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ABSTRACT 

 
 

A STUDY ON THE UTILIZATION OF WASTE CEMENT-BONDED 

WOOD PARTICLE BOARD AS A RAW MATERIAL AND A 

SECONDARY FUEL IN CEMENT MANUFACTURING 

 

 

Yılmaz, Mustafa 

M.Sc., Department of Cement Engineering 

Supervisor: Prof. Dr. Mustafa Tokyay 

Co-Supervisor: Prof. Dr. Abdullah Öztürk 

 

 

 
September 2012, 65 pages 

 

 

 

A considerable amount of waste is obtained as a result of edge-cutting operations during 

cement-bonded wood particle board (CBWPB) manufacturing. This waste material which 

basically contains wood chips and hydrated cement has to be disposed of and does not have 

any economical value. However, it can be burned in cement rotary kilns and may result in 

energy savings to a certain extent due to the presence of wood particles as a secondary fuel 

and since the hydrated cement may be decomposed and then reform clinker compounds 

during the calcination process.  

 

In this experimental study, the possibility of using waste CBWPB in cement manufacturing 

and its effects on energy consumption and cement characteristics will be investigated.  The 

reference mix, corrective limestone, CBWPB waste and coal, were used as raw materials to 

prepare six different raw meals whose chemical compositions was similar to reference mix. 

All six raw mixes (including the reference) were calcined under the same conditions to 

produce clinkers. The compositions and micro structure of the clinkers obtained were 

comparatively analyzed by wet analysis, XRF and XRD techniques. Cements were obtained 

by intergrinding the clinkers with 5% (by mass) gypsum rock and standard tests were carried 
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out on each of the cements. In addition to these, since CBWPB waste contains wood about 

30% by weight, its contribution to fuel consumption during clinker production was also 

analyzed. 

 

The test results revealed that CBWPB waste can be used as a cement raw material since 

CBWPB waste has the similar chemical composition with the reference raw mix.  CBWPB, 

which contains about 30% (by mass) wood, contributes to the heating process during 

calcination and results in lower amount of primary fuel requirement.  

 

Keywords: Cement-bonded wood particle board (CBWPB), clinker, burnability, secondary 

fuel. 
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ÖZ 

 
 

ATIK ÇİMENTOLU YONGA LEVHANIN ÇİMENTO ÜRETİMİNDE 

HAMMADDE VE İKİNCİL YAKIT OLARAK KULLANILMASI 

ÜZERİNE ÇALIŞMA 
 

 

Yılmaz, Mustafa 

Yüksek Lisans, Çimento Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Mustafa Tokyay 

Ortak Tez Yöneticisi: Prof. Dr. Abdullah Öztürk 

 

 

 

Eylül 2012, 65 sayfa 
 

 

 

Çimentolu yonga levha (ÇYL) üretimi sırasında yapılan kenar kesme operasyonlarında 

önemli miktarda atık ÇYL ortaya çıkmaktadır. Esas itibariyle ahşap yonga ve hidrate olmuş 

çimento içeren bu atığın halen ekonomik bir değeri bulunmadığı gibi üretim alanından 

uzaklaştırılması gereklidir. Öte yandan, söz konusu atık çimento döner fırınlarında ikincil 

yakıt ve hammadde olarak kullanılabilir. İçerdiği ahşap yongalar nedeniyle yakma enerjisinde 

tasarruf sağlayabileceği gibi hidrate olmuş çimento kalsinasyon işlemi sırasında yeniden 

klinker ana bileşenlerini oluşturabilir.  

 

Bu deneysel çalışmada, ÇYL atığının çimento üretiminde kullanılabilirliği ve enerji tüketimiyle 

çimento özelliklerine etkileri araştırılacaktır.  Referans karışım, düzeltici kalker,  ÇYL atığı ve 

kömür, kimyasal kompozisyonu referans karışıma benzer altı farklı farin karışımı elde 

etmede hammadde olarak kullanılmıştır. Bu altı karışım (referans dahil) aynı ısıl işleme tabi 

tutularak clinker üretilmiştir. Islak analiz, XRF ve XRD tekniği kullanılarak üretilen klinkerlerin 

kimyasal kompozisyonları ve mikro yapıları birbirileri ile kıyaslanmıştır. Çimentolar, 

klinkerlere ağırlıkça% 5 alçı taşı eklenip öğütülmesi ile elde edilmiştir ve üretilen her bir 

çimentoya standart testler uygulanmıştır. Bunlara ek olarak, ÇYL atığının ağırlıkça% 30 ağaç 

içermesinden dolayı, klinker üretme esnasında yakıt tüketimine de katkısı araştırılmıştır. 
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Test sonuçları, ÇYL atığının çimento hammaddesi olarak kullanılabileceğini göstermiştir 

çünkü ÇYL atığının kimyasal kompozisyonu referans hammadde karşımı ile benzerlik 

göstermektedir.  Ağırlıkça% 30 ağaç içeren ÇYL atığı kalsinayson sırasından ısıtma işlemine 

katkı sağladığından ana yakıt geresinim miktarını düşürmüştür. 

 

Anahtar kelimeler: Çimentolu yonga levha (ÇYL), klinker, yanabilirlik,  ikincil yakıt 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

1.1. General 

 

Concrete is the most commonly used construction material throughout the world.  The 

continuously growing need for concrete leads to an increase in the production of concrete 

constituents, also a very important concrete constituent is the binding material, cement. 

Increasing cement demand may cause various environmental problems during the cement 

manufacturing process, unless necessary measures are taken. The consumption of non-

renewable natural resources and greenhouse gas emissions can be given as an example for 

the environmental impacts of cement manufacturing. Sustainable cement manufacturing 

became a major concern of cement industry.  Consequently, recycling, using alternative raw 

materials and fuels, mineral admixtures are the important research subjects for cement 

manufacturing. 

 

The cement industry can be regarded as heavy industry with respect to energy and raw 

material consumption. Therefore, cement manufacturers are looking for ways of producing a 

high quality product more efficiently and at a lower unit price while at the same time reducing 

their fuel, raw material requirements and emission values. Usage of the wastes and by-

products of other industrial processes in cement industry also referred to as co-processing, 

helps in achieving these purposes. In cement industry, co-processing can be described as 

the substitution of primary fuels and raw materials with suitable waste materials or by-

products. The cement manufacturing process has the most appropriate technology with 

respect to utilization of waste materials. For the last two decades, the cement industry has 

evaluated and used a broad variety of waste materials whilst continuing to meet product 

quality and environmental requirements since the cement process has the opportunity of 

very powerful grinding and high burning condition to overcome any waste materials 

(Sustainable Cement Production, 2009). 
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In cement industry, the use of waste materials provides numerous benefits such as 

minimizing the effects of quarrying for raw materials, reducing CO2 emissions, conserving 

the non-renewable fossil fuels and reducing the disposal problems of wastes. Fly ash, silica 

fume and blast furnace slag are used as a substitute of the traditional raw materials 

extracted from quarries such as clay and limestone. Burning of waste tyres instead of 

primary fuels lead to a direct reduction of fossil fuel with CO2 emission. Use of the municipal 

wastes, such as recyclable plastics, paper and textiles; reduce disposal problems. There are 

a lot of waste examples which are used as substitutes of raw materials and fossil fuels. In 

the recent years, the number of researches on using waste materials in cement industry 

either as raw material, mineral admixtures or secondary fuel show drastic increase 

(Schreiber, 2007). 

 

Cement-bonded wood particle board (CBWPB) waste is obtained mainly as a result of edge-

cutting operations during CBWPB manufacturing. A minor amount may result as defected 

material as a result of the quality control process. This waste, which is composed of hydrated 

cement and wood particles, does not have any economic value. Furthermore, its disposal 

adds to the manufacturing cost of the CBWPB. Landfilling is the only current solution for the 

disposal of CBWPB wastes. In this study, potential use of CBWPB waste as a raw material 

and a secondary resource of heat in Portland cement clinker production were investigated as 

a means of its disposal.   

 

1.2. Objective and Scope 

 

The objective of this thesis is to determine the usability of CBWPB waste as a substitute raw 

material and as a secondary fuel source in clinker manufacturing. Considering that about 

70% (by mass) of CBWPB waste consists of hydrated cement which has a chemical 

composition similar to that of the raw material mixture of Portland cement clinker, it was 

thought that it can be calcined in the rotary kiln to result in clinker compounds. The rest of 

the waste (~30%, by mass) can be burnt under the high calcination temperature (up to 1450 

ºC). Thus, the wood portion of the waste was thought to contribute to the heat energy 

requirement and reduce the amount of fuel necessary for the clinker production. 

