and could be a fine powder manufactured by grinding Portland cement 

clinker. Generally, the ordinary Portland cement (OPC) is categorized into three grades, 

specifically 33 Grade, 43 Grade, and 53 Grade relying upon the strength of 28 days. It is 

possible to manufacture best quality of cement by using best quality limestone, up-to-date 

equipment‘s, maintaining better particle size distribution, finer grinding and better 

packing. Normally use of best quality grade cement compromises several merits for 

producing resilient concrete. Though they‘re very little pricier than low quality grade 

cement, but they provide 10-20% saving in cement feeding. Also, they provide several 

concealed profits. Faster rate of development of strength is one of the most vital benefits 

among them (Neville, 1995). 
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Neville (1995) stated that the aggregates represent the majority of a concrete mixture and 

provide dimensional firmness to concrete. The aggregates are often used in two or more 

sizes to extend the density of resulting mix. Fine aggregate helps in making of workability 

and uniformity in mixture, which is the most vital function of this aggregate. The fine 

aggregate contribute the cement paste to carry the coarse aggregate particles in holdup. 

This approach increases the plasticity in the mixture and also avoids the probable 

segregation of paste and coarse aggregate, mainly when it is essential to move the concrete 

far from the mixing plant to placement site (Khajuria et al., 2013). 

 

2.2.1 Functions of Various Ingredients of Cement 

 

Several researchers (Mayfield, 1988; Popovics, 1992; Neville, 1995) described the 

functions of various ingredients of cement. These are including: 

 Lime (CaO) 

 Lime is the principal constituents of cement. The proportion of lime in 

cement is properly regulated. 

 Excess of lime reduces the strength of cement. It makes the cement 

Unsound, expand and disintegrate. 

 Less of lime reduces the strength of cement and makes it set quickly 

 Silica (SiO2) 

 It contributes strength of cement by forming the comoupds of dicalcium 

and tricalcium silicates. 

 Silica in additional offers better strength to the cement but at the same time 

extends its setting time. 

 Alumina (Al2O3) 

 This makes the cement set quickly. Excess of alumina weakens the cement. 

 Magnesia (Magnesium oxides, MgO) 

 This imparts hardness and color to cement when present in small quantity.  

 Excess is harmful and reduces the strength of cement. 

 Iron Oxide (Fe2O3) 

 This gives cement color, hardness and strength. 

 It conveys quick setting quality to the cement. 

 It acts as a flux and drops the temperature of clinkering process. 
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 Excess of iron oxide decreases the strength of cement. 

 Sulphur Trioxide (SO3) 

 Small portion of sulphur and sulphur compounds imparts soundness to 

cement. 

 Excess of it reduces the soundness of cement. 

 Alkalies 

 Additional amount of alkalies helps the cement efflorescent. 

 Calcium Sulphate (CaSO4) 

 This helps to delay the setting action of cement. 

 It increases the initial setting time of cement. 

 

2.2.2 Hydration Process of Cement and Ceramic Waste Powder 

 

Ordinary Portland cement and every ceramic powder mineral reacts at completely diverse 

rate and have tendency to form diverse solid phases at what time it hydrates. Several 

researchers (Ahmaruzzaman, 2010; Li, 2011; Gartner et al., 2002; Lilkov et al., 1997) 

mentioned the performance of every of cementing minerals has been investigated by 

synthesizing it in its clean form and hydrating it under standard circumstances, and these 

reactions are explained below. 

 

 Hydration of the calcium silicate minerals (C3S and C2S): 

 Tricalcium silicate (C3S) is the most abundant and vital cement mineral in cement 

and ceramic powder, providing foremost of the early curing ages strength development.  

The hydration of C3S can be written as: 

CHSHCHxSC x 3.1)3.1( 7.13  …………………………..…. (2.1) 

where C1.7-S-Hx is the calcium silicate hydrate (C-S-H) gel phase and CH is calcium 

hydroxide, which has the mineral known as hydrated lime. The variable x in equation (2.1) 

signifies the volume of water related with the C-S-H gel, which varies from about 1.4 to 4 

based on the comparative humidity inside the paste and amount of the water associated 

with the C-S-H is measured to be part of its authentic composition. 

 

 The dicalcium silicate phase (C2S) reacts according to: 

CHSHCHxSC x 3.0)3.0( 7.12  ………………………………...(2.2) 
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The hydration products are the equivalent as those of C3S, but the comparative quantity of 

CH made is less.  C2S is less soluble than C3S, so the rate of hydration is much slower.  

C2S hydration provides little to the early curing age‘s strength of ceramic powder, but 

makes considerable assistances to the strength of mature ceramic paste. 

 

 Hydration of the calcium aluminate/ferrite minerals (C3A and C4AF): 

The hydration of the aluminate and ferrite minerals is slightly a lot of complicated than 

that of the calcium silicate minerals. Also, the reactions that manifest it rely on whether or 

not sulfate ions are present in the pore solution.  C3A is very soluble, even a lot of 

therefore than C3S.  If C3A is hydrated in pure water, calcium aluminate hydrates form.  

The reaction sequence is: 

HAHCAHCAHCHAC 92212 63821943  …………………….(2.3) 

323623 263 HSACHHSCAC  …………………………….………(2.4) 

12432363 342 HSACHHSACAC  …………………….………….....(2.5) 

3323624 ),(),(213 HAFHSFACHHSCAFC  ………………......(2.6) 

312432364 ),(),(37),( HAFHSFACHHSFACAFC  ……………(2.7) 

32362124 162 HSACHHSCHSAC  ………………………………....(2.8) 

However, using ceramic wastes as partial replacement of cement will be the best solution 

in construction industry especially concrete industry. Dumping ceramic waste directly to 

the landfill possibly not be the best decision, depending on whether there may be leakage 

of chemicals that can be harmful to the environment. This approach also denies the 

perception of sustainable development. Hence it is crying essential to examine the 

alternative helpful use of these ceramic wastes, to recuperate energy that is been used to 

produce these ceramics someway, in an optimistic manner. Hence, the need for its use in 

other industries is becoming absolutely vigorous. Therefore, using these ceramic wastes in 

concrete production could be a win-win solution considering the environment as well as 

the durability and strength properties of concrete. 

 

2.3 Ceramic Waste 

 

According to the Bangladesh Environmental Conservation Act (ECA, 1995) ―waste means 

any solid, liquid, gaseous, radioactive substance, the discharge, disposal and dumping of 
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which may cause harmful change to the environment‖. The C&D wastes contribute the 

significant percentage of wastes at construction industry in many countries. Apparently 

ceramic industry and clay bricks have the maximum percentage of wastes produced under 

the classification of stony fraction (Zimbili et al., 2014). 

 

In general, ceramic is formed by ionic and covalent bond mainly inorganic, non-metallic, 

solid material involving metal, non-metal or metalloid atoms. According to Johnson 

(2009) ―ceramics are generally made by taking mixtures of clay, earthen elements, 

powders, and water and shaping them into preferred forms.  Once the ceramic has been 

molded, it is fired in a high temperature oven a kiln.  Regularly, ceramics are covered in 

decorative, waterproof, paint-like materials known as glazes‖. 

 

Ceramic waste can initiate from the production or demolition of a multitude of products 

such as wall  and  floor  tiles,  bricks  and  roof tiles,  household  ceramics,  sanitary ware, 

refractory products, technical  ceramics,  vitrified clay  pipes,  prolonged clay aggregates 

and inorganic bonded abrasives. Consequently the chemical composition and physical 

properties vary considerably. A large quantity of waste is generated in the production 

stage. Researchers such as Senthamarai and Manoharan (2005) assessed that 

approximately 30% of  the daily manufacturing volume in the ceramic industry converts to 

waste. Juan et al. (2010) reported that the C&D wastes afford the maximal percentage of 

wastes in all over the world. Moreover, ceramic materials i.e. ceramic tiles, brick walls 

and all other ceramic products, contribute the maximal percentage of wastes in the arena 

of C&D wastes as shown in Table 2.1. 
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Table 2.1: Composition of construction and demolition wastes (Juan et al., 2010). 

 
Materials Composition (%) 

 

Stony Fraction 

(75%) 

Wall tiles, bricks and other ceramics 
materials 

54.0 

Concrete 12.0 

Stone 5.0 

Sand, gravel and other aggregates 4.0 

 

 

 

 

Non Stony Fraction 
(25%) 

Rubbish 7.0 

Asphalt 5.0 

Wood 4.0 

Metals 2.5 

Plastic 1.5 

Glass 0.5 

Paper 0.3 

Plaster 0.2 

Others 4.0 

 

A classification is presented in Figure 2.1, where ceramic waste can be divided into two 

categories in accordance with the source of its raw materials. In  every category, the  fired  

ceramic  waste  is classified  in accordance  with the  production process, separating  them 

by  the use of  red or white  ceramic  pastes. 
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Figure 2.1: Classification of ceramic wastes by type and production process (Pacheco-

Torgal and Jalali, 2010). 

 

The ceramic industry is increasing day by day in Bangladesh. Ceramic waste in Dhaka 

City reaches 1.13% out of total municipal solid wastes (Islam and Rashid, 2015). C&D 

wastes and ceramic industry produce tremendous amount of ceramic wastes. Most of these 

wastes are directly dumped into the landfill, increasing the burden on landfill loading. 

There are no potential uses of ceramic wastes in the construction industry due to 

inaccessibility of standards, escaping of threat, lack of awareness and experience. 

Ceramics wastes can be used in construction industry, especially the concrete industry, 

without major changing it‘s in manufacture and application methods. Firstly, the price of 
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directly dumping of ceramic waste into landfill will be optimized. Secondly, raw materials 

and natural resources will be exchanged, consequently effectively optimizing the energy 

and shielding the ecosystem. Several researchers (Mehta, 2001; Meyer, 2009) informed 

that the most effective technique for the construction industry especially concrete industry 

to convert wastes as a more sustainable materials is that it is used as a raw materials in 

other industry. 

 

The cost of preparation of ceramic wastes into powder by grinding is depending on the 

amount of material grounded. Due to this approach the cost varies approximately 10% and 

20% of the cost of Portland cement. This is meaning that the approach saving of 

approximately 17% in the cost of Portland cement in concrete. So generally price of 

concrete will be decreased by more than 7.5%. To saving materials cost it can be noted 

that this is a significant achievement. Considering the solid ceramic waste management i.e. 

dumping price and  at the same the land occupied by landfill will be an extra achievement 

in effectiveness and savings (Pacheco-Torgal and Jalali, 2010). 

 

2.4 Ceramic Waste as Pozzolanic Material 

 

The term ceramics is used to specify the ceramic products or materials. Depending on the 

manufactured products ceramics are generally wall tiles, floor tiles, sanitary ware, 

household ceramics and technical ceramics. Sometimes ceramic is described as to 

designate inorganic materials (with perhaps some organic elements), made up of non-

metallic composites and completed permanent by a firing method (Ibáñez-Forés et al., 

2013). Juan et al. (2010) stated that the clay, generally which is not a pozzolanic material, 

used to prepare most of the ceramics. For this reason, this clay does not contain silicate 

properties. This silica formed by calcium hydroxide reacting with water in the 

manufacture of concrete. Several authors conducted researches on the possibility of uses 

of waste materials as pozzolanic. Most of the study demonstrated that the stimulation of 

clay converted to pozzolanic starts at the time of dehydration process. The pozzolanic 

properties induces in the claywhen heating clay from around 500 ºC, and the breakdown of 

amorphous and very dynamic aluminum oxide. The kinds of materials presents in the clay 

minerals demonstrate the temperature requirement to reach the maximal intensity of the 

Al2O3. Juan et al. (2010) also reported that at time of manufacturing of ceramics, clay is 

fired at comparatively huge temperatures, the actual temperature relying on the category of 
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ceramic being manufactured. By the key points, this study focuses on ceramic tile wastes 

mainly reject tiles, which found by the full heating processes at high temperature. Several 

researchers said that the ceramic wall tiles are heated at approximately 1150 ºC. 

Apparently, it is rationale to introduce the wastes from the ceramic industry (ceramic 

wastes) have characteristics similar to pozzolanic materials. Consequently, ceramic wastes 

are appropriate for use in the production of concrete. 

 

Ceramic wastes have distinctive properties regarding pozzolanic activity, for this reason 

they might contribute certainly in areas of recycling and reusing in construction. 

Devanathan et al. (2011) steered investigation on the characteristics of ceramic waste 

forms to find out whether it was appropriate to afford a unchanging geological formation, 

which might act as obstacle to specific nuclear wastes (radionuclides) for long duration. 

They found that the toxic radioisotopes have very long half-lives. Exemplifies such as 

plutonium 239 (
239

Pu), which has half-life of around 24200. It will take to decay half of 

the material is called half-life that means it will take double the time to deterioration the 

entire material. For example, 1 kg of plutonium will be 0.5 kg plutonium and 0.5 kg 

uranium, since plutonium decays to uranium after half-life (Devanathan et al., 2011). 

Material such as 
239

Pu needs to be disposed in a protected environment, such that the 

radioisotopes (radionuclides) are not likely to be leaked into the groundwater over long 

time. Devanathan et al. (2011) settled that the ceramic waste had degradation capacity 

potential to offer such stability. Also the ceramic waste has potential degradation ability to 

implementation in nuclear waste management. 

 

Authors such as Sánchez et al. (2006) conducted widespread studies on ceramic wastes 

usage in construction industry. Their emphasis was examining the opportunity of using 

general ceramic wastes (often ceramic tiles and bricks) as a stabilizer of cement and on the 

producing of concrete-made roofing tiles as well as the morphology of the mixed cement. 

The researchers not thoroughly checked out the pozzolanic properties of the ceramic 

wastes, but additionally compared their effects with ones of other regarded cement 

stabilizers along with fly ash and silica fume. Sánchez et al. (2006) revealed that most of 

the ceramic tiles and bricks are heated at approximately 900 
o
C or greater, that is enough 

to stimulate clay minerals to gain pozzolanic properties. 
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2.5 Recent Developments of Reusing Ceramic Waste 

 

There have been several researches in all over the world relating to use of ceramics wastes 

in construction industry especially concrete production, as a partial replacement of cement 

or aggregates. Although the researchers conducted the study regarding the incorporating of 

ceramic wastes powder partially into the concrete are scarce. Researchers (Ay and Ünal, 

2000; Lavat et al., 2009) steered investigation on partial replacement of cement by ceramic 

roofing waste powder. They investigated the most important properties of concrete i.e. 

pozzolanic properties of ceramic waste powder as well as setting time, volume stability, 

particle size, density, and specific surface area (Ay and Ünal, 2000). Their results showed 

that waste roofing tiles have pozzolanic characteristics. Moreover, they possess physical 

and chemical properties parallel to cement, thus compatible to cement properties. 

Researchers such as Lavat et al. (2009) was more concerned in the mineralogical structure 

of ceramic wastes. They concluded that waste tiles provide satisfactory results concerning 

the pozzolanic properties and the compressive strength with partial replacement of cement 

up to certain proportions. The mixtures showed parallel to the compressive strength of 

Portland cement concrete. Pozzolanic compounds react with Ca(OH)2 combined or free in 

the hydration of Portland Cement. After starting hydration steps it quite similar to the PC 

silicates hydration compounds (Sabir et al., 2001). Since the ancient era the calcined clays 

have been recycled as pozzolans (Malhotra, 1987). In case of raw form the clays don‘t 

demonstrate pozzolanic property, but when the calcined and ground to an suitable fineness 

clays could be recycled as pozzolanic reactive materials for cement (Benezet and 

Benhassaine, 1999). Several researchers (Bahoria et al., 2013; Jiménez et al., 2013; Feng 

et al., 2013) conducted research on partial replacement of aggregate by ceramic wastes 

aggregate. Researches directed concerning the additional uses of ceramic wastes in 

concretes and mortars (Asensio et al., 2016; Sadek et al., 2016). They revealed that the 

partial replacement of ceramic aggregate concrete gave satisfactory outcomes.  