 

For this purpose, a commercially used raw mix was taken as the reference material. CBWPB 

waste was used to replace to prescribed proportions (5, 10, and 25% by mass) of the 

reference mix in three of the raw mixes. These mixes included some corrective limestone in 

order to obtain clinker moduli close to those of the reference raw mix. A fourth raw mix was 

prepared completely from CBWPB waste and a fifth raw mix was prepared from CBWPB and 
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limestone. All six raw mixes (including the reference) were calcined under the same 

conditions. The compositions and microstructure of the clinkers obtained were comparatively 

analyzed by wet analysis, XRF and XRD techniques.  

 

Cement was obtained by intergrinding the clinkers with 5% (by mass) gypsum rock and 

standard tests were carried out on each of the cements. The results obtained were 

comparatively interpreted. Besides these, the effect of CBWPB waste on the heat energy 

requirement during clinker manufacturing was also investigated. 

 

 

Chapter 2 includes the literature search based on the recycling methods of the demolished 

and construction wastes and related studies performed about re-utilization of the concrete 

waste as a raw meal in cement manufacturing.  

 

Chapter 3 contains raw materials characterization and their mix proportion in raw meal 

designs. Details of performed experimental procedures are explained. Raw meals 

preparation and steps of burning process related with clinker production also are given in this 

chapter. 

 

In Chapter 4, the chemical, mineralogical and physical analysis results, which explain the 

effects of CBWPB waste in clinker and cement formation as a raw material, are given. The 

calorific test result of CBWPB waste is also presented and discussed. 

 

In Chapter 5, the summary of this study and conclusions are presented with the 

recommendations for future studies. 
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CHAPTER 2 

 

 

LITERATURE REVIEW AND BACKGROUND 

 

 

 

2.1. Cement-Bonded Wood Particle Board (CBWPB) Waste  

 
Inorganic-bonded composites are defined as bonding or holding together of the 

reinforcement materials such as the particles or fibers of wood or non-wood by an inorganic 

binder like ordinary Portland cement. Among the inorganic-bonded composite family, cement 

bonded wood particle board (CBWPB) has been considered to have good mechanical 

properties such as strength,  stiffness and durability against unsuitable environmental 

conditions like fire, moisture, fungi, and insect attack.  Applications of CBWPB in the 

construction industry have been quickly accepted in many countries due to such good 

properties. Important properties of CBWPB are low density, good heat insulation and 

capability to resist exterior and interior exposure conditions, leading to its wider potential 

application for substituting traditional construction materials like concrete and brick (Wie et 

al, 2000; Wie and Tomita, 2001). 

 

As the use of CBWPB increase as construction materials, it is expected that a similar 

increase in the amount of CBWPB waste will arise. Majority of CBWPB waste has been 

occurred during the production process of CBWPB. The production process can be 

summarized as following:  

 

First of all, all raw materials which are cement (70%, by weight), wood particles (28%, by 

weight) and chemical additives, sodium silicate (1%, by weight) and aluminum sulphate (1%, 

by weight), are mixed in the mixer. After that, mixture of raw materials is spread over 

stainless steel sheets. For the curing process, after the steel sheets are stacked and 

pressed, they are driven to furnace at 60 ºC temperature for 9 hours. At this time, edges of 

the board are broadened due to the pressing and this result with weaken of edges. After the 

completion hydration process of CBWPBs, the weak and distorted edges of CBWPB are cut 

off to provide smoothness and regularity. The cutting edge pieces constitute 12% of total 
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production capacity and they are evaluated as waste materials whose ingredient includes 

wood particles bonded with hydrated cement. 

 

These waste materials may create disposal problem for the CBWPB manufacturers in the 

world as well as in Turkey. Currently, the disposal problem of these waste materials is being 

solved by dumping them to landfilling places where the municipalities permit to use for the 

construction wastes. The disposal of CBWPB waste by this method increases unit cost of the 

product.  

 

The first CBWPB was manufactured around 1970 by the Company Durisol in Switzerland. 

Until now from the first CBWPB plant production, approximately 40 more plants were 

established and put in production worldwide (Van Elten, 2006). Since production capacities 

of CBWPB producers are not known in the world, it is difficult to mention the amount of 

CBWPB waste formed. In Turkey, there is one producer of the CBWPB (TEPE BETOPAN 

INC.). The amount of the CBWPB waste from this factory ranges between 6000 and 10000 

tons per year. 

 

The presence of considerable amount of wood and the absence of aggregate in CBWPB 

waste prevent it from being used as recycled concrete. Although the CBWPB waste is 

evaluated as a construction material waste, there is not yet any known reutilization of it. The 

CBWPB waste, due to including wood particle, is softer than the other similar hydrated 

wastes such as concrete/construction and demolition debris. Therefore, there is no 

opportunity for the reutilization of the CBWPB wastes in the common recycling methods of 

concrete wastes subjected. The major difference of CBWPB waste from the concrete waste 

is the lack of aggregate so the most appropriate utilization method for CBWPB waste is 

determined among the widespread utilization methods of concrete waste.  

 

In the following sections a general review of the literature on recycled concrete is given with 

special emphasis on studies somewhat similar to the present one. 

 

2.2. The Common Recycling Ways of Construction/Concrete and Demolition Wastes 

 

There are a lot of reasons for the generation of concrete waste. Necessity of demolition of 

old buildings, which complete their service life; requirement of new building due to esthetic 

appearance; resulting from natural destructive phenomena such as earthquakes, storms, 

etc. can be given an example of reasons for the concrete waste formation (Oikonomou, 

2005).   
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Recycling construction and demolition waste is an attractive opportunity for governmental 

agencies and concrete producers. Many municipalities apply strict environmental controls 

about opening of new aggregate quarries. Both zoning condition and public suppression limit 

the likelihood or increase the cost of opening new quarries. Due to the landfill space is 

limited and scarce especially in urban areas construction demolition and waste may not be 

accepted by some landfills. This concludes that high disposal cost of construction materials. 

In addition to this, dumping fees will most probably rise with an increase of construction 

debris and a decrease number of accessible landfills. Moreover, using of conventional 

aggregates leads to an increase of cost and transport distance since scarce in aggregate 

sources will be arisen. Using recycled aggregates produced from construction demolition 

and waste removes the disposal problems such as looking for appropriate landfill space and 

hauling also, minimizes the cost of conventional aggregate (ECCO, 1999). 

 

In recent years, recycling of construction and demolition wastes is highly taken into 

consideration in most industrialized countries in that providing environmental benefits from 

their reusing. In the United States, there are no longer any legal barriers or regularity to the 

utilization of recycled concrete as aggregate in fresh concrete. In addition to this, coarse 

aggregate definition has been made in ASTM as “included crushed hydraulic cement 

concrete” since 1982. In Europe, The International Recycling Federation (FIR) is established 

for the European recycling industry of construction and demolition waste. The purpose of FIR 

is to increase the rates of recycling and improve the quality of recycling. In particularly, 

German Government published the national standard whose name is DIN 4226-1000 

Aggregates for Concrete and Mortar which includes that the guidelines for recycled concrete 

content in concrete aggregate. In Japan, first standard about utilization of recycled concrete 

had been prepared in 1977. In addition to this, Japan Government established The 

Recycling Law to prevent the increase of waste and promote recycling of beneficial 

resources in 1991. According to this regulation, construction waste, which had been 

specified as “construction by-products” in the Waste Disposal Law, was categorized into 

useful materials which were designated as “processed resources” whereas those that are 

useless were designated as “waste”. The legal regulations and published standards related 

with recycling of concrete waste in many countries can be regarded as an effective ways 

from the standpoint of promoting concrete recycling (Tamura and Noguchi, 2001). 

 

Recycling of construction and concrete waste is expanding in the world. The prevailing 

approach, which is mostly used for waste concrete, is “down-cycling”. This method roughly 

can be defined as using of crushed concrete in low-value application such as road pavement 

materials, base or fill for drainage structures, pavement sub-basements, soil stabilization, 

lean concrete, bituminous concrete, shoulders, median barriers, sidewalks, curbs, gutters, 
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etc. (Marinkovic et al., 2010). The given examples about the application areas of recycled 

construction waste show that there is no need to use a high strength concrete. These 

applications include partial replacement (up to 30% coarse recycled concrete aggregate) for 

conventional aggregate in concrete production for non-structural work. The reason why 

utilization of recycled concrete aggregate is limited in concrete production is that the using of 

recycled concrete aggregates (RCA) leads to a decrease in the mechanical properties of 

concrete (Kosmatka et al., 2003). 

 

RCA can be obtained from demolished construction structure which consists of broken 

members such as the slab, beam, brick wall and others (Oikonomou, 2005).Since the 

ingredients of these broken materials are usually obscure, like water cement ratio, kind of 

chemical additives, aggregate types (siliceous or calcareous) and size distribution, RCA is 

not appropriate for use in the production of High Performance Concrete (HPC) due to its 

relatively large water absorption capacity, unstable properties, elongated and angular shape  

and the weaker strength of recycled aggregates. According to the studies based on 

evaluation of RCA shows that the performance of recycled aggregate used in concrete has 

low workability and compressive strength (Olorusongo, 1999; Tu et al., 2006). Therefore, 

currently the uses for waste concrete are relatively unimportant place in the concrete 

industry such as road bottoming.  The utilization amount of waste concrete is nominal; 

generally, coarse aggregates without cement paste are preferable in concrete production 

(Yong, 2009). The large quantities of remaining are still dumped. Meanwhile, conventional 

aggregate resources are continuing to be consumed at a fast rate. To sum up, it is difficult to 

predict any sustainable development of construction activities while maintaining the current 

method of disposal and use (Tamura and Noguchi, 2001).  The subject of complete 

construction waste recycling is regarded as very important in the general attempt for 

sustainable development in our era. Therefore, studies of the maximum possible utilization of 

construction waste have been carried out, recently. 

 

2.3. Completely Recyclable Concrete 

 

Approximately 10 billion tons of concrete are produced by the construction industry, which 

means one ton of concrete is consumed for every human being on earth every year 

(Nagaraj, 1993; Huntzinger and Eatmon, 2009). The environmental impact of concrete is 

significant because beside the huge production of concrete, there is a considerable amount 

of concrete waste. A Concrete rubble is responsible from 40% to 67% by weight of around 

850 million tons of construction and demolition waste (C&DW), which is produced in the 

European Union (EU) each year, represents 31% of the total fast generation (Fischer and 
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Werge 2009). As mentioned before, the concrete rubble is not used commonly in structural 

constructions, but rather it is mostly used as sub-base applications and in similar low level 

applications. The reason for this situation is that the quality of recycled concrete aggregate 

does not meet the requirement of natural aggregate. Therefore, the first important issue is 

the evaluation of high amount of concrete waste in the efficient treatment. 

 

A second important issue, after the waste production, is the high emissions of carbon dioxide 

(CO2) in the construction industry and its impact on global climate referred to as a 

greenhouse effect (Naik and Moriconi, 2005).  Using concrete for the construction sector can 

contribute to the emission of carbon dioxide in many ways. Almost all construction processes 

from manufacturing, through transportation of materials and installation use energy, and 

almost all of this energy may emerge from the burning of non-renewable source. In addition 

to these, during the production process of cement clinker a chemical decomposition takes 

place in the basic ingredient whose name is limestone (calcite or CaCO3) referred to as 

calcination. Both the calcination process of CaCO3 to calcium oxide (CaO) and combustion 

of  a lot of non-renewable source  due to a high energy demand (because clinker formation 

is realized at around 1450 ºC) lead to release high emission of CO2  by clinker 

manufacturing. Worldwide, cement manufacturing accounts for 1.6 billion tons of CO2 which 

corresponds to 8% of total CO2 emission from human actions (ISO 2005). 

 

The improvement in the utilization of concrete waste such as designing of completely 

recyclable concrete introduces solution to both issues. Completely recyclable concrete 

(CRC) is described as concrete whose binders, additives and aggregates are designed to 

conform the chemical composition of cement raw meals and all of these materials can be 

used as a raw materials of cement or recyclable aggregate after hardening (Noguchi and 

Tamura, 2001; De Schepper et al., 2010).  CRC differs totally from conventional concrete 

with respect to material cycle. As shown in Figure 1, CRC  is formulated  in a closed-loop 

material cycle which means there is no generation of any waste, whereas, conventional 

concrete contributes to recycling of materials in partial amount and there is existence of 

unusable concrete waste. The purpose of CRC designing can be described as ‘resource 

conservability’. This can be succeed by reusing of the concrete constituents in the production 

of newly concrete or cement.  
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Figure 1 Material flow of recycling concrete (Noguchi and Tamura, 2001) 

 

When CRC manufacturing is preferred to conventional concrete, there is a drastic reduction 

in the production of concrete waste and emission of CO2 during cement production. Both 

contributions lead towards a more sustainable construction. At the same time, the 

exploitation of natural resources in clinker manufacturing is decreased while CRC can be 

used within the cement production without need for any adjustments. In other words, 

limestone quarries are permanently stored and accumulated in the form of constructions. 

Tomosawa et al. performed a study where 5% of conventional concrete is substituted with 

the prototype CRC (including of coarse and fine crushed limestone) annually. In this study, it 

can be seen in Figure 2 that the amount of waste concrete and CO2 emission was calculated 

versus elapsed years.  The result of this study showed that using CRC decreased the 

concrete waste amount rapidly after 50 years and CO2 emission progressively beginning 30 

years later.  



10 

 

 

Figure 2 Changes in amount of waste concrete and CO2 emission for: (a) the current 

situation using conventional concrete and (b) using 5% of CRC instead of conventional 

concrete (Tomosawa et al, 1996) 

 

2.3.1. Studies for Realizing Complete Recycling of Concrete 

 

2.3.1.1. Investigation of the Reversibility of Hydrated Cement 

Splittgerber and Mueller (2003) performed the tests which were based on the investigation 

whether the hydration of the cement is completely reversible. The purpose of this study was 

to identify the original cement used in concrete and analyze the physical and chemical 

properties of reversed hydrated cement by the heat treatment in that feasibility in recycling of 

concrete in closed circles. The latter study about “recycling on the basis of reversibility of 

cement hydration” of this research group was performed with cement paste only because in 

the ideal case aggregates are present in concrete. Since reactions between the aggregates 

and the cement paste may occur or liquid phase is formed at high temperature, burning 

process cannot effectively be realized at 1450 ºC. The studies were carried out with an 

ordinary Portland cement. The cement paste were prepared with water/cement ratio 0.4 and 

placed under water for 180 days for hydration. After the hydration, the cured cement pastes 

were dried, crushed and ground. The powdered materials were subjected to heat treatment 

at 600 ºC, 1100 ºC, 1200 ºC and 1400 ºC in an electrical furnace. The obtained secondary 

binders after the burning process were investigated with aspect of the chemical composition 

and reactivity. Besides this, compressive strength development was examined by 

manufacturing mortar prisms. 
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According to the chemical analyses results shown in Figure 3, there are only small 

differences between the original and the secondary cements. Due to the decomposition of 

calcium sulfate at high temperature, SO3 content is lower in the secondary cements at 1200 

ºC and 1400 ºC. The loss of ignition decreases in the secondary cement with increasing 

burning temperatures. On the other hand, free lime amount appears maximum at 

intermediate temperature but at higher temperature the free lime content drops below the 

limit of 2%.  

 

 

Figure 3 Loss of ignition, SO3 and free CaO content of the samples (Splittgerber and 

Mueller, 2003) 

 

These results were confirmed by the XRD analyses which were realized in the former study 

about identify the original cement used in concrete. It can be seen in Figure 4 that the 

reference cement (non-hydrated) and the sample were burnt at 1400 ºC have almost the 

same XRD diagram. According to the research group, these results concluded as that when 

the hydrated cement is burnt at clinkerization temperature such as 1450 ºC, it gives 

reversible chemical reaction. 
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Figure 4 XRD curves of the hydrated cement at different temperatures and reference 

cement (non-hydrated) (Splittgerber and Mueller, 2003) 

 

The progress of the compressive strength is shown in Figure 5. The cement pastes 

subjected to lower heat treatment at 600 ºC are investigated with regard to workability 

characteristic but we are interested in effect of higher heat treatment on compressive 

strength. As it can be seen in Figure 5, the strength of the sample burnt at 1400 ºC exceeds 

the reference cement in the considered time of hydration. This situation is explained as that 

the higher reactivity of heat treatment sample due to having larger surface area affects the 

strength development. 

 

In this study, the research group roughly summarizes the test results as the follows:  

 With respect to the pure clinker or Portland cement the reactions of hydration are 

reversible completely if the material is heated to the burning temperature of cement. 

 In the ideal case, the presence of aggregates must be taken into consideration, 

since their chemical composition will affect the reversible chemical reaction during 

burning. Therefore, it was stated by Splittgerber and Mueller (2003) that the way 

which allows a recycling without a complete separation of the cement paste and the 

aggregates should be looked for. They emphasize the necessity of further research 

about the re-hydration behavior of heat treated concrete and mortars. 
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Figure 5 Strength development of the sample (Splittgerber and Mueller, 2003) 

 

Another study about reversibility of hydrated cement was performed by Galbenis and Tsimas 

(2006). In this study, construction and demolition (C&D) wastes were used instead of cement 

paste. These wastes were identified as the Recycled Concrete Aggregates (RCA) and the 

Recycled Masonry Aggregates (RMA) which were derived from the demolished buildings in 

the Attica region of Greece. During the selection process of samples RCA and RMA, the 

chemical conformity of them to cement raw meal was taken into consideration. According to 

the chemical analyses result of RCA and RMA given in Table 1, RCA and RMA were based 

on calcareous and siliceous origin, respectively. Therefore, they were used with ordinary 

Portland cement raw meal in appropriate proportions.  