 

Ceramic waste tiles manufactured in a confined plant and heated at 950 - 1000 
o
c. This 

waste tiles were combined into a mix in cement manufacture. To reuse of the ceramic 

floor tiles in the cement mortar would be a win-win solution. This waste recycling 

approach reduce harmful environmental effects and cost of concrete production (Lavat et 

al., 2009). Several applications for handling these ceramic wastes by means of most of 

structural components as  cement concrete based, as number one binder (Batchelor, 2006; 
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Gaucher and Blanc, 2006; Botta et al., 2004). The usage of waste generated from 

construction sites as an alternative for  most of the concrete industry as raw materials used 

in Ordinary Portland Cement (OPC) concrete has been stated (Batayneh et al., 2007). 

Researchers (De Brito et al., 2005; Koyuncu et al., 2004) investigated and showed the 

opportunity of utilization of well-known recycled ceramic waste aggregates in case of 

making of non-structural concrete. Moreover, they acquired satisfactory outcomes, with 

growth in abrasion resistance and tensile strength, appropriate for utilization in the 

construction of paving slabs. 

 

Authors such as Naceri and Hamina (2009) steered an investigation on the feasibility of 

usage of ceramic clay blocks wastes as partial alternative of cement in the manufacture of 

mortars. They found that partial replacement of cement by ceramic clay blocks waste 

powder enhanced the mechanical and durability properties of the mortar. Gomes and de 

Brito (2009) investigated the use of wastes in the shape of ceramic bricks wastes powder 

and mortar, and recycled concrete and a combination of the two as partial replacement for 

coarse aggregates and observed that the uses of ceramic aggregates in cement concrete 

provide in acceptable durability. Although, the ceramic bricks wastes aggregates showed a 

higher value of water absorption, the better-quality concrete mix thereof, ascertained to be 

reasonable. However, little bit terrible effects were attained when totally replacing the 

fraction of 4.32 mm of natural stone aggregates with ceramic waste aggregates (Gomes 

and de Brito, 2009). 

 

Researchers such as Medina et al. (2012) performed experimental study on partial 

replacement of coarse aggregates in concrete (15 to 25%) by sanitary ceramics wastes and 

observed that with the increase of the partial replacement resulted in decrease the density 

of concrete, and better compressive and tensile strength. The concrete manufactured 

turned into appropriate for structural usage. Lopez et al. (2007) conducted a research on 

the opportunity of exploiting the partial replacement for both coarse and fine aggregates 

by ceramic sanitary ware wastes. The investigation conducted on the physical properties of 

concretes in which natural coarse aggregate were partially replaced by coarse ceramic 

aggregate found by crushing ceramic sanitary ware wastes. At the same time, the natural 

fine aggregate were partially replaced by ceramic waste powder. Satisfactory outcomes 

were achieved in this each case. Electrical insulation porcelain ceramic wastes were 

examined directly to determine their future for partial replacement into concrete (Portella 
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et al., 2006). Regardless positive outcomes on the probable use in the production of 

concrete, the usage of sulphate resistant cements shows to be the pleasant option, to escape 

adverse impacts, which generate alkali-aggregate reaction with the usage of Portland 

cement (Portella et al., 2006). Higashiyama et al. (2012) performed an investigation on 

fine aggregate partially replaced by ceramic wastes and examined the compressive 

strength and chloride penetration of mortars. They used ceramic electric wastes as partial 

replacement of fine aggregate. They revealed that ceramic wastes based mortars showed 

higher compressive strength than control (cement mortar) sample produced from natural 

river sand. Additionally, they made concrete incorporating ceramic wastes as partial 

replacement of cement, and found better compressive strength for partial replacement up 

to certain proportions. They observed that the chloride penetration of mortar specimen 

fabricated from ceramic wastes was decreased significantly. Additionally, Higashiyama et 

al. (2012) determined that the ceramic wastes sample showed less value of pore volume 

and pore diameter than control cement concrete. Consequently, the decrement of the 

chloride diffusion, greater compressive strength and compact pore volume was meaning to 

give greater durability of the using ceramic wastes mortars (Higashiyama et al., 2012). 

 

High performance concrete (HPC) principally develop early cracks due to very low water: 

cement (w/c) ratio, except safety measures were taken. One of the safety measures 

inspected is chance of internal curing of concrete (Lindquist, 2008). Suzuki et al. (2009) 

conducted test to reduce shrinkage on recycled waste porous ceramic coarse aggregates 

(PCCA) incorporating into the conventional coarse aggregates. This concept was built 

from the partial replacement of natural aggregate by waste lightweight aggregate, as 

investigated by several authors. The study gave satisfactory results, with the increase of 

PCCA amount there was slight decrease in the tensile strength. The opportunity to use the 

PCCA might be helpful pleasantly at dropping or abolishing shrinkage on high 

performance concrete (Suzuki et al., 2009). 

 

Puertas et al. (2008) did an extraordinary study on ceramic waste as a raw compound in 

manufacturing clinkers and cements. Several properties like the hydration, physical-

chemical properties and leaching behavior in numerous acid media were inspected and 

located to be morphologically and compositionally parallel in hydration behavior, when 

related to natural cement. Optimistic outcomes were found whereby the new cement 
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providing all the practical conditions to be made and used as cement. This observed the 

efforts were realistic. 

 

2.6 Strength Properties of Concrete 

 

In United State, the cylinder specimen of concrete (150 mm diameter and 300 mm height) 

is a standard specimen that is generally used to test the compressive strength. Whereas in 

Britain and Europe,  a cube (150 x 150 x 150 mm) is generally used as the standard 

specimen for testing the compressive strength (Kim and Yi, 2002). The cubes specimens 

have very smaller relation with the cylinder specimen of concrete. Therefore, the merits of 

cylinders do not rely on the excellence and condition of the molds and that their density 

can be more eagerly and precisely recognized by weighing and measuring (Bhattacharjee, 

2015). The cylinder specimens are cast and tested in the same situation, but the cube 

specimens are casts in one plane and tested at right angles to the position cast. For this 

reason, there is no necessity of capping or grinding. In real structures in the construction 

site, the casting and loading is equivalent to that of the cylinder and not just like the cube 

(Shetty, 2009). The correlation between the compressive strength of cube specimens and 

compressive strength of cylindrical specimens is considered by a factor of 0.8 to the cube 

strength is frequently applied for normal strength concrete (Al-Sahawneh, 2013).  The 

most common testing method used by the engineers and professionals is the compressive 

strength of concrete in designing buildings and other structures. The compressive strength 

of concrete is determined by crushing cylindrical concrete specimens in a compression 

testing machine. 

 

Senthamarai and Manoharan (2005) investigated the properties of ceramic wastes coarse 

aggregate as shown in Table 2.2. The surface texture of the ceramic waste coarse 

aggregate was obtained to be flatter than that of crushed stone aggregate. From Table 2.2 it 

has been assumed that after 30 cycles of the soundness test the ceramic waste coarse 

aggregate lost its weight that was about 51% less than that of traditional crushed stone 

aggregate, although the ceramics wastes aggregate has greater resistance against all 

chemicals. Generally, ceramic wastes coarse aggregate showed properties very close to 

those of conventional crushed stone aggregate. 
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Table 2.2: Properties of ceramic wastes coarse aggregate (Senthamarai and Manoharan, 

2005). 

 

Properties Ceramic Waste Crushed Stone 

Specific Gravity 2.45 2.68 

Maximum Size (mm) 20 20 

Fineness modulus 6.88 6.95 

Water Absorption 24 h (%) 0.72 1.20 

Bulk density (kg/m
3
) Loose 1200 1350 

Compacted 1325 1566 

Voids (%) Loose 50 48 

Compacted 45 44 

Crushing Value (%)  27 24 

Impact Value (%)  21 17 

Abrasion Value (%)  28 20 

Soundness Test: Weight loss after 

30 cycles (%) 

3.3 6.8 

 

Nehdi and Khan (2001) investigated the compressive and tensile strengths of the ceramic 

wastes coarse aggregate concrete as presented in Table 2.3. The outcomes shown in the 

Table 2.3 are the average of six samples tests results. The study showed that the fresh 

ceramic waste coarse aggregate concrete gave satisfactory results. It showed greater value 

of cohesiveness and workability than conventional cement concrete. This is due to that the 

ceramic wastes coarse aggregate have the lower water bsorption and smooth surface 

texture. The compressive strength was found range from 51 to 30 MPa. Considering the 

main outcomes of the compressive strength, the key behavior of ceramic waste coarse 

aggregate shown in Table 2.3 is not major different from that of natural crushed stone 

aggregate concrete. The splitting tensile strength found in between 4.5 to 3.2 MPa. The 

splitting tensile strength of traditional cement concrete was greater than that of ceramic 

waste coarse aggregate concrete. Although the tensile to compressive strength ratio was 

lower for ceramic waste concrete than that of the conventional cement concrete. The 

flexural strength ranged in between 6.9 to 4.7 MPa. Conclusion can be drawn that the 
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differences in flexural strength between traditional crushed stone aggregate and ceramic 

waste coarse aggregate concrete are very minor. 

 

Table 2.3: Strength properties of the ceramic waste coarse aggregate concrete and 

conventional concrete mixes at 28 days (Nehdi and Khan, 2001). 

 

 

 

 

 

 

 

 

 

 

 

The stress-strain diagram of concrete containing ceramic waste coarse aggregates with 

different w/c ratio were investigated by Senthamarai and Manoharan (2005) and presented 

in Figure 2.2. From the Figure 2.2 it has been observed that the modulus of concrete 

containing ceramic waste coarse aggregate varied from 22.2 to 16.1 GPa. The outcome is 

13.6% to 2.4% lower than that of traditional cement concrete (Senthamarai and 

Manoharan, 2005). 
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Figure 2.2: Stress and strain diagram of concrete containing ceramic waste coarse 

aggregate with different w/c ratio (Senthamarai and Manoharan, 2005). 

 

Pacheco-Torgal and Jalali (2010) conducted compressive strength tests by replacing 

cement with ceramic brick wastes in concrete. The compressive strength test results are 

shown in Figure 2.3. The outcomes of their research specified that the huge variation in 

initial curing ages and lesser differences at extended curing ages. The ceramic brick 

wastes gave satisfactory outcomes up to certain proportion compared to the control 

cements concrete. Moreover, the ceramic brick waste concrete has improved pozzolanic 

reactivity. Each one is named after the source of the ceramic waste: ceramic bricks (CB); 

white stoneware twice-fired (WSTF); sanitary ware (SW); white stoneware once-fired 

(WSOF). The WSOF wastes concrete has the poorest mechanical behavior at initial ages, 

signifying 74.8% of control strength for 7 days curing test as shown in Figure 2.3. The 

concrete combination has nearly 80% of the control strength index at 28 days. 

Nevertheless, the compressive strength activity index of the WSOF combination extents 

90.4% for 90 days. Since advanced curing temperatures growth the trend of pozzolanic 

action pre-fabrication industry might be a perfect method to their engagement. This is due 

to advanced curing temperatures are usage in concrete pre-fabrication for faster demolding 

(Pacheco-Torgal and Jalali, 2010). 
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Figure 2.3: Compressive strength of cement replaced by ceramic brick wastes concrete 

(Pacheco-Torgal and Jalali, 2010). 

 

2.7 Durability Performance of Ceramic Waste Based Concrete 

 

Pacheco-Torgal and Jalali (2010) performed water absorption test in ceramic waste 

concrete. Every sample one is named after the source of the ceramic waste: ceramic bricks 

(CB); white stoneware twice-fired (WSTF); sanitary ware (SW); white stoneware once-

fired (WSOF). The water absorption of control and ceramic brick powder are shown in 

Figure 2.4. From Figure 2.4 it can be seen that the ceramic brick specimen which has 

greater value of vacuum water absorption than the control cement concrete specimen, rest 

of others have lesser vacuum water absorption than the control cement mixture. The 

oxygen permeability of ceramic brick and control specimen investigated by Pacheco-

Torgal and Jalali ( 2010) as shown in Figure 2.5. It can appear that two mixes (WSTF and 

WSOF) showed lesser value and others two mixex (CB and SB) showed values slightly 

greater than the control specimen. The differences, though, are between 6% and 12% in 

contrast with control mix. The oxygen permeability values of these specimens showed that 

there are no related differences. Although the water permeability is the main outcomes of 

the study regarding cement was partially replaced by ceramic waste powder. The water 

permeability found for ceramic waste concrete was better than control specimens. Several 

ceramic wastes concrete showed different values of water permeability. There was inferior 
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water permeability in case of WSOF wastes based concrete. Consequently the wastes 

obligate the inferior strength value that could be accordance to the hydration of unreacted 

elements. 

 

 

Figure 2.4: Water absorption for ceramic brick powder based concrete (Pacheco-Torgal 

and Jalali, 2010). 

 

Pacheco-Torgal and Jalali (2010) also specified that the ceramic wastes accomplished 

better compared to the control specimen, although the SW mixture showed the parallel 

value of chloride ion diffusion coefficient to the control specimen. There was an exception 

in case of ceramic sanitary ware powder wastes specimens. It can be observed that the 

cement partially replaced by ceramic wastes concrete gave very small chloride diffusion 

index. Affording to the classification suggested by Gjørv (1996), these types of ceramic 

wastes concrete mixtures own a very greater resistance against chloride penetration. This 

behavior must be connected to the compact microstructure given by the pozzolanic 

reaction in between ceramic waste powder and calcium hydroxide producing secondary C-

S-H. Pacheco-Torgal and Jalali (2010) also performed accelerated aging test and provided 

acceptable results. The benefits of using quicker tests is that the whole life of the concrete 

specimen can be replicated (Monteny et al., 2001). Although, the ceramic wastes powder 

concrete gave only 6% lesser strength than control cement concrete, due to changing 

between 2% (CB) and 5% (WSOF). These outcomes stated that all ceramic wastes based 
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concrete showed better durability performance assessed with the aging test which settles 

the optimistic effects of the ceramic incorporation as cement partially replacement. 

 

 

 

Figure 2.5: Permeability test for concrete containing ceramic aggregate (oxygen and 

water) (Pacheco-Torgal and Jalali, 2010). 

 

The permeability test of concrete containing aggregate replaced partially by ceramic 

aggregate concrete has been investigated by Pacheco-Torgal and Jalali (2010) and 

presented in Figure 2.5. When relating the permeability outcomes with the ones obtained 

by other authors such as (Cabrera et al., 1989; Torgal and Castro-Gomes, 2006), that 

indicates to the finalization that ceramic waste aggregates centered concrete achieves 

better quality. Regarding the water permeability index the three combinations does not 

give appropriate variances. 

 

The vacuum water absorption test of concrete containing aggregate replaced partially by 

ceramic aggregate concrete has been investigated by Pacheco-Torgal and Jalali (2010) and 

presented in Figure 2.6. From Figure 2.6 it can be stated that the ceramic sand and 

aggregate concrete provide better water absorption rather than conventional aggregate 

concrete under the vacuum condition (Pacheco-Torgal and Jalali, 2010), however there is 

very minor difference. Also Pacheco-Torgal and Jalali (2010) stated that the capillarity 

water absorption index the variances are most significant since capillary water absorption 
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for control conventional aggregate concrete. It almost doubles the capillarity water 

absorption index of ceramic waste aggregates concrete. For this reason it may defines that 

using ceramic waste aggregates conclude to greater durability services considering the 

resistance of concrete to stop the entrance of water into concrete. The moral performance 

of the concrete mixtures with ceramic waste aggregates has been settled by the oxygen 

permeability results. 

 

 

 

Figure 2.6: Vacuum water absorption for concrete containing ceramic (Pacheco-Torgal 

and Jalali, 2010). 