 

Table 1 Chemical composition of raw materials (Galbneis and Tsimas,2006) 

Component (%) RCA RMA Portland Cement Raw Meal 

SiO2 4.78 44.59 13.55 

Al2O3 1.32 9.70 3.31 

Fe2O3 0.67 5.48 2.55 

CaO 46.19 26.77 41.95 

MgO 1.29 2.31 1.98 

K2O 1.11 1.49 0.41 

LOI 40.36 9.14 35.12 

 

 

The mix proportions of RCA, RMA and reference raw meal were designed according to the 

chemical composition so that all produced clinker had the same lime saturation factor (LSF) 
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with the reference raw meal. The determined mix proportion and cement moduli values (LSF, 

silica modulus [SM] and alumina modulus [AM]) of mix designs are shown in Table 2 and 

Table 3, respectively. 

 

Table 2 Mix proportions of raw materials (Galbneis and Tsimas, 2006) 

Raw Materials 

Cement Raw Meals 

CRM 
Ref 

CRM 
1 

CRM 
2 

CRM 
3 

CRM 
4 

CRM 
5 

Portland Cement 
Raw Meal 

100 80 60 40 20 0 

RCA 0 15 31 46 62 77 

RMA 0 5 9 14 18 23 

  

Table 3 Cement moduli values of raw materials (Galbneis and Tsimas, 2006) 

 Cement 
Moduli 

Cement Raw Meals 

CRMRef CRM 1 CRM 2 CRM 3 CRM 4 CRM 5 

LSF 0.96 0.95 0.96 0.95 0.97 0.95 

SM 2.31 2.41 2.51 2.64 2.75 2.89 

AM 1.3 1.41 1.52 1.67 1.84 2.07 

 

The burnability study of cement raw meals was realized on the basis of free lime content 

after sintering at 1350 ºC, 1400 ºC and 1450 ºC. It can be seen in Table 4, the substitution of 

the Portland cement raw meal with RCA and RMA improves the burnability of the raw meals 

with respect to reference cement raw meal. This situation may be attributed to the fact that 

the added RCA and RMA include materials (hydrated cement) that have already been burnt 

at high temperature. The energy for the decomposition of limestone is not consumed for the 

added RCA and RMA to raw meal compositions. For that reason, they require less energy to 

produce the main clinker phases. 
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Table 4 Free lime content (fCaO) of produced clinkers (Galbneis and Tsimas, 2006) 

Cement Raw Meals 
fCaO (%) 

1350 ºC 1400 ºC 1450 ºC 

CRMRef 7.90 2.84 1.47 

CRM 1 6.21 1.64 0.99 

CRM 2 5.47 1.32 0.82 

CRM 3 4.00 1.07 0.68 

CRM 4 4.79 1.07 0.73 

CRM 5 4.06 0.88 0.71 

 

X-ray diffraction  (XRD) analyses was performed for the determination of main mineralogical 

phases, alite (C3S), belite (C2S),  aluminate (C3A), ferrite (C4AF), of produced clinkers at 

1450 ºC. Figure 6  shows the XRD patterns of the produced clinkers at 1450 ºC.  Addition of 

the RCA and RMA did not affect the mineralogical composition of the produced clinker 

because the main mineralogical phases, C3S, C2S, C3A and C4AF, are present in all clinkers. 

CRMref defined as reference clinker has the higher peak of fCaO among the clinker types. 

This result is in agreement with the results of the burnability study shown in Table 4. 
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          Figure 6 XRD patterns of produced clinkers at 1450 ºC (Galbneis and Tsimas, 2006) 

 

According to the above results, it can be concluded that RCA and RMA considered being 

applicable substitute of the Portland cement raw meal for the production of cement clinker 

without altering the chemical composition and cement moduli of the modified raw meals with 

regard to reference raw meal. In addition to this, Burnability study and XRD results show that 

addition of RCA and RMA improves the burnability of the raw meals in comparison to the 

reference raw meal. Finally, all produced clinkers have the same main mineralogical phases 

after burning at 1450 ºC (Galbneis and Tsimas, 2006). 
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2.3.1.2. The Chemical Composition Requirements for Completely Recyclable Concrete 

 

The basic recycling principle of CRC which were carried out by Noguchi et al. was based on 

that CRC is crushed until obtaining similar particle size of the cement raw meal and then 

obtained material is subjected to ingredient adjustment to have chemically the same raw 

meal composition for clinker manufacturing. Then, material is burned in the high temperature 

for calcination and sintering in the electric oven. After obtaining clinker, it was subjected to 

addition of gypsum rock and then they were ground to produce reprocessed cement. 

According to this study, the produced cement had the same physical and chemical 

properties with the conventional cement which is available on the market. The properties of 

recycled cement and recyclable concrete produced from CRC are shown in Table 5. 

 

Table 5 Properties of recycled cement and recyclable concrete made from CRC (Noguchi et 

al., 2001) 

Type of 
cement 

Density 
(g/cm

3
) 

Specific 
surface 

area 
(cm

2
/g) 

Setting 
Flow 
(mm) 

Compressive 
Strength (N/mm

2
)
 
 

Flexure 
Strength 
(N/mm

2
)
 
 

Initial 
(min) 

Final 
(min) 

3 
days 

7 
days 

28 
days 

3 
days 

7 
days 

28 
days 

Recycled 
cement 

3.13 3340 120 170 233 15 25 43 3.67 5.51 7.24 

  

Type of 
concrete 

Aggregate w/c ratio 
Compressive strength at 

28 days (N/mm
2
) 

Young's modulus at 28 days 
(kN/mm

2
) 

Normal 
strength 

Original  
0.58 

31.6 39.1 

Recycled 35.2 39.0 

High 
strength 

Original  
0.30 

67.6 48.0 

Recycled 66.8 46.5 

 

 

This research group also performed similar study but at this time CRC was designed to 

reuse in the clinker production without adding any other ingredients to adjust chemical 

composition of CRC. This was accomplished by adding by-products of other industries 

during the preparation process of CRC. Blast furnace slag and fly ash generated as 

industrial by-product can be given example of some ingredients which have been actively 

reused for cement and concrete. Since these ingredients include sufficient amounts of SiO2, 

Al2O3 and Fe2O3, concrete including several types of these by-products of industrial 

succeeds complete recyclability to produce clinker material without adding any other 

adjustment ingredients after the accepting concrete as a waste.  Thus, using of industrial by-
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products in the CRC, whose chemical composition is appropriate for the clinker production, 

which enables effectively to utilization of other waste. In Table 6, CRC was prepared with 

adding of industrial by-products such as blast furnace slag, copper slag and fly ash. Two 

types of cement were used in this study where the cement types are normal Portland cement 

and high-early-strength cement and concretes obtained from these cement types 

abbreviated as NC and HC, respectively. For the aggregate types, limestone and silica sand 

were used. 

 

Table 6 Mix proportions of CRC with adding of industrial by-products (Noguchi et al., 2001) 

Symbol w/c  
s/a 
(%) 

Unit weight (kg/m
3
) 

Water Cement 

Fine aggregate 
Coarse 

aggregate 

Lime- 
stone 

Blast 
furnace 

slag 

Silicate 
sand 

Copper 
slag 

Lime-
stone 

Fly 
ash 

NC62 0.62 46.1 179 289 680 39 128 12 713 192 

NC32 0.32 43.9 170 531 594 37 120 11 699 180 

HC62 0.62 46.1 179 289 694 31 125 7 713 192 

HC62 0.32 43.9 170 531 610 28 116 8 702 178 

Note: NC: Concrete from which normal Portland cement is produced. 

          HC: Concrete from which high-early-strength Portland cement is produced. 

 

The prepared CRCs shown in Table 6 were used for the clinker production without adding of 

any other ingredient adjustment. The physical properties such as density, specific surface 

area compressive and flexural strength of the obtained cements from the CRC were 

compared with normal and high-early-strength Portland cement. The result of this study is 

presented in Table 7. 
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Table 7 Properties of recycled cement produced from CRC without adding of any ingredient 

adjustment materials (Noguchi et al., 2001) 

Symbol 
Density 
(g/cm

3
) 

Specific 
surface 

area 
(cm

2
/g) 

Compressive Strength 
(N/mm

2
)
 
 

Flexure Strength (N/mm
2
)
 
 

1 
day 

3 
days 

7 
days 

28 
days 

1 
day 

3 days 
7 

days 
28 

days 

NPC 3.15 3380 -   -  -  -  - 28.7 43.5 60.8 

NCC 3.18 3360 -  4.5 6.3 9.1  - 19.1 29.8 60.6 

HPC 3.13 4580  - -   -  - 26.8 45.1 54.3 64.3 

HCC 3.13 4600 3.8 6.8 8..5 9.9 18.1 40.2 53.4 67.7 

Note: NPC: Normal Portland cement; NCC: cement made from NC. 

         HPC: High-early-strength Portland cement; HPC: cement made from HC.  

 

As shown in Table 7, the qualities of the obtained cements from the CRC are equivalent to 

standard Portland cement types. This study suggests that there is a technical feasibility of 

the prepared CRC with the by-product of industrials can be converted to cement with no 

need for ingredient adjustment.     

 

The following study performed by Mishulovich (2003) includes the evaluation what kinds of 

aggregates, which quarried at different locations in USA, are typically used in concretes. 

Because the chemical composition of the aggregates is the determining factor of concrete’s 

suitability for recycling. It can be safely said that concretes with predominantly including 

siliceous aggregates are useless for cement production without additional precautions since 

silica amount for the cement manufacturing is needed very little. Concrete including 

calcareous aggregates may present a greater possibility for the recycling due to its chemical 

composition having similarity in large extent with cement raw materials.  

 

In this study, aggregates types were evaluated according to geographic distribution. Among 

the 27 states in USA, 12 states have predominantly coarse calcareous with mixture of fine 

calcareous and siliceous aggregates. These 12 states aggregate types provide concretes 

most suitable for recycling. The production of clinker in the 12 states takes place almost half 

of the total capacity of USA and also there is assumption that produced most cement is used 

in concrete construction. The advantage of this situation is the relatively high percentage of 

the used concrete that can be substituted with raw material of cement without preprocessing. 

However, the research results shows that there is a limitation of using recycled concrete in 

cement raw materials due to the requirement of the mix chemical composition. Therefore, 
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this study shows that concrete with calcareous types can be used with cement raw material 

until 11.22% by mass (Mishulovich, 2003).  

 

2.3.1.3. Quality Assessment of CRC 

 

CRC is designed to be chemically similar to raw material composition for cement production 

by effectively combining limestone aggregates, industrial by-products and any kind of 

cement. For environment friendly constructions, not only the opportunity of the material’s life 

cycle, but also the quality of the final product is of considerable importance. Therefore, the 

concept of CRC could not be meaningful if CRC is less durable than traditional concrete. The 

following study performed by Schepper et al. presents the results of three durability aspects 

of two designed CRCs: chloride penetration, carbonation and freeze-thaw attack with de-

icing agent. Durability performance of CRCs is evaluated by comparing the concrete 

prescribed by NBN EN 206-1 (2000) and NBN B15-001 (2004). 

 

 In this study, limestone aggregates used as a source of CaO, the most significant oxide 

among the cement raw meal, fly ash as source of SiO2 and Al2O3, and other critical oxides 

for cement production were used by adjusting the accurate chemical composition of two 

CRCs. Two different types of cement were used due to the intention of study. CEM l 52.5 N 

and CEM lll/A 42.5 N LA cement types were used for CRC1 and CRC2, respectively. To 

succeed the most accurate chemical composition of CRC2, additional a limestone filler 

source as CaO and a copper slag as Fe2O3 source were used. The reference mixtures for 

testing the performance against carbonation, chloride penetration and freeze-thaw attacks 

with deicing agents are T(0.50), T(0.45) and T(0.45)A, respectively. The receipt and some 

physical tests results of prepared concrete types are given in Table 8. 
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Table 8 Concrete mix designs and physical properties (Schepper et al., 2011) 

Concrete materials CRC 1 CRC 2 T(0.50) T(0.45) T(0.45)A 

Limestone sand 0/4 (kg/m
3
) 614.2 790.1 -   - -  

Copper slag 0/4 (kg/m
3
)  - 32.9 -   - -  

Limestone aggregate 2/8 (kg/m
3
) 378 493.8 -   - -  

Limestone aggregate 8/16 (kg/m
3
) 666.5 329.2 -   - -  

Siliceous sand 0/4 (kg/m
3
) -  -  714 715 715 

Round gravel 2/8 (kg/m
3
) -  -  515 515 515 

Round gravel 8/16 (kg/m
3
) -  -  671 671 671 

Limestone filler -  50 -   - -  

CEM I 52.5 N (kg/m
3
) 292.5 -  320 340 340 

CEM III 42.5 LA (kg/m
3
)  - 292.5 -   - -  

Fly ash (kg/m
3
) 191.4 157.5 -   - -  

Water (kg/m
3
) 180 180 160 153 153 

Air entraining agent (ml/kg B) 2 2 -    2.24 

Superplasticizer (ml/kg B) 5.78 8.89  - 4.9 4.9 

FA/B 0.4 0.35  -     

W/B 0.37 0.4 0.5 0.45 0.45 

Slump (mm) 68 -  70 60 130 

Slump flow (mm)  - 620 -   - -  

Flow (mm) -  -  165 153 126 

Air content (%) 4 6.6 2.6 2.8 6.6 

Density of fresh concrete (kg/m
3
) 2319 2738 2369 2400 2256 

Compressive Strength (N/mm
2
) 60.38 52.75 57.85 69.28 53.23 

Note: FA/B = fly ash to binder ratio; W/B: water to binder ratio. 

 

The results of tests performed by Schepper et al. shows that durable CRC could be 

designed. Figure 7 shows the carbonation test results that the effect of carbonation on 

rebars corrosion can be overcome by using CRC1 because this concrete has better 

carbonation resistance in comparison with CRC2. 
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Figure 7 Model of carbonation depth in an environment with 1% CO2 : kenv x t
0.4

.
 
The 95% 

confidence intervals (grey lines) (Schepper et al., 2011) 

 

Regarding freeze-thaw resistance in Figure 8, CRC2 fulfills the requirements in the related 

standard due to containing higher air content.  The resistance of CRC1 against freeze-thaw 

attack with de-icing agents can be improved by using more air entraining agent. 

 

 

Figure 8 Scaling of concrete surfaces after 28 freeze-thaw cycles with de-icicng salts, after 

curing for 1, 3 and 6 months (Schepper et al., 2011) 

 

  

The chlorine ingress test were evaluated as inconclusive and advised of carrying out 

different test by research group because, as seen in Figure 9, the test results of concrete 

types show similarity with each other.  
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Figure 9 Chlorine ingress after 3, 6, or 10 weeks cyclic immersion in a NaCl solution 

(Schepper et al., 2011) 

 

This study shows that the chemical composition of CRC should not limit its applicability and 

likely numerous other compositions with extra parameter can be designed related with the 

availability of the raw materials, which is depending on geography.  However, for each type 

of designed CRC, its durability properties should be conformed (Schepper et al., 2011). 

2.4. The Feasible Way of Reutilization of CBWPB Waste 

 

The related studies with CRC show that hydrated Portland cement can be reburned in a 

rotary kiln and produce clinker phase (Noguchi et al., 2001; Splittgerber and Mueller, 2003). 

In other words, it can be possible to get back the phases of the non-hydrated original cement 

by a heat treatment. Cement matrix comprises only 12% to 17% by mass of concrete with 

balance being coarse and fine aggregates. Regarding CRC with respect to reversibility, there 

is a restriction about usage of aggregates. Since there are a widespread range of chemical 

compositions depending on the aggregate type. Only calcareous aggregate types are 

appropriate for CRC to conform the chemical composition of cement raw meal. However, 

there is no such a restriction for CBWPB waste because it contains wood chips instead of 

aggregates. During burning process of cement raw meal with CBWPB waste in rotary kiln, 

wood chips contribute the energy in some extent and, maybe this can provide a reduction in 

consumption of fuels. The rest of CBWPB waste contains only the hydrated cement paste 

after the burning of wood chips.  The existence of the hydrated cement only in CBWPB 

waste is the utmost wanted condition for recycling aspect of CRC. Since there is no longer 

any effort to adjust the chemical composition of hydrated cement due to not having any 

aggregate types.  
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Since the general trend today for the cement industries is the use of alternative raw materials 

and fuels for the manufacturing of cement, use of CBWPB waste as a raw material and fuel 

can provide the realization of this aim. This type of recycling not only reduces the 

environmental pollution and energy necessary to disposal of waste, but also it can conserve 

the virgin non-renewable raw materials and fuels. In addition to these, CBWPB waste does 

not contain any carbonates; it would require less energy and emit less air pollution gases 

such as greenhouse gas, CO2.  
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CHAPTER 3 

 

 

EXPERIMENTAL STUDY 

 

 

 

3.1. General 

 

The study of using the cement-bonded wood particle board (CBWPB) waste in cement 

manufacturing process was conducted in two different steps. In the first step, CBWPB waste 

and other raw materials, which were reference raw meal, corrective limestone and coal, were 

investigated with respect to chemical and mineralogical analyses by using X-Ray 

Fluorescence (XRF) and X-Ray Diffraction analysis methods, respectively.  By utilizing result 

of the chemical and mineralogical analysis of CBWPB waste and other raw materials, five 

different raw meals having similar chemical composition were prepared except one raw mix 

which was composed of CBWPB waste, only. These prepared five different raw meals also 

were analyzed as a chemical, particle size and burnability aspect. The feasible clinkerization 

temperature of five raw meals was determined by burnability study. After the clinkerization 

process, five different clinkers were investigated regarding mineralogical phases, chemical 

composition and microstructure. In addition to these studies, CBWPB and coal were 

analyzed regarding their calorific values. All the tests in the first step were performed at the 

research and development laboratories of Turkish Cement Manufacturers’ Association 

(TÇMB). 