 

However, the compressive strength after the aging test is still greater in ceramic waste 

aggregates based concrete, being greater for the ceramic sand manufactured from ceramic 

wastes. It is well-known that the water absorption, penetration of oxygen, chloride and 

other impurities ions into the concrete is the most significant index in the physical and 

chemical procedure of concrete corrosion (Oh et al., 2002; Glasser et al., 2008), ceramic 

waste sand concrete does not negotiation durability necessities allowing structures with 

extended service life and minor environmental influence (Mora, 2007). The partial 

replacement of conventional sand in concrete by ceramics wastes sand may direct to 

related environmental paybacks. This ceramic waste recycled approach helps to avoid the 

withdrawal of huge amounts of raw materials from the earth, decreases energy prices and 

also stops landfill related difficulties. 
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2.8 Microscopic Investigation of Concrete 

 

2.8.1 X-ray Fluorescence (XRF) Analysis 

 

X-ray Fluorescence (XRF) analysis is a non-destructive investigative method used to 

analyze the elementary composition mainly chemical composition of any materials 

(Hatsopoulos, 2006). XRF analyzers decide the chemical composition of a particular 

sample by calculating the fluorescent (or secondary) X-ray released from a sample when it 

is excited by a primary X-ray source. Every of the elements exists in a sample creates a set 

of characteristic fluorescent X-rays ("a fingerprint") that is excellent for that particular 

element, for this reason XRF spectroscopy is an outstanding technique for qualitative and 

quantitative investigation of material composition (Hatsopoulos, 2006). 

 

The X-ray fluorescence process (shown in Figure 2.7) has been described below 

(Hatsopoulos, 2006): 

 A powder or solid or a liquid sample is illuminated with huge energy X-rays from 

an organized X-ray tube. 

 When the sample is being hit by an atom with an X-ray of adequate energy (bigger 

than the atom‘s K or L shell binding energy), an electron is dislodged from one of 

the atom‘s inner orbital shells. 

 



Page | 27 

 

 

Figure 2.7: The X-ray fluorescence (XRF) process (Hatsopoulos, 2006). 

 

 The atom regains steadiness, satisfying the position left within the inner orbital 

shell with an electron from one among the atom‘s greater energy orbital shells. 

 The electron emits to the inferior energy by cathartic a fluorescent X-ray. The 

energy of this X-ray is up to the precise distinction in energy between two quantum 

states of the electron. The activity of this energy is the base of XRF investigation 

techniques. 

 

Abdunnabi (2012) conducted a study on XRF analysis of Portland cement for major and 

trace elements on several cement factories in Libya. The mineral content shows that the 

Libyan cement meets the requirements of the international specifications of the Portland 

cement. The various standard specifications showed different requirements of chemical 

and physical properties for Portland cement; SO3, MgO, alkalis as Na2O, loss on ignition, 

unsolvable deposit, fineness (Blaine), soundness, autoclave expansion, compressive 

strength and initial and final setting time (Abdunnabi, 2012). Table 2.4 depicts the 

requirements of the chemical composition of Portland cement in accordance with ASTM 
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specification, whereas, the mineralogical composition of Portland cement has been 

represented in Table 2.5. 

 

Table 2.4: ASTM specification of the chemical composition of Portland cement (ASTM, 

2015). 

 

Chemical Name Common Name Chemical 

Notation 

Abbreviated 

Notation 

Mass 

Contents (%) 

Calcium Oxide Lime CaO C 58-66 

Silicon Dioxide Silica SiO2 S 18-26 

Aluminium Oxide Alumina Al2O3 A 4-12 

Ferric Oxide Iron Fe2O3 F 1-6 

Magnesium Oxide Magnesia MgO M 1-3 

Sulphur Trioxide Sulphurican Hyrite SO3 St 0.5-2.5 

Alkaline Oxides Alkalis K2O and Na2O K+N <1 

 

Table 2.5: ASTM standard mineralogical composition of Portland cement (ASTM, 2015). 

 

Chemical Name Common 

Name 

Chemical Notation Abbreviated 

Notation 

Mass 

Contents (%) 

Tricalcium Silicate Alite 3CaO.SiO2 C3S 38-60 

Dicalcium Silicate Belite 2CaO.SiO2 C2S 15-38 

Tricalcium Aluminate Aluminate 3CaO.Al2O3 C3A 4-12 

Tetracalcium 

Aluminoferrite 

Celite 4CaO.Al2O3.Fe2O3 C4AF 10-18 

Pentacalcium 

Trialuminate 

Celite 5CaO.Al2O3 C5AF 1-3 

Calcium Sulphate 

Dihydrate 

Gypsum CaSO4.H2O CSH2 2-5 

 

Several researchers such as Scrivener and Kirkpatrick (2008) reported that the regular 

chemical compositional analysis is a very important part in observing the production 

process of cement, from the complete investigation of raw materials to testing every phase 

of the manufacture process.  In a conventional process, natural minerals like limestone and 
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clay form the raw mix that drives into the kiln for firing by coal, oil, or natural gas to make 

clinker. Management of the fundamentals reaction needs correct analysis for maintain the 

optimum proportions of calcium, silicon, aluminum, and iron within the raw mixes. 

Estimations using these four components (sometimes including sulfur) provide the 

essential manufacture management factors such as lime saturation factor (SLF) and silica 

ratio (SR).  Analysis of the clinker involves the similar elements as for the raw meal, but 

management of the extra gypsum during the final milling phase solely needs to quantify of 

sulfur content (Scrivener and Kirkpatrick, 2008). 

 

Waste materials are gradually being used in the cement manufacturing process, conveying 

in several changes.  Once they cover the most cement manufacturing elements, waste 

materials can substitute a number of the natural raw materials and flammable wastes can 

facilitate from the kiln.  This suggests a lot of testing of the received raw materials, each 

throughout the procedure and in the final product.  Consequently, for a cement plant to 

contest in today's cost conscious market, its investigative competences should be in depth, 

cost-effective, and versatile. Finally, if someone decide to replace cement by others waste 

materials, it is concluded from the above discussion that XRF analysis is crucially needed 

to check the chemical composition similarity or dissimilarity of the waste material with 

cement. To control the quality of cement manufacturing and final product of cement XRF 

analysis is mandatory. 

 

2.8.2 X-ray Diffraction (XRD) Analysis 

 

X-ray diffraction (XRD) is a faster investigative method mainly used for phase detection 

of a crystalline material and can deliver data on unit cell dimensions. The analyzed 

material should be finely powdered, standardized, and average bulk composition is 

determined (Dutrow and Clark, 2017). Several researchers (Brady and Boardman, 1995; 

Cullity, 1978; Hovis, 1997; Klug and Alexander, 1974; Moore and Reynolds, 1989) 

conducted XRD related study presented below. 

 

The crystalline substances act as three-dimensional diffraction gratings for X-ray 

wavelengths parallel to the spacing of planes in a crystal lattice was invented by Max von 

Laue in 1912. Now a days, X-ray diffraction (XRD) is very common and popular method 
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for the analysis of crystal structures and atomic spacing. Figure 2.8 depicts the 

fundamental principles of X-ray diffraction (XRD) analysis. 

 

 

 

Figure 2.8: Principles of X-ray Diffraction (XRD) analysis (Dutrow and Clark, 2017). 

 

Several researchers (Brady and Boardman, 1995; Cullity, 1978; Hovis, 1997; Klug and 

Alexander, 1974; Moore and Reynolds, 1989) explained that the X-ray diffraction is built 

on constructive interloping of monochromatic X-rays and a crystalline sample. These X-

rays emitted a cathode ray tube, sieved to produce monochromatic radiation, collimated to 

concentrate, and focused toward the sample. The interaction of the incident rays with the 

sample creates constructive interference (and a diffracted ray) when assumptions satisfy 

Bragg's Law (nλ = 2dsinθ). This law narrates the wavelength of electromagnetic radiation 

to the diffraction angle and the lattice spacing in a crystalline sample. These diffracted X-

rays are then perceived, treated and calculated. By scanning the sample through a spread 

of 2θ angles, all attainable optical phenomenon directions of the lattice ought to be 

achieved because of the arbitrary positioning of the fine material. Alteration of the 

diffraction peaks to d-spacings permits identification of the mineral as a result of every 

mineral includes a set of distinctive d-spacings. Naturally, this is often attained by contrast 



Page | 31 

of d-spacings with regular orientation patterns (Brady and Boardman, 1995; Cullity, 1978; 

Hovis, 1997; Klug and Alexander, 1974; Moore and Reynolds, 1989). 

 

All diffraction approaches are supported generation of X-rays in an X-ray tube. These X-

rays are focused at the sample, and also the diffracted rays are together. A main part of all 

diffraction is that the angle between the incident and diffracted rays. Powder and single 

crystal diffraction differ in arrangement on the far side (Brady and Boardman, 1995; 

Hovis, 1997). 

 

X-ray diffractometers should be made of three basic elements i.e. a sample holder, an X-

ray tube, and an X-ray detector as shown in Figure 2.9. X-rays are produced in a cathode 

ray tube by heating a filament to produce electrons, rushing the electrons near a marked by 

smearing a voltage, and bombing the marked sample by the electrons (Brady and 

Boardman, 1995; Cullity, 1978; Hovis, 1997; Klug and Alexander, 1974; Moore and 

Reynolds, 1989). Brady and Boardman (1995) and Cullity (1978) stated that once 

electrons have adequate energy to dislodge inner shell electrons of the marked sample, 

characteristic X-ray spectra are formed. This spectrum accommodates of many elements, 

the foremost common being Kα and Kβ. Kα consists, in quantity, of Kα1 and Kα2. Kα1 has a 

marginally smaller wavelength and twice the concentration as Kα2. The definite 

wavelengths are characteristic of the marked material (Cu, Fe, Mo, Cr). Sieving, by foils 

or crystal monochrometers, is obligatory to create monochromatic X-rays required for 

diffraction. Kα1 and Kα2 are adequately adjacent in wavelength such that a weighted 

average of the two is employed. Copper is the commonest marked material for one side 

crystal diffraction, with CuKα radiation = 1.5418 Å. These X-rays are collimated and 

focused onto the sample materials (Brady and Boardman, 1995; Hovis, 1997; Moore and 

Reynolds, 1989). The full and inside view of XRD instruments has been presented in 

Figure 2.9. 
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(a) 

 

(b) 

 

Figure 2.9: View of XRD instrument (a) Full view and (b) Inside view: (i) X-ray tube, (ii) 

Sample holder and (iii) X-ray detector (Photo taken by author). 

 

As the sample and detector are alternated, the concentration of the imitated X-rays is 

verified. Once the geometry of the incident X-rays imposing the sample fulfills the Bragg 

Equation, beneficial intrusion happens and a peak in concentration happens. A detector 

counts and procedures this X-ray signal and transforms the signal to a predefined 

frequency which is then display by a computer monitor or output by a printer (Brady and 

Boardman, 1995; Cullity, 1978; Hovis, 1997). 

 

The geometry of an X-ray diffractometer is specified the sample exchanges within route of 

the collimated X-ray beam at an angle θ, whereas the X-ray detector is straddling on an 

arm to collect the diffracted X-rays and rotates at an angle of 2θ. The instrument 

accustomed to sustain the angle and exchange the sample is named a goniometer. For 

classic powder forms, information is gathered at 2θ from ~5° to 70° angles that are found 

in the X-ray scan (Hovis, 1997; Klug and Alexander, 1974; Moore and Reynolds, 1989). 

 

X-ray diffraction (XRD) is a broadly used investigation technique for the analysis of 

indefinite crystalline materials (e.g. minerals, inorganic compounds) (Moore and 

Reynolds, 1989). Determination of indefinite solids is complex to research in geology, 

environmental science, material science, engineering and biology. The widespread ranges 

of applications are described below (Brady and Boardman, 1995; Cullity, 1978; Hovis, 

1997; Klug and Alexander, 1974; Moore and Reynolds, 1989): 
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 Classification of crystalline materials 

 Documentation of fine-grained minerals i.e. clays and mixed layer clays which are 

problematic to define visually 

 Calculation of unit cell sizes 

 Determination of sample pureness. 

 

With specified techniques, XRD could be used to (Brady and Boardman, 1995; Cullity, 

1978; Hovis, 1997; Moore and Reynolds, 1989): 

 Measurement of crystal structures by Rietveld refinement 

 Calculation of modal quantities of minerals, also known as quantitative analysis 

 Characterize skinny films samples by: 

 Defining lattice mismatch between film and substrate and to inferring stress 

and strain 

 Formative dislocation compactness and superiority of the film by rocking 

curve measurements 

 Measuring super lattices in compound epitaxial structures 

 Determining the roughness and thickness of the film exhausting glancing 

incidence X-ray reflectivity measurements 

 Investigate textural quantities, such as the alignment of grains, in a polycrystalline 

section. 

 

Several researchers (Brady and Boardman, 1995; Cullity, 1978; Hovis, 1997; Klug and 

Alexander, 1974; Moore and Reynolds, 1989) stated that there are some strengths of XRD 

that are designated below: 

 Powerful and fast (< 20 min) technique for investigation of an indefinite 

mineral 

 In maximum cases, it delivers an clear-cut mineral patterns 

 Minimal sample preparation is mandatory 

 XRD units are extensively available 

 Data explanation is comparatively easy. 

Few other authors (Brady and Boardman, 1995; Hovis, 1997; Moore and Reynolds, 1989) 

also reported some limitations of XRD and stated below: 
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 Standardized and single phase material is top suited for the investigation of 

an unidentified mineral 

 Must have right to use to a typical standard file location of inorganic 

compounds (d-spacings, hkls) 

 Needs tenths of a gram of material in the powder form 

 For diverse materials, detection limit is ~ 2% of the material sample 

 For unit cell analysis, classification of patterns for non-isometric crystal 

systems is complex 

 Peak overlap might happen and degrades for prime angle 'reflections'. 

 

2.8.3 Scanning Electron Microscopy (SEM) Analysis 

 

The scanning electron microscope (SEM) uses a centered beam of high-energy electrons 

to come with a wide range of signals at the solid surface of the specimens (Beane, 2004; 

Clarke and Eberhardt, 2002). The signals that originate from electron-sample exchanges 

expose data regarding the sample as well as external surface morphology (texture), 

chemical compositional elements, and crystalline structure and positioning of materials 

production up the sample. In most circumstances, data are gathered over a specific area of 

the surface of the sample, and a 2-dimensional image is generated that shows three-

dimensional differences in these properties (Beane, 2004; Egerton, 2005; Reimer, 2013). 

Areas reaching from nearly 1 cm to 5 microns in breadth could be imaged in a scanning 

mode using traditional SEM techniques (magnification ranging from 20X to 

approximately 50,000X, three-dimensional resolution of 50 to 100 nm). The SEM analysis 

is additionally accomplished of execution examines of selected point locations on the 

sample; this tactic is particularly supportive in qualitatively or semi-quantitatively 

determining chemical compositions (using EDS), crystalline structure, and crystal 

alignments (using EBSD). The design and function of the SEM is incredibly almost like 

the EPMA and sizable overlap in capabilities occurs between the two instruments (Swapp, 

2017). Several researchers (Beane, 2004; Clarke and Eberhardt, 2002; Egerton, 2005; 

Reimer, 2013) also described the detailed scanning electron microscopy (SEM) process. 

The full and inside view of sample holder of SEM instrument has been described in Figure 

2.10. 
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(a) 

 

(b) 

 

Figure 2.10: View of SEM instrument (a) Full view and (b) Inside view of sample holder 

(Photo taken by author). 

 

Beane (2004) reported that the augmented electrons in an SEM investigation carry 

considerable volumes of mechanical energy, and this energy is dissolute as a spread of 

signals induced by electron-sample connections once the incident electrons are drop down 

within the solid sample surface. These signals contain secondary electrons (that create 

SEM images), backscattered electrons (BSE), diffracted backscattered electrons (EBSD 

that are used to analyze crystal structures and orientations of minerals), photons 

(characteristic X-rays that are used for fundamental analysis and continuum X-rays), 

visible light (cathodoluminescence--CL), and heat. Several researchers (Beane, 2004; 

Egerton, 2005; Reimer, 2013) described for the imaging samples secondary electrons and 

backscattered electrons are normally used: secondary electrons are most significant for 

presenting surface morphology and topography on samples and backscattered electrons are 

most vital for demonstrating contrasts in structure in multiphase samples (i.e. for rapid 

phase discrimination). X-ray generation is formed by rigid impacts of the incident 

electrons with electrons in discrete orbitals (shells) of atoms in the sample. As the excited 

electrons back to inferior energy positions, they yield X-rays that are of a static 

wavelength (that is related to the variance in energy levels of electrons in altered shells for 

a given element). Thus, characteristic X-rays are created for every element in a mineral 

that is "excited" by the electron beam. It is generally well known that the SEM analysis is 

a "non-destructive" test method; that is, x-rays produced by electron connections do not 

direct to volume loss of the sample, so it is probable to investigate the same materials 
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frequently (Beane, 2004; Clarke and Eberhardt, 2002; Egerton, 2005; Reimer, 2013). The 

schematic diagram of the electron and X-ray optics of a combined SEM-EPMA has been 

mentioned in Figure 2.11. 