 

In the second step, one more raw mix formulation was added to the determined five raw 

mixes. After the grinding of CBWPB waste in the ball mill, six raw meals were prepared in 

large quantity by mixing reference raw meal, corrective limestone, coal and ground CBWPB 

waste. Each raw meal was burned at clinkerization temperature to obtain a large amount of 

clinker. However, this process took very long time due to the furnace volume being very 

small. All clinkers were ground to similar particle size with gypsum rock to obtain cement. To 

determine the properties of fresh paste and mortar of six different cements, tests of 

consistency, slump flow, soundness, setting time were performed, and for the properties of 

hydrated six different cements, compressive and flexural tests were carried out. All the tests 

were performed at the Materials of Construction Laboratory of Middle East Technical 
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University, except that chemical and mineralogical analysis and particle size distribution of 

six different cement types were handled at TÇMB. 

 

3.2. Materials 

 

3.2.1. Cement-Bonded Wood Particle Board (CBPWB) Waste 

 

Cement-bonded wood particle board (CBPWB) has been produced by Tepe Betopan INC. 

since 1984. CBPWB composed of hydrated cement, wood chips and small amount of 

aluminum sulphate and sodium silicate as chemical admixtures which are used to remove 

the negative effect of sugar in wood chips and accelerate the curing of cement paste, 

respectively. During manufacturing of CBWPB, large amount of CBWPB waste was formed 

due to the edge cutting process. Total moisture content of CBWPB waste was nearly 9-12%. 

The CBWPB wastes used to replace the Portland cement raw meal were ground by ball mill 

so that residue at 90 µm was approximately 12%.  

 

3.2.2. Raw Meals 

 

Reference raw meal was obtained from a cement plant as raw material mixture constituting 

of limestone and clay. The materials for the raw meal were obtained from Bursa Cement 

Factory and the mixture was prepared according to the formulation that is being used in the 

same factory. Three CBPWB-incorporated raw meals were prepared by replacing some of 

the reference raw meal and adjusting the formulation so that the clinker obtained would have 

similar composition to the one obtained from the reference raw meal. One raw meal was 

completely CBPWB and another raw meal was prepared from CBPWB and limestone. 

 

3.2.3. Coal 

 

In the rotary kiln of cement factory, generally coal is used as fuel. During consumption of 

coal for burning process of raw meal in rotary kiln, considerable amount of ash forms. 

Therefore, it is necessary to add appropriate amount of coal to the raw meals prepared in the 

laboratory to simulate the conditions in the rotary kiln and the interaction of the clinker and 

ash. The coal was obtained from Bursa Cement Factory. 
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3.2.4. Limestone 

 

Corrective limestone was used in the raw meals containing CBWPB in order to adjust the 

chemical composition so that the raw meal (and consequently the clinker obtained) would 

have appropriate cement moduli such as lime saturation factor (LSF), silica modulus (SM) 

and alumina modulus (AM). Corrective limestone was obtained from Bursa Cement Factory, 

also. 

 

3.3. Raw Meals Preparation 

 

Before the preparation of raw meals, raw materials were subjected to pretreatment. First of 

all, CBWPB waste, which was used in this study, was conditioned in furnace at 40 ºC for 24 

hours to remove its excess water. This treatment was necessary to minimize and obtain 

uniform moisture content. Secondly, all constituents of raw meals were ground in a 

laboratory ball mill in order to obtain approximately 12% residue at 90 µm as in commercial 

raw meal preparation.  

 

Using different amounts of CBWPB waste as a raw material in clinker production six different 

raw meals were prepared. The first raw meal was a reference mix that is being used in a 

cement plant.  Second to fourth meals were obtained by incorporating different amounts of 

CBWPB waste to the reference mix.  In these mixes additional corrective limestone was 

used to adjust the chemical composition so that cement moduli close to those of the control 

mix are obtained.  The fifth raw meal was completely of CBWPB waste and the last raw mix 

was prepared after carrying out various tests and analyses on the first five.  Considering the 

chemical composition of RM5, it was decided to prepare another mix that will have similar 

cement moduli to those of RM1 by adding appropriate amount of limestone to RM5. This was 

called RM6 and this meal was used for producing large scale of clinkers which were used for 

the related test requiring large amount of cement sample. In the ideal case, there is ash 

content of fuel which affects the chemical reaction of raw meal during the burning process in 

rotary kiln. Therefore, to catch up this ideal condition, the necessary amount of coal was 

added to the all raw meals by considering calorific value of the CBWPB waste.  The 

proportions of the raw materials used in these mixes are given in Table 9. 
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Table 9 Amounts of materials used in the Raw Meals. 

Material (%) RM1 RM2 RM3 RM4 RM5 RM6 

RM1 100 100 100 100 - - 

CBWPB Waste - 5 10 25 100 100 

Corrective 

Limestone 
- 2.69 5.34 13.38 - 53.52 

Coal 8.62 8.56 8.52 8.36 7.63 7.63 

 

3.4. Burning Process 

 

An electricly heated furnace was used for the burning of raw meals. The first five raw meals 

(RM1-RM5) prepared in small quantity were burnt in the laboratory oven at 1200, 1300, 

1350, 1400, and 1450 °C for 1 hour in order to observe the effects of different temperatures 

on the burnability. The burnability characteristic was evaluated on the basis of the free lime. 

The amount of free lime after burning these temperatures was determined according to the 

test method described in EN 196-2.   According to the results of free lime content of raw 

meals at different burning temperatures, the feasible clinkerization temperature was 

determined.  

 

After the determination of clinkerization temperature, all raw meals including the last raw 

meal (RM6) were prepared in larger quantities necessary for the tests and analyses 

throughout the experimental work. As shown in Table 9, the ground raw materials were 

blended at specified proportions. Small amount of water (~10% by weight) was added to the 

raw mixes and the plastic mixtures thus obtained were shaped into thin bar shapes in order 

to obtain a homogeneous clinkerization in the laboratory furnace. As shown in Figure 10 and 

Figure 11, the thin bars were placed on refractory plates. 
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Figure 10 Raw mix shaped into thin bars before being fed into the furnace. 

 

 
 

Figure 11 Calcination of the raw mix in the furnace. 
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All raw meals were treated with the same heating steps. The raw meals were first heated to 

1200 °C from ambient temperature in 100 minutes. Then the raw meals were kept at this 

temperature for 20 minutes. After that, the raw meals were heated to 1300 °C at a heating 

rate of 25 °C/min and kept at this temperature for 16 minutes and then, the raw meals were 

heated to 1350 °C at a heating rate of 25 °C/min and kept at this temperature for 18 minutes. 

The last step was the heating the raw meals to the final temperature that was 1450 °C at a 

heating rate of 50 °C/min. After keeping the all raw meals at 1450 °C temperature for 18 

minutes, the sintered raw meals were taken out of the furnace and rapidly cooled in air to 

freeze the crystal structure of produced clinkers. 

 

3.5. Cements Produced 

 

Each of the clinkers obtained from sintering of the raw meals was interground with 5% (by 

weight) gypsum rock in a laboratory ball mill to obtain the cements.  Grinding was carried out 

until a Blaine fineness of 4000-4500 cm
2
/g was attained. 

 

3.6. Tests on Raw materials 

 

Chemical and mineralogical compositions of the raw materials and raw meals, the burnability 

and the heat requirement of the raw meals were comparatively determined. 

 

3.6.1. Chemical Composition, Burnability and Mineralogical Analyses 

The raw materials and prepared raw meals were evaluated for their chemical composition by 

X-Ray Fluorescence (XRF) test method described in EN 196-2  

 

Free lime amount after burning at different high temperature was determined by ethylene 

glycol method (Acidimetric). 

 

The loss on ignition tests of the raw materials were carried out in a furnace at 975 °C by 

applying the test method described in EN 196-2. 

 

Ground raw materials were investigated with the respect to mineralogical phases by X-Ray 

Diffraction (XRD). 

 



31 

 

3.6.2. Calorific Analysis  

 

CBWPB waste consists basically of 70% hydrated cement and 30% wood chips, by weight.  