 

 

 

Figure 2.11: Schematic drawing of the electron and X-ray optics of a combined SEM-

EPMA (Egerton, 2005). 

 

Several researchers (Beane, 2004; Clarke and Eberhardt, 2002; Egerton, 2005; Reimer, 

2013) stated that there are some necessary components of all SEMs including: 

 Electron Source ("Gun") 

 Electron Lenses 

 Sample Stage 

 Detectors for all noticed signals 

 Display / Data output devices 

 Infrastructure Requirements: 
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 Power Supply 

 Vacuum System 

 Cooling system 

 Vibration-free floor 

 Room free of ambient magnetic and electric fields. 

 

Scanning electron microscopy (SEM) continually have a minimum of one detector 

(usually a secondary electron detector), and maximum have extra detectors. The precise 

abilities of a specific instrument are censoriously reliant on which detectors it 

accommodates (Beane, 2004; Clarke and Eberhardt, 2002; Egerton, 2005; Reimer, 2013). 

 

The SEM is regularly used to produce high-resolution photos of forms of objects (SEI) 

and to point out three-dimensional differences in chemical compositions (Beane, 2004; 

Clarke and Eberhardt, 2002; Egerton, 2005; Reimer, 2013): 

 Obtaining elemental maps and / or spot chemical examines using EDS. A typical 

cement clinker image by SEM has been showed in Figure 2.12. 

 Judgment of phases supported by mean atomic number (commonly associated with 

comparative density) using BSE. 

 Compositional maps are made on differences in trace element "activators" using 

CL. 

 The SEM is additionally broadly used to determine stages based on qualitative 

chemical analysis and/or crystalline arrangement. Detailed measurement of very 

tiny features and objects all the way down to 50 nm in size is additionally 

accomplished using the SEM. Backscattered electron pictures (BSE) are often used 

for fast discrimination of phases in poly-phase samples. 

 SEMs prepared with deflected backscattered electron detectors (EBSD) are often 

accustomed to inspect micro-fabric and crystallographic location in several 

materials. 
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Figure 2.12: SEM image of cement clinker (Imaggeo, 2012). 

 

Several researcher (Beane, 2004; Clarke and Eberhardt, 2002; Egerton, 2005; Reimer, 

2013) reported there are various strengths of SEM analysis including: 

 There is questionably no new tool or technique with the extent of applications in 

the study of solid elements that equals to the SEM analysis. 

 The SEM is most important in all fields that need characterization of solid 

materials. Whereas this input is mostly involved with geological properties, it is 

vital to notice that these uses are an awfully tiny set of the technical and 

industrialized applications that exist for this instrumentation. 

 Most SEM's analyses are relatively straightforward to control, with very friendly 

usage interfaces. 

 For several applications, data acquisition is speedy (not greater than 5 minutes / 

image for SEI, BSE, spot EDS analyses). 

 Recent SEMs produce data in numerical formats, which are extremely 

transportable. 

 

Some limitations of SEM analysis are described below as reported by (Egerton, 2005; 

Reimer, 2013): 

 Samples should be solid and they should appropriate in size into the microscope 

chamber. Maximum size in horizontal directions is generally 10 cm; vertical 

directions are typically far more inadequate and barely exceed 40 mm. For many 

instruments samples should be stable in a vacuum on the order of 10
-5

 - 10
-6

 torr. 
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 Samples need to outgas at little pressures are inappropriate for investigation in 

traditional SEM's. 

 EDS detectors on SEM's cannot detect very light elements (H, He, and Li). 

 An electrically conductive covering should be used to electrically conductive the 

samples in traditional SEM's, except the instrument is skilled of process in a low 

vacuum approach. 
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CHAPTER III 

 

 

MATERIALS AND RESEARCH METHODOLOGY 

 

 

3.1 General 

 

This chapter is to elaborate the description of materials properties, specimen‘s details and 

test setup. This chapter describes the detailed methodology adopted to accomplish this 

study. X-ray Fluorescence (XRF) Analysis, compressive strength test, splitting tensile 

strength test, X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) analysis 

have been described in this chapter. Also, the procedure for analyzing the results is 

explained in this chapter. 

 

3.2 Description of Materials 

 

This study covers the mechanical and microscopic investigation of concrete, where the 

cement is replaced by waste ceramic powder up to certain proportions. As the concrete 

analysis is the main target of this study; so the ordinary Portland cement, coarse aggregate, 

fine aggregate, water and ceramic waste are the key materials of this study. 

 

3.2.1 Ordinary Portland Cement (OPC) 

 

Neville (1995) stated that approximately 75% of the body of the concrete may be given by 

the aggregates. Thus, its impact is tremendously significant. The concrete quality meets up 

to the required if the concrete is to be workable, better strength, durable and cost-effective. 

The aggregates should be proper shape and size, neat and clean, hard, strong and well 

graded (Khajuria et al., 2013). 
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Figure 3.1: A glimpse of ordinary Portland cement in pan. 

 

Cement is a binding material within the concrete and mortar. It binds all the concreting 

materials together. Concrete mixtures were prepared using Ordinary Portland Cement 

(OPC) as the main binder and cement was partially replaced by ceramic waste powder. 

The OPC conforms to the ASTM C150, Type-I, CEM-I, 53.5 N. Composition of this 

cement is 95-100% clinker, and 0-5% gypsum as indicated by manufacturer. The specific 

surface area of cement was 388 m
2
/kg. Cement was replaced partially by ceramic waste 

(CW) powder by 0%, 5%, 10%, 15%, 20%, 25% and 30% respectively. 

 

3.2.2 Ceramic Waste Powder (CWP) 

 

According to the source of raw materials, ceramic wastes are divided into two categories. 

The pictorial view of ceramic waste in dumping points has shown in Figure 3.2. Firstly, 

structural ceramic industry manufactured all fired wastes that are generally red pastes 

products. These ceramic wastes include ceramic brick, blocks and roof tiles. Secondly, 

other categories of ceramic produced that is stoneware ceramic such as wall, floor tiles and 

sanitary ware. Depending on the manufacturer, there are usually two types of ceramic 

paste available. These are red and white pastes. Although, the white paste are used in more 

common and much larger in volume. The chemical compositions of ceramic pastes were 

examined and outcomes are reported in results and discussion chapter. 
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Figure 3.2: Field photo of waste ceramic tiles (white and red mixed). 

 

 

 

 

 

 

   

(a) (b) (c) 

 

 

 

 

 

 

(d) (e) 

Figure 3.3: Steps of CW powder preparation: (a) Field CW after grinding by hammer (b) 

Ball machine grinding and (c) Sieving by #200 sieve (d) White CW powder after sieving 

and (e) Red CW powder after sieving. 

 

The ceramic powders are prepared by ball mill machine with metal balls at the laboratory. 

The complete steps of ceramic waste (CW) powder preparation have been described in 

Figure 3.3. This research conducted on the partial replacement of cement by ceramic 

powder as a binder. The ceramic powders with a particle size less than 75 µm were 

selected for the partial replacement of cement. The concrete were mixed and tested using 

the ASTM standard method. 
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3.2.3 Coarse Aggregate 

 

Crushed stone chips were used in all mixes as coarse aggregate with the nominal size of 

19 mm. Properties of the selected coarse aggregate are shown in Table 3.1. The selected 

crushed stone chips (shown in Figure 3.4) were used as coarse aggregate to prepare 

cylinders for compressive strength test, splitting tensile strength test according to ASTM 

C127 and ASTM C29 respectively; and the microscopic analysis i.e. X-ray diffraction 

(XRD) and Scanning Electron Microscopy (SEM) analysis. The grain size distribution of 

coarse and fine aggregates has been conducted by sieve analysis. This was done by sieving 

the aggregate as per ASTM C136. The sieve analysis strategy has been illustrated in 

Figure 3.5. 

 

 

 

Figure 3.4: Coarse aggregate i.e. crushed stone used in the study. 

 

  

Figure 3.5: Sieve analysis technique. 
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Table 3.1: Properties of coarse aggregates. 

 

Characteristics Value 

Specific Gravity 2.84 

Unit Weight 1570 kg/m
3
 

Fineness Modulus 7.06 

Water Absorption 1.1% 

 

3.2.4 Fine Aggregate 

 

The aggregates most of which pass through 4.75 mm sieve are defined as fine      

aggregates. Processed Ottawa sand was used to prepare cube specimen for mortar test. A 

sand is called Ottawa sand, if it passed sieve #30 (96% to 100%), #40 (65% to 75%), # 50 

(20% to 30%) and #100 (0% to 4%) (Baldi et al., 1985). Sylhet sand was used as fine 

aggregate to prepare cylinders for compressive strength test, spitting tensile strength test 

and XRD & SEM analysis. Different properties as specific gravity, water absorption, 

fineness modulus, unit weight was determined according to ASTM C128, ASTM C136 

and ASTM C29 standards respectively. Properties of selected sand are shown in Table 3.2. 

 

Table 3.2: Properties of fine aggregates. 

 

Characteristics Value 

Specific Gravity 2.65 

Unit Weight 1452 kg/m
3
 

Fineness Modulus 2.55 

Water Absorption 2.12% 

 

3.3 Sample Preparation and Testing 

 

3.3.1 Preparation of Cylindrical Concrete Specimens 

 

To perform compressive and splitting tensile strength test of cylindrical concrete 

specimens, investigations were carried out on two groups of concrete samples: group one 

made with only cement, stone chips and sand; second group made with partial 

replacements of cement CW powder to perform the test according to ASTM C39. The 

cement replacements were done by 0%, 5%, 10%, 15%, 20%, 25% and 30% by mass by 
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white and red CW powder respectively. Tap potable water was utilized to produce 

concrete mixtures with different dosages as well as in conventional concrete mixtures. The 

mixing proportions were 1:1.5:3 (cement : sand : coarse aggregate) with constant slum 

value of all batches of concrete mixes. The w/c ratios were adjusted according to constant 

slum. The batching for all the proportions is shown in the Table 3.3. 

 

Table 3.3: Mix proportions of cylindrical concrete specimens. 

 

Batch Name Replacement 

(%) 

Cement 

(gm) 

CW Powder 

(gm) 

Sand 

(gm) 

Stone 

Chips 

(gm) 

Water 

(gm) 

0% 0% 800 0 1200 2400 356.7 

W-5% 5% 760 40 1200 2400 370.0 

W-10% 10% 720 80 1200 2400 373.3 

W-15% 15% 680 120 1200 2400 376.3 

W-20% 20% 640 160 1200 2400 390.0 

W-25% 25% 600 200 1200 2400 393.3 

W-30% 30% 560 240 1200 2400 400.0 

R-5% 5% 760 40 1200 2400 360.0 

R-10% 10% 720 80 1200 2400 365.5 

R-15% 15% 680 120 1200 2400 371.0 

R-20% 20% 640 160 1200 2400 376.3 

R-25% 25% 600 200 1200 2400 380.5 

R-30% 30% 560 240 1200 2400 386.7 

 

Identification of a particular specimen for mortars test and compressive strength test of 

cylindrical concrete specimen without referencing table are shown in below: 

 

 

 

 

 

 

0% 
The specimen made with 100% cement and 0% ceramic waste 

(CW) powder as a binder. 

W-15% 
The specimen made with 85% cement and 15% white ceramic 

waste (CW) powder as a binder. 

R-20% 
The specimen made with 80% cement and 20% red ceramic waste 

(CW) powder as a binder. 
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The steps of preparation of cylindrical concrete specimen for compressive strength tests 

are described below as shown in Figure 3.6: 

 Cylindrical specimens (100mm x 200 mm) were prepared from the desired mix 

proportions. 

 Cement and fine aggregate were mixed on a water tight non-absorbent platform 

until the mixture was thoroughly blended. 

 Percent replacement of cement by CW powder was added according to the 

specified measurement. 

 Mixing was conducted by machine mixing. 

 Coarse aggregate was added and mixed with binder and sand until the coarse 

aggregate was uniformly distributed throughout the batch. 

 Water was added and mixed until the concrete appeared to be homogenous and of 

the desired consistency. 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

Figure 3.6: Preparation of cylindrical concrete specimens for compressive strength test. 

 

 Workability of the concrete mix was measured. 

 The concrete was filled in the molds in 3 layers. 

 Each layer was compacted with not less than 25 strokes per layer using a tamping 

rod. 
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 The top surface was leveled by trowel. 

 After 24 hours of casting, the cylinders were removed from the mold and allowed 

for curing. 

 

3.3.1.1 Capping of Cylindrical Concrete Specimens 

 

Capping is essential to give a flat surface for applying compressive load to concrete 

cylinders. Capping is performed only for cylindrical concrete test specimens by suitable 

method. If the surfaces of cylindrical concrete specimens are not flat enough within 0.05 

mm, then it is necessary to cap those test samples (Richart et al., 1928). The capped 

surfaces should be at right angles to the axis of the test specimens. Caps are made as thin 

as feasible for testing the specimens. Also it should not get scratched when the specimen is 

tested. This study used gypsum plaster capping method for capping the cylindrical 

concrete test specimen according to ASTM C617 and presented in Figure 3.7. The 

necessary steps for capping are mentioned below. 

 A stiff plaster was prepared by mixing gypsum and water at a desired ratio. While 

making the paste, it was mixed well sufficient. This helped gypsum to achieve 

strength. 

 A scoop, placing some quantity of gypsum plaster on top of the cylindrical test 

specimen was used. 

 

 

 

 

 

 

  

 

 

Figure 3.7: Gypsum capping of cylindrical concrete specimens. 

 

 A glass plate was taken having thickness 6.5 mm and diameter 25 mm which was 

larger than the diameter of the test specimen. 

 Using that glass plate, the stiff gypsum plaster was pressed down by giving the 

plate a rotary motion till it made complete interaction with the rim of the mold. 



Page | 48 

Before doing that, a thin layer of oil was applied on the glass plate to escape 

adhesion of the plaster with the glass plate. 

 While giving a rotary motion to the plate, the plate remained parallel to the end 

surface at all times. After preparing the cap, it was left for 20 to 30 minutes to 

become hard. 

 The same process was repeated to cap the other end of the cylindrical test 

specimen. 

 

3.3.2 Testing of Compressive Strength of Cylindrical Concrete Specimens 

 

The compressive strength tests were performed in accordance with ASTM C39. However, 

the testing procedures are mentioned in briefly as shown in Figure 3.8: 

 The specimens were placed in the machine in such a manner so that the load was 

applied on the center of the specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Compressive strength test setup of cylindrical concrete specimens. 

 

 Stands with set of dial gauge were installed to record lateral and vertical 

deformation of the specimen. 

 Loads were applied at uniform rate. 

 The deformations were recorded at the rate of 10 kN. 

 The maximum load was recorded. 
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 The tests were performed for 7, 28 and 90 days. 

 

3.3.3 Testing of Splitting Tensile Strength of Cylindrical Concrete Specimens 

 

The splitting tensile strength of cylindrical concrete specimens was performed in 

accordance with ASTM C496. However, some major steps are mentioned below and 

presented in Figure 3.9: 

 A steel strip was placed (formwork for cylinder) along the length of each 

cylindrical specimen contact area. Ensuring that each end of each strip is aligned 

with the respective diametric line. 

 The sample was placed in the compression-testing machine. At first centered the 

sample along the length of the upper bearing block and then ensured that the 

projections of diametric lines were centered on the upper and lower bearing plates. 