Therefore, when it is used as a constituent in the raw feed for cement, it also provides in 

some extent of heat with fuel. The calorific value, moisture content, ash amount, total sulfur 

and hydrogen of CBWPB waste and the reference coal were determined by calorimetric 

analyses methods which are described in ISO 1928 and ASTM D 5865. 

 

3.6.3. Physical Analysis 

 

After the grinding of raw materials, sieve analyses were carried out according to the test 

method described in TS EN 196-6. The prepared raw meals were also investigated with 

same method before feeding into the electrical furnace. 

 

3.7. Tests on the Clinkers Produced 

 

3.7.1. Chemical, Mineralogical Analyses 

 

The produced clinkers from the six different raw meals were investigated with respect to 

major oxides by XRF. The working principle of XRF is the emission of characteristic X-rays 

of oxides from the materials in the raw meals that has been excited by bombarding with high-

energy X-rays.  

 

X-ray diffraction (XRD) is a common analytical technique for phase identification of 

crystalline materials. It is based on detecting the scattered intensity of an X-ray beam hitting 

a sample as a function of scattered angle. The XRD pattern of a material can be considered 

as its finger print. Therefore, XRD was used for confirmation of alite, belite, aluminate and 

ferrite phase formation in the clinkers produced. All clinkers were analyzed with 

CuKα=1.5406 Aº
 
radiation in the scanning range from 5º to 65º in 2θ scale with 1º/min 

scanning rate. 

 

A polarizing microscope was used for investigating the morphology and phase distribution in 

the clinkers produced. Incident light model polarizing microscope was used in this study. 

 

http://en.wikipedia.org/wiki/X-rays
http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Intensity_%28physics%29
http://en.wikipedia.org/wiki/X-ray
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3.7.2. Density and Fineness 

 

Density of six types of cements obtained by grinding 5% gypsum rock with 95% clinker 

produced was determined by using Le Chatelier flask apparatus in accordance to EN 196-6. 

The fundamental principle of this method is that kerosene is filled to Le Chatelied flask’s 

particular level and then weighed cement approximately 64 g was added into flask. The 

displacement of kerosene in graduated cylinder gives the volume of the added cement. 

Finally, dividing the weight of the cement to the calculated volume gives the density in the 

g/cm
3
 unit.  

 
The fineness of the cements was determined by Blaine air permeability apparatus according 

to the EN 196-6 standard test method. The working principle of the Blaine apparatus is 

based on measuring the time of liquid passing two specific level intervals by passing of air 

through the squeezed cement powder. The fineness of cement was determined in cm
2
/g unit 

by dividing the calculated total surface area to the weighed cement amount.  

 

3.7.3. Particle Size Distribution 

 

Particle size distributions (PSD) of cements were determined by a laser diffractogram. The 

method is based on analysis of diffracted light produced when a laser beam passes through 

a dispersion of cement particles in air. The diffracted light’s angle increases as particle size 

decreases and vice versa.  

 

The PSD of the cements can be significant for understanding their physical and chemical 

properties. They affect the strength development of cements since particle size affects the 

reactivity of cement during hydration.  

 

3.7.4. Flow Diameter 

 

This test method is to measure the free flowability of fresh concrete in horizontal directions 

without any obstacles. This test was carried out according to ASTM C230 / C230 M 

standard.  
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3.7.5. Consistency and Setting Time 

 

Consistency test is carried out to determine the amount of water to be mixed with cement. It 

is necessary to produce a cement paste of standard consistency since content of water 

present in the cement paste may affect the setting time.  

 

The initial setting time is the interval between the mixing of the cement with water and the 

time when the paste begins to stiffen considerably. It specifies roughly the end of the period 

when the wet mix can be molded into shape. The final setting time is that the cement has 

hardened to the point at which it can bear some load. The consistency and setting time test 

were conducted according to the EN 196-3 standard.  

 

3.7.6. Soundness 

 

The preferred condition in the cement paste is to keep the original volume as soon as 

possible after it has set. However, when excessive amounts of free calcium oxide and 

magnesium oxide are present in the cement paste; there is enlargement of the hardened 

cement paste volume due to the products of free oxides reaction with water. Therefore, to 

determine the free oxides in cement samples the soundness test was conducted by using 

the Le Chatelier apparatus according to the EN 196-3 standard.  

 

3.7.7. Flexural and Compressive Strength 

 

The cement mortars were prepared with mixing of 1 part cement, 3 parts standard sand and 

0.5 part water, by weight. For each cement type, mortars were prepared and filled in nine 

molds whose dimensions were 4 cm width, 4 cm height and 16 cm length. The mortars were 

cured in water bath at a temperature of 20 ºC for 2, 7 and 28 days. Three mortar bars were 

used for each curing time. Firstly, the flexural test was conducted to mortar bars which were 

placed on two supports that were 10 mm apart from each other. A force (Ff) was applied until 

the mortar bars breaking or cracking at the middle. The flexural strength (Rf) of each mortar 

was calculated by using Equation 3.1. The average of the results calculated by testing of 

three specimens was expressed as the flexural strength. 

   

   
        

        
 

(3.1) 
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Where l is the support length (equal to 100 mm in this test), b and d the average width and 

depth of the mortar specimen respectively, and Ff is the maximum force. All the dimensions 

are in mm, the force is in Newton and the flexural strength is in N/mm
2
. 

 

The compressive strength test was conducted with the remaining pieces after the flexural 

test. The compressive test samples should be dimension of 4 cm x 4 cm x 4 cm cube so 

broken mortar bars for flexural test were appropriate to this condition. The samples were 

placed between the metal pieces (4 cm x 4 cm x 1 cm) for test. The samples behaved as if 

they were a cube whose dimension was 4 cm under the compressive of the metal pieces. 

After the finding maximum force (Fc) bearing of breaking or cracking the samples, the 

compressive strength (Rc) was calculated by dividing the force to cross sectional area (Ac) 

through Equation 3.2. The average of the results calculated by testing of six specimens was 

expressed as the compressive strength. 

 

   
  
  

 
(3.2) 

         

Where Fc is the maximum force, 1600 comes from cross-sectional area of specimen (40 mm 

x 40 mm). All the dimensions unit is in mm, the force is in Newton and the compressive 

strength is in N/mm
2
. 

 

The flexural and compressive strength tests were conducted according to the EN 196-1 

standard. 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

 

 

4.1. Chemical and Mineralogical Analysis of Raw Materials 

 

The chemical composition of the CBWPB waste, the reference raw mix (RM1), limestone 

and the ash of reference coal are presented in Table 10. Cement moduli values such as 

Lime Saturation Factor (LSF), Alumina Modulus (AM) and Silica Modulus (SM) also are 

given in Table 10.   

 

 
Table 10 Chemical compositions and moduli of the Raw Materials used. 

% Chemical 

Composition 
CBWPB RM1 Limestone 

Ash of Reference 

Coal 

SiO2 19.30 13.02 0.59 42.51 

Al2O3 4.12 3.83 0.24 19.30 

Fe2O3 1.70 2.11 0.13 7.24 

CaO 34.06 44.27 55.09 15.63 

MgO 1.36 0.87 0.69 2.09 

SO3 2.36 0.07 0.04 8.45 

Na2O 0.83 0.27 0.04 0.31 

K2O 0.48 0.30 0.21 1.82 

TiO2 0.18 - - 0.94 

LOI 35.84 35.28 42.74 0.84 

Cement Moduli 

LSF 83.76 104.54 -  

SM 3.32 2.19 1.59 1.60 

AM 2.42 1.82 1.85 2.66 
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The XRD analyses of the raw materials were also carried out.  Majority of CBWPB sample 

was consisting of cement hydration products (C-S-H gel, Ca(OH)2, ettringite).  Besides 

these, unhydrated cement compounds (alite, belite, aluminate and ferrite), quartz, feldspar, 

and calcite phases were detected.  The reference raw mix (RM1) contained calcite, quartz, 

feldspar and clay minerals (ferroactinolite, muskovite, and kaolinite).  Limestone was 

basically calcite. The reference coal contained unhydrated calcium sulphate, quartz, 

hematite and ilite phases.  

 

4.2. Mix Proportions and Properties of Raw Materials 

 

The raw mix calculation methods are based on proportioning the raw materials to obtain a 

proper combinability which is the ease of reaction of raw materials to form clinker 

compounds.  There are several different moduli proposed based on the above assumption.  

Among them, LSF is the most commonly used one and calculation of LSF value is shown in 

Equation 4.1. 