 It was verified that the top bearing block is parallel with the top surface of the 

sample and made adjustments as necessary. 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.9: Splitting tensile strength test setup of cylindrical concrete specimens. 

 

 Load was applied continuously at a rate of movement corresponding to a splitting 

tensile stress rate. 

 Load was applied continuously until the force indicator shows that the load was 

decreasing steadily and the sample displayed a well-defined fracture pattern. 

 The maximum load carried by the sample during the test was recorded. 
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 The splitting tensile strength was calculated of each sample using following 

equation: 

  𝑇 = 2𝑃 / 𝜋LD ………………………….………… (3.1) 

   Where, 𝑇 = splitting tensile strength, 

   𝑃 = maximum applied load indicated by the testing machine, 

   𝐿 = average sample length, 

   𝐷 = sample diameter 

 The tests were performed for 7 and 28 days. 

 

3.3.4 X-ray Fluorescence (XRF) Analysis 

 

An X-ray fluorescence (XRF) is an x-ray instrument based popular and comparatively 

non-destructive chemical analyses of different materials like rocks, minerals, sediments 

and fluids. Its mechanism based functions on wavelength-dispersive spectroscopic 

philosophies that are parallel to an electron microprobe (EPMA). Nevertheless, an XRF 

cannot commonly make analyses at the small spot sizes typical of EPMA work (2 to 5 

microns) (Potts et al., 2008). For this reason it is usually conducted for bulk investigation 

of greater fractions of geological materials. This method of chemical analysis is 

comparatively eased and cost effective. It has very simple and low cost sample 

preparation. This is one of the most broadly used means for analysis of major and trace 

elements in rocks, minerals, and sediment due to the steadiness and comfort of use of X-

ray (von Bohlen, 2009). The XRF analysis was conducted in Seven Rings Cement Factory 

at XRF Analysis Laboratory. The process flow diagram of XRF analysis is described 

Figure 3.10: 
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a. Weighted the cement or 

CW powder ~ 10 gm. 

b. Cellulose binder. c. Cellulose binder was 

mixed with CW powder 

(0.80~0.85 gm). 

   

   

d. Hand grinding was done 

to produce cement or CW 

powder and cellulose 

mixed powder. 

 

e. Five minutes machine 

grinding was conducted. 

f. Placed the grinded 

powder in a sample 

holder and weighted. 
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g. Ten ton compressive load 

was applied by placing 

the sample with holder in 

a loading machine. 

h. Weighted the compressed 

sample with sample holder. 

i. Placed the sample in XRF 

machine and lock the 

machine cap. 

   

   

j. Input necessary data 

(initial and final weight of 

sample) and run the 

analysis. 

k. Measurement was running. l. Finally chemical 

composition was found. 

 

Figure 3.10: Process flow diagram of XRF analysis. 

 

3.3.5 X-ray Diffraction (XRD) Analysis 

 

X-ray diffraction (XRD) is a physical investigation process that consists in 

electromagnetic waves escaping obstacles if the size of the obstacles relates to the 
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wavelength. This investigation process may be used to the analysis of materials because 

the atom plans are placed at equivalent distances to X-ray lengths. X-rays are 

electromagnetic waves comparable to light, however whose wavelength is far shorter (= 

0.2 - 200 Å ) (Elena and Lucia, 2012). 

 

Bale (2010) stated that the XRD is made as a reflection at well-defined angles. Each 

crystalline phase has its identical diffraction image. The diffraction image comprises a tiny 

amount of maximal points that is not all the families of crystallographic planes offer 

maximal diffraction points; all the crystalline phases with the similar type of elementary 

cell will show the similar succession of Miller indices for the crystalline planes families 

giving a diffraction maximum point (Bale, (2010). For the XRD analysis used diffraction 

devices (diffractometers), mostly according to the Bragg-Brentano system as shown in 

Figure 3.11. The sample rotates at a diffraction angle ―θ‖, while the detector rotates at the 

angle ―2θ‖. In Figure 3.12, the X ray diffractometer (Bruker D8 Advance, Germany) is 

shown. 

 

 

 

Figure 3.11: The basic layout of an X-ray 

diffractometer (Jumate and Manea, 2011). 

Figure 3.12: X-ray diffractometer 

(Bruker D8 Advance, Germany) 

(Photo taken by author). 

 

Several researchers (Elena and Lucia, 2012; Jumate and Manea, 2011) reported that the 

diffractogram is created from a series of diffraction maximal points, presenting the 

concentration of the diffracted X radiation on the ordinate observed in pulses/second, and 

the angle ―2θ‖. on the abscissa, where ―θ‖, is the Bragg angle, observed in degrees. The 
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diffraction image is governed by the material structure. The diffraction approaches permit 

for the presentation of the following studies: the investigation of the crystalline structures, 

the phase quantitative and qualitative analysis, the study of phase transformations, the 

study of the crystallographic texture, the scale of the crystallites, the inner stresses within 

the sample, etc. 

 

The identification of the crystalline phases may be supported with the X-ray diffraction 

technique if the particular phase signifies more than 3 - 4% mass. The identification may 

be created by calculation with Bragg‘s relationship or computer-based, using Match, 

XpertScore software, in the PDF (Powder Diffraction File) database, where identification 

files for about 200,000 metal crystalline phases, alloys, oxides, salts, etc. are found (Elena 

and Lucia, 2012; Jumate and Manea, 2011). 

 

3.3.5.1 Sample Collection and Preparation of XRD Analysis 

 

Determination of an unknown material by XRD analysis involves: the material, an 

instrument for grinding, and a sample holder. The sample holder with sample is mentioned 

in Figure 3.13. 

 Took a couple of tenths of a gram (or more) of the material, as clean as probable. 

 Grinded the sample to a fine powder, generally in a fluid to diminish inducing 

additional strain (surface energy) which will offset peak positions, and to 

disarrange orientation. 

 Powder less than ~10 μm (or 200-mesh) in size is desired. 

 Placed into a sample holder or onto the sample surface: 

 Smear uniformly onto a glass slide, assuring a flat upper surface 

 Pack into a sample container 

 Sprinkle on double sticky tape 
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Figure 3.13: Packing of fine powder into a sample holder (Photo by author). 

 

 Precautionary measures were taken to create a flat upper surface and to attain an 

arbitrary distribution of lattice angles unless making an oriented smear. 

 For investigation of clays which need a single orientation, specific methods for 

preparation of clay samples are given by United States Geological Survey (USGS). 

 For unit cell determinations, a little quantity of a standard with known peak 

positions (that do not interfere with the sample) can be added and used to exact 

peak positions. 

 

3.3.5.2 Test Procedure of XRD Analysis 

 

The BRUKER D8 Advance, Germany XRD machine was used in this study. The 

minimum requirements of voltage and currents are ~ 40 kV and ~ 40 mA respectively. The 

detector tube was Cu tube with 1.5418 Å. The step of the XRD test was 0.02
0
. The XRD 

analysis was performed in XRD Laboratory, Department of Glass and Ceramic 

Engineering, RUET, Rajshahi, Bangladesh. The complete test procedures of XRD analysis 

are described below: 

 

Step 

No. 

Description Image 
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01. The cylindrical concrete specimens were casted with 

prescribed mix proportion. Then the specimens were 

cured 7 and 28 days. 

 

02. After completion of curing, the cylindrical concrete 

specimen has been broken by applying compressive 

load. 

 

03. The coarse aggregate separated from fine 

aggregated. Then the fine aggregate especially 

cement samples is being grinded over and over to 

make it powder. The powder material was less than 

~10 μm (or 200-mesh) in size. 

 

04. The 1.0 ~ 1.5 gm powder placed in a sample holder, 

The top of sample leveled by glass. 
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05. The sample holder then placed in sample chamber in 

the XRD machine. As it is need to be mentioned that 

left tube was X-ray source, right tube was detector 

and sample chamber was in the middle of the 

machine. The machine door was closed. 

 

06. The analysis conducted by the EVA software. The 

necessary data like starting and ending theta value 

have been inputted. Then clicked on run button. 

After analysis the XRD results were found. 

 
 

 

3.3.5.3 Data Collection and Results Presentation of XRD Analysis 

 

Data Collection: The intensity of diffracted X-rays is nonstop documented because the 

sample and detector rotate over their particular angles. A peak in intensity happen once the 

mineral contains lattice planes with d-spacings suitable to diffract X-rays at that value of 

θ. While every peak contains of two distinct reflections (Kα1 and Kα2), at small values of 

2θ the peak positions overlay with Kα2 appearing as a hump on the side of Kα1. Larger 

separation happens at higher values of θ. Usually these combined peaks are preserved as 

one. The 2λ position of the diffraction peak is normally taken in consideration because the 

center of the peak at 80% peak height (Brady and Boardman, 1995; Cullity, 1978; Hovis, 

1997; Klug and Alexander, 1974; Moore and Reynolds, 1989). 

 

Data Reduction: Outcomes are usually showed as peak positions at 2θ and X-ray counts 

(intensity) within the form of a table or an x-y plot as shown in Figure 3.14. Peak locations 

happen where the X-ray beam has been diffracted by the crystal lattice. The distinctive set 

of d-spacings resulting from this rhythm can be used to 'fingerprint' the mineral. Intensity 

(I) is either described as peak height intensity, that intensity greater than background, or as 

assimilated intensity, the area under the peak. The relative intensity is recorded because 
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the ratio of the peak intensity to that of the greatest dense peak (relative intensity = I/I1 x 

100) (Brady and Boardman, 1995; Cullity, 1978; Hovis, 1997; Klug and Alexander, 1974; 

Moore and Reynolds, 1989). 

 

 

 

Figure 3.14: Typical X-ray diffractogram (Hovis, 1997). 

 

Determination of an Unknown: Several researchers (Brady and Boardman, 1995; 

Cullity, 1978; Hovis, 1997; Klug and Alexander, 1974; Moore and Reynolds, 1989) 

mentioned that the d-spacing of every peak is generally achieved by solution of the Bragg 

equation for the proper value of λ. When all d-spacings are investigated, automated 

search/match routines compare the ds of the unknown to those of known materials. As a 

result of every mineral has a distinctive set of d-spacings, matching these d-spacings offers 

an identification of the indefinite sample. A scientific process is employed by ordering the 

d-spacings in expressions of their intensity starting with the densest peak. Files of d-

spacings for hundreds of thousands of inorganic complexes are accessible from the 

International Centre for Diffraction Data as the Powder Diffraction File (PDF). Several 

supplementary spots contain d-spacings of minerals such as the American Mineralogist 

Crystal Structure Database. Usually this data is a fundamental portion of the software that 

derives with the arrangement (Brady and Boardman, 1995; Cullity, 1978; Hovis, 1997; 

Klug and Alexander, 1974; Moore and Reynolds, 1989). 

 

Determination of Unit Cell Dimensions: For investigation of unit cell parameters, every 

reflection must be indexed to a definite hkl (Brady and Boardman, 1995; Cullity, 1978; 

Hovis, 1997; Klug and Alexander, 1974; Moore and Reynolds, 1989). 



Page | 59 

3.3.6 Scanning Electron Microscopy (SEM) Analysis 

 

Scanning Electron Microscopy (SEM) exemplifies a best recital technique used to 

examine the morphological structure of any materials (Beane, 2004; Clarke and Eberhardt, 

2002; Egerton, 2005; Reimer, 2013). It is outlined by: acceptance to make samples to be 

investigated, huge variety of data grasped, good resolution connected with best field depth, 

great and nonstop range of magnifying, etc. Several researchers (Beane, 2004; Egerton, 

2005; Reimer, 2013) stated that the investigation of microstructures with SEM offers two 

advantages as equaled to optical microscopy (OM): much more resolution and 

magnification, as well as very giant field depth giving the impression that images achieved 

are distinctive. The scanning electron microscopy (SEM) of type EVO 18 Research 

machines used in this research. The following specifications were given by ZEISS EVO 

SEM 18 Research Manual. ZEISS is an internationally leading technology enterprise 

operating in the fields of optics and optoelectronics. The specifications of EVO 18 

Research machines are described below as presented in Figure 3.15: 

 EVO 18 SEM is the scanning electron microscope from Carl Zeiss, Germany. 

 

 

 

Figure 3.15: The scanning electron microscope SEM of type EVO 18 Research (Photo 

taken by author). 

 

 System Specification 

 Filament: Tungsten 

 Secondary e-image resolution: 50 nm (Depends on the types of sample) 
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 BSD Detector: Available 

 Tilt: 0 - 60 Degree 

 Rotation: 360 Degree 

 EHT: 200V - 30KV 

 Magnification: Up to 50K ~ 100K (Depends on sample). 

 Process Capabilities 

 Imaging Modes: Surface & Cross-Sectional 

 Sample Holder: Maximum 9 stubs (~1 cm Dia.) can be mounted 

 Substrates Used: Si, Glass, Sapphire, Ge 

 Substrate Size: 

 (2 x 2 x Z) mm to (10 x 10 x Z) mm [For surface imaging] 

 (4 x 4 x Z) mm to (8 x 8 x Z) mm [For cross-sectional imaging] 

 Where Z is the variable substrate thickness (it can vary from 200 

microns to 2 mm, depending on the substrate type like: Si / glass 

substrates). 

 

3.3.6.1 Test Procedure of SEM Analysis 

 

The EVO 18 Research SEM machine had a good quality of imaging. The SEM 

investigation was conducted at SEM Lab, Department of Glass and Ceramic Engineering, 

RUET, Rajshahi, Bangladesh. The complete SEM analysis procedure described below: 

 

Step 

No. 

Description Image 

01. The cylindrical concrete specimens were casted with 

prescribed mix proportion. Then the specimens were 

cured 7 and 28 days. 
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02. After completion of curing, the cylindrical concrete 

specimen has been broken by applying compressive 

load. 

 

03. The coarse aggregate was separated from fine 

aggregated. Then the fine aggregate especially 

cement samples is being chop down to make it 10 

mm x 10 mm x 2 mm size. 

 

04. The specified samples placed in each sample holder 

by carbon tape and connect the sample with sample 

holder by electric or aluminum tape. The function of 

carbon tape was to hold the sample with sample 

holder. And the function of electric or aluminum 

tape was built an electric conductive connection 

between sample surface and sample holder.  

05. The pictorial view of group sample holder. 
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06. The group sample holder then placed in SPUTTER 

Coater to make the sample conductive. The machine 

used the gold conductive process. 

 

07. The group sample holder placed in SEM machine. 

 

08. Then vacuum the sample holder. 

 

09. Finally switch ON the electric gun and started 

scanning and imaging at different magnifying range. 
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CHAPTER IV 

 

 

RESULTS AND DISCUSSION 

 

 

4.1 General 

 

This chapter discusses the results gathered from compressive strength test, tensile strength 

of concrete specimens tests, stress-strain diagram, modulus of elasticity, Poisson‘s ratio 

and failure pattern of concrete. Also, the microscopic investigations are shown into this 

chapter. The microscopic investigation includes X-ray fluorescence (XRF) analysis, X- 

ray diffraction (XRD) analysis and Scanning electron microscopy (SEM) analysis. Finally, 

this chapter reveals the results and findings of the study including graphs, tables and 

microscopic image and their interpretations. 

 

4.2 X-ray Fluorescence (XRF) Analysis of Cement and Ceramic Waste Powder 

 

An X-ray fluorescence (XRF) is an x-ray instrument based popular and comparatively 

non-destructive chemical analyses of different materials like rocks, minerals, sediments 

and fluids. It functions on wavelength-dispersive spectroscopic philosophies that are very 

equivalent to an electron microprobe (EPMA). Nevertheless, an XRF cannot commonly 

make examines at the tiny spot sizes typical of EPMA work (2-5 microns). So it is usually 

used for bulk examines of bigger fractions of geological constituents. This method of 

chemical analysis is comparatively eased and cost effective. It has very simple and low 

cost sample preparation. This is one of the most broadly used means for analysis of major 

and trace elements in rocks, minerals, and sediment due to the steadiness and comfort of 

use of X-ray (Wirth and Barth, 2016). 

 

X-Ray fluorescence (XRF) spectrometry analysis is one of the easiest instrumental 

techniques for analysis in a cement or cement like waste material works because the 

sample preparation is simple. To find out the chemical composition of cement, red ceramic 

waste powder and white ceramic waste powder XRF analysis were performed in the 

laboratory of Seven Rings Cement Company, Khulna, Bangladesh. The chemical 

composition results of cement and ceramic powder are shown in Table 4.1 and Table 4.2 

respectively. 
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Table 4.1: Chemical composition of cement through XRF analysis. 

 

Chemical 

Components 

Common 

Name 

Chemical 

Notation 

Abbreviated 

Notation 

Cement (%) 

Author Marjanovic et 

al. (2000) 

Silicon Dioxide Silica SiO2 S 23.52 23.07±0.05 

Aluminium Oxide Alumina Al2O3 A 4.53 3.28±0.05 

Ferric Oxide Iron Fe2O3 F 3.01 1.80±0.01 

Calcium Oxide Lime CaO C 61.24 66.04±0.05 

Magnesium 

Oxide 

Magnesia MgO M 2.87 0.67±0.05 

Sulphur Trioxide Sulphurican 

Hyrite 

SO3 St 3.12 2.38±0.05 

Alakaline Oxides Alkalis Na2O N 0.14 0.15±0.01 

K2O K 1.26 0.25±0.01 

Titanium Dioxide Titania TiO2 T 0.24 0.21±0.01 

Manganese Oxide Manganese 

(II) Oxide 

MnO Mn 0.09 0.06±0.01 
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Table 4.2: Chemical composition of ceramic waste powder through XRF analysis. 

 

Chemical 

Notation 

White Ceramic (%) Red Ceramic (%) Fly Ash (%) Slags (%) 

Author Pacheco-

Torgal and 

Jalali (2010) 

Author Pacheco-

Torgal and 

Jalali (2010) 

Swanepoel 

and Strydom 

(2002) 

Broug and 

Atkinson 

(2002) 

SiO2 41.24 59.8 44.33 51.70 46.28 35.44 

Al2O3 25.77 18.60 18.80 18.20 21.27 13.04 

Fe2O3 1.90 1.70 5.39 6.10 4.29 0.60 

CaO 22.65 9.89 23.60 13.81 15.82 40.19 

MgO 0.41 3.50 1.86 2.40 2.62 7.94 

SO3 2.10 1.95 2.44 2.11 1.85 1.25 

Na2O 1.81 1.60 0.64 0.20 0.72 0.22 

K2O 3.39 2.50 1.95 4.60 0.95 0.36 

TiO2 0.748 0.40 0.92 0.80 1.20 0.55 

MnO 0.05 0.06 0.07 0.08 0.07 0.35 

 

Table 4.1 depicts the XRF analysis results of cement. Chemical composition of cement 

found in this study has also been supported by other researchers like as Marjanovic et al. 

(2000). The XRF analysis result of cement was found quite equivalent to the researcher 

performed by Marjanovic et al. (2000) as shown in Table 4.1. Table 4.2 presented the XRF 

analysis results of waste white ceramic powder, waste red ceramic powder and compared 

them with other pozzolanic materials like as fly ash and slags. The chemical composition 

of red and white ceramic powder found in the study is followed the linear characteristics 

investigated by researcher (Pacheco-Torgal and Jalali, 2010). Comparing the chemical 

composition of waste ceramic powder (white and red) with fly ash and slags, it can be 

concluded the ceramic powder is a pozzolanic material. The ceramic powder possesses 

cementitious properties in the presence of water like fly ash and slags. It should be 

informed that with the presence of chemical composition shown in Table 4.2 researchers 

Pacheco-Torgal and Jalali (2010) conducted durability performance of ceramic waste 

concrete and found satisfactory results. Figure 4.1 illustrated that the SiO2 and Al2O3 

present in ceramic powder (both red and white) is almost twice of cement. Red ceramic 

powder showed higher value of SiO2 and Fe2O3 compared to cement and white ceramic 
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powder. Also white ceramic powder figured higher value of Al2O3 that of cement and red 

ceramic powder. Analyzed cement showed higher CaO than ceramic powder (both red and 

white). The cement and ceramic powder contained MgO, SO3, Na2O and K2O within a 

range of 2.00% to 4.00%. TiO2 and MnO were also present there. ASTM specification of 

the chemical composition of Portland cement is illustrated in Chapter II. Comparing the 

XRF analysis results of cement, ASTM specification of Portland cement, fly ash and slags 

with ceramic waste powders the red and white ceramic powder given satisfactory results. 

 

Figure 4.1: XRF analysis results of cement and ceramic waste powder. 

 

4.3 Sieve Analysis 

 

The sieve analysis is directed to demonstrate the grain size distribution of material 

proposed for use as fine and coarse aggregates. Gradation is determined by passing the 

material through a sets of sieves arranged with gradually smaller openings from top to 

bottom. Sieve analysis for fine aggregate (Sylhet sand) and coarse aggregate (crushed 

stone) was determined according to ASTM C136. The data which was got from the sieve 

analysis process are summarized in the Table 4.3 and Table 4.4 for fine and coarse 

aggregate respectively. 
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Table 4.3: Sieve analysis of fine aggregate. 

 

Sieve 

Size 

Sieve 

Opening 

(mm) 

Weight 

Retained 

(gm) 

Cumulative 

Weight Retained 

(gm) 

Cumulative 

Weight 

Retained (%) 

% 

Finer 

F. M. 

Value 

#4 4.750 0.00 0.00 0.00 100.00  

 

 

2.55 

#8 2.360 25.50 25.500 5.10 94.90 

#16 1.180 85.50 111.00 22.20 77.80 

#30 0.600 162.00 273.00 54.60 45.40 

#50 0.300 121.75 394.75 79.95 20.05 

#100 0.150 71.25 466.00 93.20 6.80 

 

Table 4.4: Sieve analysis of coarse aggregate. 

 

Sieve 

Size 

Sieve 

Opening 

(mm) 

Weight 

Retained 

(gm) 

Cumulative 

Weight Retained 

(gm) 

Cumulative 

Weight Retained 

(%) 

% 

Finer 

F. M. 

Value 

3.0" 75.00 0.00 0.00 0.00 100.00  

 

 

 

 

 

7.06 

1.5" 37.50 0.00 0.00 0.00 100.00 

1.0" 25.40 415.00 415.00 8.30 91.70 

3/4" 19.00 572.50 987.50 19.75 80.25 

1/2" 12.50 1232.50 2220.00 44.40 55.60 

3/8" 9.50 990.00 3210.00 64.20 35.80 

#4 4.75 777.50 3987.50 79.75 20.25 

#8 2.38 560.00 4547.50 90.95 9.05 

#16 1.19 377.50 4925.00 98.50 1.50 

#30 0.59 75.00 5000.00 100.00 0.00 

#50 0.30 0.00 5000.00 100.00 0.00 

#100 0.15 0.00 5000.00 100.00 0.00 

 

Using the data of the sieve analysis, the curve which is got after plotting the sieve size and 

percent finer in the graph is called a grain size distribution graph. It is also called a 

gradation curve. It helps to realize about the homogeneity or heterogeneity of particle sizes 

among an aggregate sample (Bunte and Abt, 2001). Figure 4.3 and Figure 4.4 respectively 
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shows the graphical analysis of the Sylhet sand and crushed stone which were used as fine 

aggregate and coarse aggregate in mix designs. Sieve analysis contains of determining the 

proportional amounts of particles taken on or passing through respectively of a series of 

sieves stacked in decreasing the sieve opening sizes. Using the percentages of weights 

retained in each sieve a graph is plotted known as grain size distribution curve. This curve 

is drawn by plotting the opening size on the X axis in logarithm scale. At the same time, 

the percentage of particles, by weight, finer than the particular sieve was plotted on the Y 

axis in regular scale. A uniform shape, like a stairway, shows uniform gradation. When a 

bulky part of aggregate is prepared the particles of one size, it is redirected in the graph as 

an adjacent vertical drop. 

 

From gradation curve D10, D30 and D60 are found; which are the diameter for 10%, 30% 

and 60% finer respectively. The diameter in the grain size distribution curve parallel to 

10% finer is known as the effective size, or D10. The uniformity coefficient (Cu) and 

coefficient of curvature or coefficient of gradation (Cc) are obtained from equation (4.1) 

and (4.2) respectively. 

Uniformity coefficient, Cu = D60 / D10 …………………………………………… (4.1). 

The coefficient of gradation may be expressed as: 

Coefficient of gradation, Cc = D30
2 
/ (D60 * D10) ……………………………….... (4.2). 

Based on the investigation it is found that the uniformity coefficient (Cu) for fine and 

coarse aggregate as 4.00 and 8.86 respectively. Also, the coefficient of gradation Cc was 

found for fine and coarse aggregate as 1.00 and 2.33 respectively. As the value of Cu is 

greater than 4 and Cc in the range of 1 to 3, both the fine and coarse aggregate are said to 

be a well graded. 
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Figure 4.2: Gradation curve of fine aggregate. 
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Figure 4.3: Gradation curve of coarse aggregate. 
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Table 4.5: Material properties for mix design. 

 

Materials Properties Unit Value 

 

Fine Aggregate 

Specific Gravity - 2.65 

Water Absorption % 2.12 

Fineness Modulus - 2.55 

Unit Weight Kg/m
3
 1452 

 

Coarse Aggregate 

Specific Gravity - 2.84 

Absorption % 1.1 

Fineness Modulus - 7.06 

Unit Weight Kg/m
3
 1570 

 

4.5 Workability of Concrete 

 

Workability of concrete is a comprehensive and subjective term relating however simply 

freshly mixed concrete are often mixed, placed, consolidated and finished with smallest 

loss of homogeneity. Concrete workability is a vital property that directly affects concrete 

strength, durability, surface morphology, setting time and also the cost of labor for casting 

and finishing operations (Domone and Illston, 2002). Generally, concrete slump test is 

performed to find out the workability of concrete (Gilson‘s, 2016). The consistency of 

fresh concrete is determined by the slump test. It is the way of indirect checking of the 

specific quantity of water has been added to the mix to obtain best workable concrete. The 

slump value measurement has been shown in Figure 4.4. 

 

 

 

Figure 4.4: Slump value measurement. 
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The major factors affected the workability of concrete are water/cement (w/c) ratio, 

aggregate size and admixture. The concrete workability was determined by slump test. It 

has been observed that the failure pattern of concrete is ―true slum‖. True slump indicated 

that the concrete subsides and maintaining its general form. Slump values were kept 

constant in this study. Based on the investigation it was found that the slump value for all 

batches of concrete was 110 ± 5 mm. Different experimental results explained that the 

slump value 100 mm to 175 mm showed high workability of concrete (Ferraris, 1999). So, 

the concrete in this study was of high workability. This concrete will be applicable for 

sections with congested reinforcement and it may not react well to vibration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Variation of w/c ratio with ceramic content due to constant slump value. 

 

The variations of w/c ratio with ceramic content due to constant slump values have been 
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surface of aggregates at ease consolidation and a much better finishing operation. Proper 

placement and finishing operation suggests better strength development and a compliant 

mix. Adding unnecessary water can be said to extend workability as a results it 

comfortable to place and consolidate. The adverse effects on segregation, finishing 

processes and final strength could be therefore prejudicial that it ought to be move toward 

very carefully. The typical water to cement ratio (w/c) of 0.45 to 0.6 is the best spot for 

making of best workable concrete (Gilson‘s, 2016). The concrete was casted w/c ratio 

within 0.443 to 0.500, which is the sign of good workable concrete. The w/c ratios 
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indicated higher of w/c ratio. It meant that the increasing ceramic content required more 

water than cement content only due to its chemical compositions. Figure 4.5, also stated 

that the white ceramic powder required more water than red ceramic powder to obtain 

sweet workable concrete. 

 

4.6 Strength Tests of Concrete 

 

All materials have precise intrinsic material properties. For every material, the properties 

are taken as exceptional when they are autonomous of a specimen size and shape. For 

design cases, the concrete compressive strength of standard concrete specimen is 

considered as the most fundamental and vital material property (Yi et al., 2006). 

Compressive strength of concrete is the main and essential mechanical property, which is 

usually attained by determining concrete specimen after a standard curing of 28 days (Ni 

and Wang, 2000). The cylinder and cube strengths achieved from the same batch of 

concrete might vary because of the variances in the shape, height to diameter ratio, and 

end restraint happened by the machine platen. Explicitly, it is well-known that cubes have 

higher strength than cylinders. Since the early 1900s, many studies (Gonnerman, 1925;  

Gyengo, 1938; Murdock, 1957) on this field have been carried out.  

 

4.6.1 Compressive Strength of Cylindrical Concrete Specimens 

 

Compressive strength is that the capability of a material or structure to resist loads tending 

to reduce size, as contrasting to tensile strength, which withstands loads tending to 

lengthen the specimen. Compressive strength of concrete could be a most important 

property for design of structures. The most common technique by crushing specimens 

inside the compressive testing machine determines the compressive strength as the 

compressive strength test result. Consequently, it is a worldwide standardized direct test 

method. Along with the modulus of elasticity, the compressive strength is the most 

significant property of concrete. 

 

According to ASTM C39 the test method covers determination of compressive strength of 

cylindrical concrete specimens (100 mm diameter and 200 mm height) such as molded 

cylinders and drilled cores. Three samples were prepared and tested for each batch of 

concrete mixes. The tests were conducted for 7, 28 and 90 days of cylindrical (100 mm 
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diameter and 200 mm height) concrete specimens. About 117 cylindrical concrete 

specimens were prepared and tested to complete the compressive strength test.  

 

 

Figure 4.6: Compressive strength of concrete specimens at 7 days. 

 

The compressive strength of cylindrical concrete specimens at 7 days is shown in Figure 

4.6. The control (cement) specimen compressive strength was found 23.45 MPa. The 

minimum and maximum compressive strength of red ceramic concrete was found 16.14 

MPa and 20.67 MPa of 30% and 5% concrete mixes respectively. On the other side, the 

white ceramic concrete illustrated minimum and maximum compressive strength 15.37 

MPa and 19.85 MPa of 30% and 5% concrete mixes respectively. The CW powder figured 

always lower strength than control specimen, but the variations were too little. There was 

little strength variations up to 15% mix proportions of white ceramic concrete and up to 

20% mix proportions of red ceramic concrete compared to the control specimen. Most of 

the cases the rates of decrement of strength of red ceramic concrete relatively to control 

specimens were small compared to white ceramic concrete. 
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Figure 4.7: Compressive strength of concrete specimens at 28 days. 

 

 

Figure 4.8: Compressive strength of concrete specimens at 90 days. 
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strength of concrete (Kabir et al., 2012). The compressive strength of cylindrical concrete 

specimens increased with the increase of curing age. The control specimens showed 

greater strength than white and red ceramic waste powder (CWP) concrete for both 28 and 

90 days. The rate of decrease of compressive strength 28 and 90 days white CWP concrete 

were very small up to 15% replacement. On the other hand, the red CW concretes showed 

greater compressive strength than white CWP concrete for maximum cases of partial 

ceramic waste powder replacement for both 28 and 90 days concrete. But the control 

(cement) specimen showed little bit greater strength than red CWP concrete. The rates of 

decrease of strength up to 20% partial replacement of red CWP were too small compared 

to white CWP concrete. 

 

Table 4.6: Variations of compressive strength of concrete specimens at 7, 28 and 90 days. 

 

 

 

Batch Name 

7 Days 28 Days 90 Days 

Strength 

(MPa) 

% 

Variation 

Strength 

(MPa) 

% 

Variation 

Strength 

(MPa) 

% 

Variation 

0% 23.45 -- 27.36 -- 34.48 -- 

W-5% 19.85 15.35 24.42 10.75 31.54 8.53 

W-10% 19.10 18.55 23.37 14.58 31.22 9.45 

W-15% 18.77 19.96 21.43 21.67 28.10 18.50 

W-20% 18.25 22.17 20.59 24.74 27.24 21.00 

W-25% 16.93 27.80 19.41 29.06 24.52 28.89 

W-30% 15.37 34.46 18.42 32.68 22.21 35.59 

R-5% 20.67 11.86 25.06 8.41 32.20 6.61 

R-10% 20.01 14.67 24.39 10.86 31.76 7.89 

R-15% 19.83 15.44 22.13 19.12 28.93 16.10 

R-20% 18.56 20.85 21.74 20.54 29.79 13.60 

R-25% 17.45 25.59 20.91 23.57 27.78 19.43 

R-30% 16.14 31.17 19.71 27.96 26.75 22.42 

 

The variations of compressive strength of concrete specimens at 7, 28 and 90 days are 

shown in Table 4.6. Summarizing the Table 4.6 and Figure 4.6 to 4.8 it can be illustrated 

that the control specimen showed greater compressive strength than others for all curing 
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ages. In most of the mix proportions the red CW concrete showed greater compressive 

strength than white CW concrete at 7, 28 and 90 days. The compressive strength of control 

specimens was 23.45 MPa, 27.36 MPa and 34.48 MPa at 7, 28 and 90 days. The rate of 

decrease of cylindrical compressive strength of white and red CW concrete was not 

significant up to 15% and up to 20% partial replacement respectively. Analyzing the trend 

of red CW concrete, the compressive strength increased at 20% partial replacement. The 

analyzing trends has been supported by the study of ceramic aggregate (Pacheco-Torgal 

and Jalali, 2010;  Medina et al., 2012). This is due to chemical composition of red CW 

concrete i.e. comparative higher percentage SiO2 and CaO. The strength variations relative 

to control specimens for 20% red ceramic concrete mixes was found as 20.85%, 20.54% 

and 13.60% at 7, 28 and 90 days respectively. From 25% to 30% red ceramic concrete 

mixes the strength varies 20~32%. Other side, the strength variations relative to control 

specimens for 15% white ceramic concrete mixes was figured out as 19.96%, 21.67% and 

18.50% at 7, 28 and 90 days respectively. From 20% to 30% white ceramic concrete 

mixes the strength varies 20~30%. From compressive strength test results of concrete, it 

can be concluded that there was minor strength variations up to 20% red ceramic partial 

replacement and up to 15% white ceramic partial replacement. So, the partial replacement 

for 20% of red ceramic and for 15% of white ceramic can be concluded as the most 

favourable mix proportions in terms of strength. 

 

4.6.2 Splitting Tensile Strength of Concrete 

 

Concretes are strong in compression but weak in tension. Hence, the value of tensile 

strength of concrete is typically lower than compressive strength. The splitting tensile 

strength test outcomes for the concretes comprising CWP of varying proportion affording 

to their ages are very similar to each other, like compressive strength test results. Splitting 

tensile strength of concrete is generally found by destructive testing of concrete cylinders. 

 

According to ASTM C496, the test method covers determination of splitting tensile 

strength of cylindrical concrete specimens (100 mm diameter and 200 mm height) such as 

molded cylinders and drilled cores. Three samples were prepared and tested for each batch 

of concrete mixes. The tests were conducted for 7 and 28 days of cylindrical (100 mm 

diameter and 200 mm height) concrete specimens. About 78 cylindrical concrete 

specimens were prepared and tested to complete splitting tensile strength test. All the 



Page | 77 

specimens of all proportions were tested for splitting tensile strength using an automated 

compression testing machine. The data were recorded for all the samples. 

 

 

Figure 4.9: Splitting tensile strength of cylindrical concrete specimens at 7 days. 

 

 

Figure 4.10: Splitting tensile strength of cylindrical concrete specimens at 28 days. 

 

Figure 4.9 and Figure 4.10 illustrated the splitting tensile strength test results of cylindrical 

concrete specimens at 7 and 28 days respectively. The splitting tensile strength of control 

(cement) specimen showed always greater value than CWP concrete both at 7 and 28 days. 

The red CWP concrete gave greater tensile strength than white CWP concrete for all cases 

of partial replacement. The splitting tensile strength for control specimens were 2.94 MPa 

and 3.27 MPa at 7 and 28 days respectively. The red CWP concrete showed the strength 
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ranges from 2.92 MPa to 2.62 MPa and 3.23 MPa to 2.79 MPa at 7 and 28 days 

respectively; whereas the ranges of strength of white CWP concrete were 2.85 MPa to 

2.54 MPa and 3.14 MPa to 2.59 MPa correspondingly. 

 

Table 4.7: Variations of splitting tensile strength of concrete at 7 and 28 days. 

 

 

Batch Name 

7 Days 28 Days 

Strength (MPa) % Variation Strength (MPa) % Variation 

0% 2.94 -- 3.27 -- 

W-5% 2.85 3.06 3.15 3.67 

W-10% 2.82 4.08 3.04 7.03 

W-15% 2.73 7.14 2.94 10.09 

W-20% 2.65 9.86 2.84 13.15 

W-25% 2.60 11.56 2.74 16.21 

W-30% 2.54 13.61 2.59 20.80 

R-5% 2.92 0.68 3.23 1.22 

R-10% 2.89 1.70 3.10 5.20 

R-15% 2.80 4.76 3.03 7.34 

R-20% 2.75 6.46 2.96 9.48 

R-25% 2.68 8.84 2.86 12.54 

R-30% 2.62 10.88 2.79 14.68 

 

The variations of splitting tensile strength of concrete at 7 and 28 days are shown in Table 

4.7. The rate of variations of tensile strength of red and white CW concrete with control 

specimen was too not significant for 20% and 15% partial replacement respectively. The 

splitting tensile strength variations relative to control specimens for 20% red ceramic 

concrete mixes was found as 6.46% and 9.48% at 7 and 28 days respectively. On the other 

hand, the splitting tensile strength variations relative to control specimens for 15% white 

ceramic concrete mixes was figured out as 7.14% and 10.09% at 7 and 28 days 

respectively. However, after the 20% and 15% partial replacement of red and white CWP 

concrete, tensile strength decreased with higher rate. Hence here as well, likewise 

compressive strength test, 20% of red CWP and 15% of white CWP can be considered the 

most favourable partial replacement of cement. 
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4.7 Failure Types of Control and Ceramic Waste Powder Concrete 

 

The most common failure pattern of cylindrical concrete specimens is cone. There are 

other types of concrete cylinders specimens fracture as shown in Figure 4.11 stated in 

ASTM C 39 (2015). 

 

 

Figure 4.11: Sketches of types of cylinders fracture (ASTM C 39, 2015). 

 

 

(a) Cone (b) Cone and Shear (d) Shear (d) Columnar 

 

Figure 4.12: Different failure patterns of cylindrical concrete specimens. 

 

Four failure types were observed in the experimental program. The failure types are shown 

in Figure 4.12. The most common type of failure was found as the conical type. Conical 

failures indicated the good quality concrete. Other types of failure were found rare in the 

study are cone and shear, cone and split, shear and columnar. These are the commonly 
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fracture types for normal concretes. Concretes may fail in the shear mode due to huge 

amount of sand. Generally columnar splitting failure sometimes denotes a testing problem 

in normal-strength concretes. The splitting failure occurred due to the existence of an oil 

or lubricant on the cylinder cap, which decreases friction between the specimen end sides 

and the testing machine platen (Hamad, 2017). This approach decreases the lateral 

confining pressure that's usually present, and thus decreases the apparent strength. 

Columnar splitting failure happened due to the convex capping rather than plane (Hamad, 

2017). 

 

4.8 Stress-Strain Diagram of Concrete 

 

A representative relationship between stress and strain for normal strength concrete 

aforementioned that once an initial linear portion lasting up to about 30 - 40% of the 

ultimate load, the curve becomes non-linear, with high strains being considered for slight 

increases of stress. Generally, it is recognized that the 28 days concrete is usually used as 

mix design as well as the modulus of elasticity. So the modulus of elasticity of concrete is 

always reliable to the curing ages. 

 
 

 

 

 

 

 

 

 

 

 
Figure 4.13: Stress-strain diagram of control and white CWP concrete at 28 days. 
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Figure 4.14: Stress-strain diagram of control and red CWP concrete at 28 days. 

 
The stress versus strain diagram of control and CWP concrete (both red and white) at 28 

days were described in Figure 4.13 and Figure 4.14. It is also shown for 7 and 90 days of 

control and ceramic waste powder (CWP) concrete from Figure 4.15 to Figure 4.18 

respectively. The stress-strain curve for red and white CWP concrete was almost linear up 

to 20% and up to 15% partial replacement respectively. The initial partial white ceramic 

replacement concrete was more rigid than the cement paste and thus deformed less (i.e. 

have a lower strain) beneath the equivalent applied stress. But the initial partial red 

ceramic replacement to optimum marked concrete followed normal concrete stress-strain 

curve. The stress-strain curve of concrete lied between those of the initial and the final 

partial replacement of white CWP concrete. Nevertheless, this relationship is found as 

non-linear at the maximal cases. The explanation for this non-linear performance is due to 

micro-cracks are induced at the edge between aggregate particles and cement or CWP 

paste as a consequence of the discrepancy drive between the two segments, and in the 

cement or CWP paste itself. These cracks are induced because of the changes in 

temperature and moisture and the loading pattern. 
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Figure 4.15: Stress-strain diagram of control and white CWP concrete at 7 days. 
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Figure 4.16: Stress-strain diagram of control and red CWP concrete at 7 days. 
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Figure 4.17: Stress-strain diagram of control and white CWP concrete at 90 days. 

 

0

5

10

15

20

25

30

35

0.000 0.001 0.002 0.003 0.004 0.005

S
tr

es
s 

(M
P

a
) 

Strain (mm/mm) 

0%

Ceramic
R-5%

R-10%

R-15%

R-20%

R-25%

R-30%

 

Figure 4.18: Stress-strain diagram of control and red CWP concrete at 90 days. 
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4.9 Modulus of Elasticity of Concrete 

 

The modulus of elasticity of concrete Ec adopted in modified form by the ACI Code can 

be calculated by the formula given below: 

/5.1
33 ccc fwE   lb/in

2
 in USCS units …………………………… (4.3) 

/5.1
043.0 ccc fwE   MPa in SI units ………………………………(4.4) 

With normal-weight, normal density concrete these two relations can be simplified to: 

/57000 cc fE   lb/in
2
 in USCS units ……………….……………(4.5) 

/4700 cc fE   MPa in SI units ………………………………...…(4.6) 

where, cf  Specified 28 days compressive strength of  concrete (lb/in
2
 or MPa). 

In this study the modulus of elasticity calculated by the equation (4.6) of 
/4700 cc fE   

MPa in SI units. 

 

According to ASTM C469 the modulus of elasticity has been calculated in this study, to 

the nearest 50000 psi (344.74 MPa) as follows: 

)00005.0(

)(

2

12








SS
Ec ……………….………………………………(4.7) 

Where, 

cE  = Chord modulus of elasticity, psi, 

2S  = Stress corresponding to 40% of ultimate load, 

1S  = Stress corresponding to a longitudinal strain, 1 , of 50 millionths, psi, and 

2  = Longitudinal strain produced by stress 2S . 
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Table 4.8: Comparison of modulus of elasticity of cement and CWP concrete. 

 

 

Batch Name 

7 Days 28 Days 90 Days 

ASTM 

(GPa) 

ACI  

(GPa) 

ASTM 

(GPa) 

ASTM 

(GPa) 

0% 22.23 24.58 26.58 28.99 

W-5% 23.17 23.22 24.06 26.77 

W-10% 22.26 22.72 23.20 25.08 

W-15% 21.17 22.19 22.45 24.03 

W-20% 19.81 21.33 20.46 23.18 

W-25% 17.95 20.71 19.91 22.74 

W-30% 16.47 20.17 18.71 22.53 

R-5% 22.88 23.53 24.93 27.33 

R-10% 21.59 23.21 23.02 27.03 

R-15% 20.63 22.10 21.01 26.78 

R-20% 20.51 21.91 20.67 25.47 

R-25% 18.66 21.49 19.62 24.26 

R-30% 17.62 20.87 19.12 23.82 

 

The comparison modulus of elasticity according to ACI and ASTM of cement and CWP 

concrete at 7, 28 and 90 days has been demonstrated in Table 4.8. From investigation it is 

concluded that the modulus of elasticity value increased with the curing ages. Although, 

the modulus of elasticity calculated by ACI and ASTM methods have slight variations at 

28 days. The red CWP concrete gave greater value of modulus of elasticity than white 

CWP concrete for approximately all partial replacement. The study revealed that CWP 

concrete has almost identical outcomes compared to that of control (cement) concrete of 

the modulus of elasticity for 20% and 15% partial replacement of red and white CWP 

respectively. The 28 days modulus of elasticity according to ACI and ASTM methods of 

red and white CWP concrete for 20% and 15% concrete mix were 21.91 GPa & 20.67 GPa 

and 22.19 GPa & 22.45 GPa respectively. Table 4.8 also illustrated the incorporation after 

20% and 15% partial replacement of red and white CWP respectively, this study revealed 

that the modulus of elasticity decreased with the incorporation of CW in concrete. Because 

of the inappropriate spreading of CWP in concrete, the weaker zones became induced and 
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caused in the reduction in the modulus of elasticity of concrete. The another reason may 

be the quantity of CWP was greater than that of requisite to react with the liberated 

Ca(OH)2. So there is a surplus quantity of unreacted silica, which produced a reduction in 

strength, caused in a decrease of the modulus of elasticity. 

 

4.10 Poisson’s Ratio of Concrete 

 

Poisson's ratio is defined as the ratio of lateral strain to longitudinal strain in a material 

subjected to loading. It is typically considered as 0.15 for strength design and 0.2 for 

serviceability principles (Kou et al., 2009). 

 

Table 4.9: Poisson‘s ratio of concrete mixes at 7, 28 and 90 days. 

 

Batch Name 7 Days 28 Days 90 Days 

0% 0.15 0.18 0.20 

W-5% 0.16 0.20 0.23 

W-10% 0.15 0.19 0.22 

W-15% 0.15 0.18 0.21 

W-20% 0.14 0.17 0.20 

W-25% 0.13 0.17 0.19 

W-30% 0.12 0.15 0.18 

R-5% 0.17 0.22 0.25 

R-10% 0.16 0.21 0.24 

R-15% 0.15 0.21 0.23 

R-20% 0.15 0.19 0.21 

R-25% 0.13 0.17 0.20 

R-30% 0.13 0.16 0.20 

 

The Poisson's ratio values of the concrete mixes are shown in Table 4.9. Every showed 

value is the average of three consecutive measurements. The main problem in Poisson's 

ratio tests is to record precisely the lateral strain which is rather minor compared with the 

axial strain. From investigation it is illustrated the Poisson‘s ratio range of control, red 

CWP and white CWP concrete were 0.15 to 0.20, 0.16 to 0.25 and 0.15 to 0.23 

respectively. The 28 day Poisson's ratios of these concrete samples were supposed to be 
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0.20 which is similar to that reported by others (Kou et al., 2009). The values of Poisson‘s 

ratio enlarged with curing ages. Also, it increased with the increase of CWP content up to 

20% of red ceramic and up to 15% of white CWP mix proportions of concrete. It is 

familiar that greater value of Poisson‘s ratios means upper value of ductility. The 

upgrading of the ductility of the concrete can be endorsed due to the increment of CW 

content up to optimum marked. As red CW concrete gave higher value of Poisson‘s values 

than white CW concrete. So, it is concluded that the red CW concrete were more design 

friendly and fulfill serviceability criteria. 
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4.11 Test Results of X-ray Diffraction (XRD) Analysis 

 

The development of the Ordinary Portland Cement (OPC) in the hydration process was 

examined by several investigators as well, with the assistance of the materials definition 

methods that use X-ray diffraction (XRD) and scanning electron mircroscopy (SEM) (Roy 

and Misra, 2018). They recognized the changes that happen in the mineral compounds 

(alite, belite, celite I and brownmillerite) during the hydration processes, wherever from 

calcium silicate hydrates and calcium aluminate hydrates appear (tobermorite, portlandite 

and ettringite) (Elena and Lucia, 2012). 

 

 

Figure 4.19: XRD results of control (cement) concrete specimens (cs-alite; csh- hydrated 

calcium silicate (tobermorite); p-portlandite; e-ettringite, b-belite; c-celite; bw-

browmillerite). 

 

This study performed on Ordinary Portland Cement (OPC) and ceramic waste powder 

(CWP) with respect to the cement hydration processes performed at 7 and 28 days. The 

techniques used concerning X-ray diffraction (XRD) and scanning electronic microscopy 

(SEM) analysis conducted to explain materials and to comprehend the variations 

happening in mineral compounds (alite, belite, celite and brownmillerite) during their 

changes into mineral compounds (tobermorite, portlandite and etringite). 
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Figure 4.20: XRD results of white CWP concrete specimens. 

 

 

Figure 4.21: XRD results of red CWP concrete specimens. 

 

The XRD analysis results of control (cement), white and red CWP concrete specimens are 

presented in Figure 4.19, Figure 4.20 and Figure 4.21 respectively. The diffraction angle 

(2-Theta Degree) and intensity (AU-Arbitrary Unit) has been plotted in the horizontal and 
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vertical axis respectively. As from the mechanical and chemical analysis the optimum 

partial replacement proportions found up to 20% of red ceramic and up to 15% of white 

ceramic concrete. So the XRD analysis conducted only on control (cement), 15% of white 

CW and 20% of red CWP concrete specimens. From all the XRD analysis it can be 

concluded that the diffraction spectra showed the alite was obtained mainly in all the 

samples, that part of it was hydrated and the calcium silicate hydrate was produced. The 

presence of calcium silicate hydrate has been supported by the similar XRD study on 

ordinary Portland cement (Elena and Lucia, 2012; Roy and Misra, 2018). Ettringite and 

portlandite were found in every hydration phases. Variations of the mineral components at 

time of hydration were emphasized where from silicate hydrates and aluminate hydrates 

are found (tobermorite, portlandite and ettringite). 

 

After 7 days, the greatest peaks were found in the diffractograms with respect to alite and 

tobermorite. After 28 days, the spectrum was quite higher to the spectrum after seven 

days. At the time of hydration process, values between tobermorite and portlandite stages 

are found to increase for 7 and 28 days. The phenomenon can be described in such a way 

that in the 7 days of hydration process tobermorites initiating from alite are major, that 

alite exist in greater amount than belite that is the source of portlandite that, in turn, is 

induced more gently. Supplementary portlandite is formed in time, so that at 7 days, the 

changing in between tobermorite and portlandite decreases. At 28 days, the change 

between the two compounds rises as tobermorite grows plentiful. The intensity of all the 

mineral compound of red CWP concrete specimens during hydration process was found 

greater than white CWP and cement concrete specimens. The alite and tobermorite was 

the most dominating compound found in the XRD analysis. The intensity of alite and 

tobermorite of ceramic waste (red and white) concrete was greater than control specimen. 
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4.12 Test Results of Scanning Electron Microscopy (SEM) Analysis 

 

The technique scanning electronic microscopy (SEM) executed to define materials and to 

comprehend the changes happening in mineral compounds (alite, belite, celite and 

brownmillerite) throughout their modification into hydrated mineral compounds 

(tobermorite, portlandite and etringite). To analyze the morphological development of the 

Ordinary Portland cement (OPC) and CW samples at 7 and 28 days, the scanning electron 

microscope SEM of type EVO 18 Research machine was used in the study. As the 

microscopic analysis needs the samples that are electrically conductive, the samples are 

placed in SPUTTER Coater to make the sample conductive. The machine used the gold 

conductive process. The samples were then fragmented and the analysis conducted on the 

breaking surface. The SEM analyses conducted on cement and most favourable partial 

replacement of ceramic waste powder (20% of red CWP and 15% of white CWP) 

specimens at 7 and 28 days. The presence of mineral compounds and zooming range to 

identify those compounds have been also supported by the similar SEM study on ordinary 

Portland cement (Vida-Simiti et al., 2004; Elena and Lucia, 2012). 

 

The Scanning Electron Microscopy (SEM) analyses results are presented sequentially of 

cement at 7 days in Figure 4.22. A sequential magnified image show the clear surface 

morphology of the samples as illustrated in Figure 4.22(a) to (l). After 7 days SEM 

analyses of cement samples, while alite was hydrated; tobermorite formed more and more, 

developing a continuous matrix in the form of coatings joined together. Portlandite is also 

recognized, in a hexagonal shape as presented in Figure 4.22(i). Alite and belite grains are 

little bit hydrated and yet they are still present. The most common elements found in these 

samples are ettringite as depicted in Figure 4.22(d) to (h), which is a prismatic crystals are 

typically colorless, turning white on partial dehydration and plate like structure was visible 

almost everywhere. The tobermorite (compact mass) with entringite (plate) from alite and 

belite have been observed in Figure 4.22(g) and Figure 4.22(h). A little micro-crack as 

celite and brownmillerite found in the samples and, thus diverged to dense morphology as 

illustrated in Figure 4.22(j) to (l). 
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(a) Mag = 1 KX (20 µm) 

 

(b) Mag = 5 KX (2 µm) 

  

(c) Mag = 20 KX (2 µm) 

 

(d) Mag = 30 KX (1 µm) 
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(e) Mag = 50 KX (200 nm) 

 

(f) Mag = 50 KX (200 nm) 

  

(g) Mag = 50 KX (200 nm) 

 

(h) Mag = 50 KX (200 nm) 
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(i) Mag = 50 KX (200 nm) 

 

(j) Mag = 50 KX (200 nm) 

  

(k) Mag = 50 KX (200 nm) (l) Mag = 50 KX (200 nm) 

 

Figure 4.22: SEM analysis results of cement concrete samples at 7 days. 

 

Figure 4.23 illustrated the Scanning Electron Microscopy (SEM) analyses results at 7 days 

of white CWP samples. A chronological expanded image illustrated the clear surface 

morphology of the samples as presented in Figure 4.23(a) to (i). The initial surface 

morphology has been shown in Figure 4.23(a) and Figure 2.23(b) respectively. After 7 

days SEM analyses of white CWP samples, alite was hydrated; tobermorite developed 

more and more, jointly forming a continuous matrix as like as cement samples as 



Page | 95 

illustrated in Figure 4.23(c) to (i). Portlandite is also found in these specimens. A few 

ettringite, plate like structure found here as presented in Figure 4.23(e). The surface 

morphology of the white CWP specimens showed denser morphology than of cement 

containing specimens. 

 

  

(a) Mag = 1 KX (20 µm) (b) Mag = 10 KX (2 µm) 

 

  

(c) Mag = 10 KX (2 µm) 

 

(d) Mag = 20 KX (2 µm) 
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(e) Mag = 20 KX (2 µm) 
 

(f) Mag = 30 KX (1 µm) 
 

  

(g) Mag = 50 KX (200 nm) 
 

(h) Mag = 50 KX (200 nm) 
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(i) Mag = 20 KX (1 µm) 

 

Figure 4.23: SEM analysis results of white CWP concrete samples at 7 days. 

 

Figure 4.24(a) to (i) exemplified the Scanning Electron Microscopy (SEM) analyses 

results at 7 days of red CWP samples. The surface morphology of the samples explained 

chronologically with SEM analysis image. The simple morphological surface has been 

shown in Figure 4.24(a) and Figure 4.24(b). After 7 days SEM analyses of red CWP 

samples, alite was hydrated; more tobermorite developed and jointly forming a continuous 

matrix as like as cement and white CWP specimens as illustrated in Figure 4.24(e) to (i). 

A more hexagonal shape mineral that is portlandite has been found in red CWP concrete 

than cement and white CWP specimens. A few ettringite, plate like structure has also 

observed in red CWP concrete shown in Figure 4.24(c) and Figure 4.24(d). The surface 

morphology of the red CWP specimens showed very denser and well-structured than that 

of cement and white CWP specimens. 
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(a) Mag = 500 X (20 µm) 

 

(b) Mag = 1 KX (20 µm) 

  

(c) Mag = 20 KX (2 µm) (d) Mag = 50 KX (200 nm) 
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(e) Mag = 50 KX (200 nm) 
 

(f) Mag = 50 KX (200 nm) 

  

(g) Mag = 50 KX (200 nm) 
 

(h) Mag = 50 KX (200 nm) 



Page | 100 

 

 

(i) Mag = 50 KX (200 nm) 

 

Figure 4.24: SEM analysis results of red CWP concrete samples at 7 days. 

 

Comparing the SEM analyses results of cement, white and red CWP concrete samples, it 

can be concluded that after 7 days, while alite is hydrated, tobermorite grows to a greater 

amount and develops a continuous matrix of coatings joined together. Portlandite is also 

found in hexagonal shape. Also, elements of stagnant non-hydrated alite and belite have 

been found. Ettringite begins seeming in minor quantities. Because of hydration heat, 

cracks are noticed at the scanning electron microscope investigation. The micro-cracks in 

red CWP concrete were lesser than that of cement and white CWP samples. 
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(a) Mag = 1 KX (20 µm) 
 

(b) Mag = 2 KX (20 µm) 

  

(c) Mag = 10 KX (2 µm) 

 

(d) Mag = 30 KX (1 µm) 
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(e) Mag = 50 KX (200 nm) (f) Mag = 50 KX (200 nm) 
 

  

(g) Mag = 50 KX (200 nm) (h) Mag = 10 KX (1 µm) 
 

Figure 4.25: SEM analysis results of cement concrete samples at 28 days. 
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(a) Mag = 1 KX (10 µm) 

 

(b) Mag = 10 KX (2 µm) 

  

(c) Mag = 30 KX (1 µm) 

 

(d) Mag = 50 KX (200 nm) 
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(e) Mag = 50 KX (200 nm) (f) Mag = 30 KX (1 µm) 

 

  

(g) Mag = 30 KX (1 µm) (h) Mag = 10 KX (2 µm) 
 

Figure 4.26: SEM analysis results of white CWP concrete samples at 28 days. 
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(a) Mag = 1 KX (10 µm) 

 

(b) Mag = 10 KX (2 µm) 

  

(c) Mag = 30 KX (1 µm) 

 

(d) Mag = 30 KX (1 µm) 
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(e) Mag = 50 KX (200 nm) 
 

(f) Mag = 50 KX (200 nm) 

 

 

(g) Mag = 50 KX (200 nm) 

 

Figure 4.27: SEM analysis results of red CWP concrete samples at 28 days. 

 

The SEM analyses results at 28 days have been figured out in Figure 4.25, Figure 4.26 and 

Figure 4.27 for cement, white CWP and red CWP specimens respectively. The magnified 

images are shown sequentially to describe morphology of those samples. If the samples 

kept up to 28 days, their structures have been changed, so that its surface, under a minor 

zooming condition, showed more dense in Figure 4.25(e), Figure 4.26(c) and Figure 

4.27(c) of the cement, white CWP and red CWP samples respectively. The SEM results of 
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cement concrete samples at 28 days showed huge amount tobermorite and compact mass 

as illustrated in Figure 4.25(a) to (e). From Figure 4.25(f) to (h) it has been observed that 

there is a very tiny amount of portlandite. In case of white CWP at 28 days SEM analysis 

results showed more compact mass than cement concrete as illustrated in Figure 4.26(b) to 

(h). The 28 days SEM analysis results of red CWP concrete showed better performance 

than cement and white CWP concrete. All the minerals are converted into very compact 

mass at 28 days red ceramic concrete as shown in Figure 4.27(b) to (g). On the other hand, 

slight cracks were observed because of the hydration heat, developed by the exothermal 

hydration reactions. The cement and CWP concrete samples showed more degree of 

hydration, tobermorite formulates and grows its continuous matrix obvious after the 28 

days. Moreover, portlandite was recognizable in its distinctive hexagonal form and 

ettringite in the forms of needles have been found at this age concrete as depicted in 

Figure 4.25(e) and Figure 4.26(e). After 28 days, tobermorite forms a mass that showed 

much compact and steadiness and where very little amount of belite found that have not 

yet hydrated. The surface morphology of red and white CWP concrete was more denser 

than that of cement concrete specimens. From SEM analysis, it can be revealed that the 

red CWP concrete are denser, compact and lesser micro-cracks than that of cement and 

white CWP concrete. 
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CHAPTER V 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

 

5.1 Conclusions 

 

In construction industry concrete is the most vital construction materials. The ceramic 

industry generates huge amounts of pozzolanic clay wastes every year in Bangladesh and 

worldwide. Most of these wastes are directly dumped into the landfill, increasing the 

burden on landfill loading. Reusing the ceramic wastes in concrete would be the 

sustainable solutions considering the costs of cement productions and environmental 

issues. This study investigates the mechanical properties and microscopy of concrete 

incorporating the ceramic waste as partial replacement of cement. In this research work, 

chemical composition by XRF, compressive strength test, splitting tensile strength test, 

XRD and SEM analysis were conducted on cement and partially replaced ceramic waste 

powder (CWP) concrete. The partial replacement proportions of cement by CWP (both red 

and white) were 0%, 5%, 10%, 15%, 20%, 25% and 30%. Therefore, reusing these wastes 

as a binder in concrete production could be an effective measure in maintaining the 

environment as well as the properties of concrete. 

 

Based on the results of experimental test program, the following conclusions can be drawn 

with respect to XRF analysis, mechanical properties, SEM and XRD analysis: 

 

 The XRF analysis illustrated that the existence of SiO2 and Al2O3 in CWP (both red 

and white) is almost twice of cement. Red ceramic waste powder (CWP) showed 

higher value of SiO2 and Fe2O3 compared to cement and white CWP. Besides, white 

CWP figured out higher value of Al2O3 than that of cement and red ceramic waste 

powder. The XRF analysis results of red and white ceramic waste powder showed 

satisfactory results compared to ASTM specification of Portland cement, fly ash, slags 

and control cement. 

 From the slump test of concrete, it can be stated that the increasing ceramic content 

require more water than cement content. It can also be stated that the white ceramic 
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powder require more water than red ceramic powder to obtain suitable workable 

concrete. 

 Analyzing and discussing the compressive strength test and splitting tensile strength 

test results with cement (control) specimens, it can be concluded that the partial 

replacement of cement for 20% of red CWP and for 15% of white CWP is the most 

favourable mix proportions. The partial replacement for 20% of red CWP concrete 

provide more satisfactory results than that of cement and white CWP concrete. 

 The CWP concrete showed satisfactory results up to optimum partial replacement in 

terms of strength, modulus of elasticity, stress-strain diagram and Poisson‘s ratio of 

cement concrete. From investigation it can be concluded that the modulus of elasticity 

values increased with the curing ages. Although, the modulus of elasticity calculated 

by ACI and ASTM methods have slight variations. The modulus of elasticity at 28 

days according to ACI and ASTM methods of red and white CW concrete for 20% and 

15% concrete mix were were 21.91 GPa & 20.67 GPa and 22.19 GPa & 22.45 GPa 

respectively. 

 The alite and tobermorite is the most dominating compound found in the XRD analysis 

of ceramic waste specimens. The intensity of alite and tobermorite of CWP concrete 

was greater than control specimens. 

 From the SEM analysis, it can be concluded that with the increase of curing ages the 

alite is hydrated, tobermorite developed and jointly formed a continuous matrix. 

Portlandite and ettringite found in small amounts. After 28 days, tobermorite 

developed a mass that exhibits denser, more compactness and steadiness and where 

belite found which have not yet hydrated. The density of the surface morphology was 

very solider of red and white CWP concrete than cement concrete. The red CWP 

concrete were denser, compact and lesser micro-cracks than cement and white ceramic 

concrete. 

 

Finally, it can be revealed through the mechanical and microscopic investigation that the 

ceramic waste powder (CWP) can be used as partial replacement of binder (cement) in 

concrete up to certain proportion. 
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5.2 Recommendations for Future Study 

 

For future studies about the same concept, this study suggested some recommendations. 

 

 It is suggested to perform the thermal behavior, shrinkage behavior and fire resistance 

of partially replaced ceramic waste powder (CWP) concrete. 

 To get better morphology of the samples, it is recommended to use scanning electron 

microscopy (SEM) with energy dispersive X-ray (EDX) analysis. 
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