   
 

    
       

                           
 (4.1) 

  
 
The reference raw meal (RM1) had an LSF equal to 104.54.  The rest of the meals prepared 

by incorporating CBWPB waste were such proportioned that their LSF values be close to 

that of the reference meal, except for RM5 which was only CBWPB. Table 11 shows the 

chemical compositions of the raw meals and the computational determination of LSF, SM 

and AM. 
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Table 11 Chemical compositions of the raw meals and calculated values of LSF, SM and AM 

% Chemical 

Composition 
RM1 RM2 RM3 RM4 RM5 

SiO2 13.02 13.00 12.98 12.93 19.30 

Al2O3 3.83 3.75 3.67 3.42 4.12 

Fe2O3 2.11 2.04 1.96 1.74 1.70 

CaO 44.27 44.05 43.83 43.17 34.06 

MgO 0.87 0.89 0.91 0.97 1.36 

SO3 0 0.18 0.30 0.64 2.36 

Na2O 0.27 0.29 0.31 0.38 0.83 

K2O 0.30 0.31 0.31 0.33 0.48 

LOI 35.28 35.51 35.73 36.20 35.84 

Moduli 

LSF 104.54 104.52 104.45 104.35 56.76 

SM 2.19 2.25 2.31 2.50 3.32 

AM 1.82 1.84 1.87 1.96 2.42 

 
 
It can be clearly seen from Table 11 that LSF values of raw meals were kept constant at 

~104 except in RM 5. It is especially significant for LSF value to be same and constant since 

it plays an important role in the burnability of raw meals (Galbenis and Tsimas, 2006). 

Burnability studies were carried out on the basis of free lime contents after clinkerization 

temperature. If there is any difference among LSF values in beginning of raw meal 

preparation, the calculation of free lime content after burning process could not give any idea 

about burnability characteristic of the raw meals. Therefore, SM ve AM show the little 

difference from each other. Although SM and AM values are in the acceptable range, their 

values increase with the amount of CBWPB waste in the raw meals. 

 

The prepared raw meals were analyzed according to the particle dimension by using 90 µm 

and 45 µm sieve. Their residue at 90 µm and 45 µm are approximately 12% and 20%, 

respectively and sieve analysis result is shown in Table 12. 
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Table 12 Sieve analysis results of the raw meals. 

Raw Meals  90 µm (%) Residue  45 µm (%) Residue 

RM1 13.0 19.6 

RM2 12.6 20.4 

RM3 14.0 21.6 

RM4 12.0 20.7 

RM5 8.1 20.5 

 

4.3. Burnability Analysis of Raw Meals 

 

The raw mixes prepared were heated in the laboratory oven to temperature of 1200, 1300, 

1350, 1400, and 1450 °C and the amount of free lime after each heat treatment was 

determined since the reactivity of cement raw meals was evaluated on the basis of the free 

lime amount.  The results obtained are given in Table 13.   

 

 
Table 13 Free CaO content of the Raw Meals calcined at different temperatures 

Raw Meals 
Free CaO (%)  at different calcination temperatures 

1200 °C 1300 °C 1350 °C 1400 °C 1450 °C 

RM1 17.78 8.05 5.71 4.62 3.49 

RM2 17.62 8.85 5.52 5.32 3.80 

RM3 18.86 8.75 6.12 5.27 3.77 

RM4 18.50 8.63 6.58 5.56 3.84 

RM5 0.74 0.68 0.57 0.37 0.23 

 
Since the minimum free CaO contents for each raw meal were obtained at 1450°C, 

calcination processes to obtain the clinkers were carried out at this temperature where free 

CaO reacts with SiO2 much more. 

 
 

4.4. Preliminary Characterization of the Clinkers   

 

After the determination of the feasible clinkerization temperature, in small quantity of the 

clinkers were produced by sintering of raw meals at 1450 °C. The chemical compositions, 

the cement moduli, and the compound composition of the clinkers obtained are given in 
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Table 14. K1 represent the clinker obtained from RM1 and others show similar abbreviation 

designation (K2-RM2; K3-RM3; K4-RM4 and K5-RM5).  

 

 
Table 14 Chemical compositions, cement moduli and Compound composition of the clinkers 

Constituent (%) K1 K2 K3 K4 K5 

SiO2 20.64 20.41 20.42 20.51 28.44 

Al2O3 6.14 6.05 6.01 5.83 7.33 

Fe2O3 3.50 3.37 3.31 2.98 3.09 

CaO 67.48 67.56 67.66 67.59 53.10 

MgO 1.29 1.28 1.33 1.45 1.94 

SO3 0.24 0.47 0.31 0.12 1.54 

Na2O 0.20 0.20 0.22 0.21 1.07 

K2O 0.44 0.54 0.56 0.58 0.70 

LOI 0.11 0.11 0.07 0.16 0.04 

Free CaO 3.49 3.80 3.77 3.84 0.23 

Moduli 

LSF 100.25 101.63 101.87 102.03 58.8 

SM 2.14 2.17 2.19 2.33 2.73 

AM 1.75 1.80 1.82 1.96 2.37 

Compound Composition 

C3S 57.39 58.99 59.80 60.22 - 

C2S 15.88 14.01 13.43 13.37 81.55 

C3A 10.35 10.33 10.33 10.41 14.20 

C4AF 10.65 10.25 10.07 9.07 9.42 

 
 
As it can be seen in Table 14, LSF of the clinker obtained from the reference raw mix is 

100.25.  LSFs of the other clinkers (K2-K4) are close to that of the reference clinker except 

K5.  This was aimed in preparing the raw mixes so that the compositions of the clinkers 

would be similar for comparison purposes.  K5 was obtained only from the CBPB without 

using any corrective limestone.  Therefore its LSF is much different from the other four 

clinkers. 

 

LSF is a ratio of CaO to the other three main oxides (SiO2, Al2O3, and Fe2O3).  It controls the 

ratio of alite (C3S) to belite (C2S).  In other words, a clinker with a higher LSF has a higher 
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proportion of alite to belite than a clinker with lower LSF.  Typical LSF values in commercial 

clinkers are 92-98.  Values above 100 indicate that free lime is likely to be present in the 

clinker.  In practice, the mixing of raw materials is never perfect and there are always regions 

within the clinker where LSF is locally a little above or a little below the targeted value.  This 

means that there is always some free lime in the clinker even if LSF is well below 100.  It 

also means that LSF values slightly above 100 are preferred so that maximum possible 

amount of alite is obtained (Duda, 1985). On the other hand, high LSF values may affect the 

burnability (combinability) of the clinker adversely. 

 

The LSFs of the raw meals and consequently the LSFs of the clinkers were so adjusted that 

the alite content of the clinkers increased as shown in Table 14.  Since no corrective 

limestone was used in RM5, K5 obtained from this raw meal had a LSF of 58.8 which is 

much lower than the common values of commercial clinkers.  Obviously, this led to a belitic 

cement without any alite formation.   

 

Two other common moduli used to characterize clinkers are Silica Modulus (SM) and 

Alumina Modulus (AM) which are calculated by the formula given in Equation 4.2 and 4.3, 

respectively. 

 

   
    

           
 (4.2) 

 

   
     
     

 (4.3) 

 

 

 

Generally, SM in commercial clinkers lies between 1.9 and 3.2.  A high SM means that more 

calcium silicates (C3S and C2S) are present in the clinker and less aluminate (C3A) and 

ferrite (C4AF).  SM is also important for the calcination process.  High SM values impair the 

burnability of the clinker by reducing the amount of liquid phase.  Besides, increases SM 

would increase the tendency of coat formation in the rotary kiln which is undesirable from 

operations point of view. Furthermore, increasing SM causes slower setting and hardening of 

the cement (Duda, 1985). The ratio of SM represents the burnability of raw meals. The 

burnability affects how much energy is used in the system. As SM increases, it becomes 

harder to burn and as a result of this, harder to combine the raw materials into cement 

phases. As stated in the burning scheme of raw meals, all raw meals were treated in the 

same manner. In fact, free lime content of raw meals incorporated with CBWPB waste 
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should have been much higher than the given values in Table 13 due to the having higher 

SM. However, for all raw meals except RM 5 have almost same free lime content at each 

temperature. The burnability improvement may be assigned to the fact that the added 

CBPWB waste (can be called as hydrated cement), which have already been burnt at high 

temperatures, had lower free lime content at each temperature.       

 

All the clinkers obtained in this investigation had reasonable SM values (2.14-2.73) although 

CBPWB waste incorporation caused increases proportional with the amount of CBPWB 

waste.  On the other hand, it should be noted that although the SM of K5 is higher than those 

of the other five clinkers, the liquid phase of this clinker is also higher.  Considering that the 

liquid phase which is basically composed calcium aluminates and calcium aluminoferrites, 

acts as a flux during the clinkering process, it can be stated that CBPWB waste use as a 

cement raw material does not seem to cause any operational problems in the rotary kiln. 

 

The values of AM are generally in the range of 1.5-2.5.  It may be as low as 1.0 and as high 

as 4.0.  AM determines the relative proportions of aluminate (C3A) and ferrite (C4AF) phases 

in the clinker.  An increase in AM means there will be more aluminate and less ferrite in the 

cement.  A high AM together with a low SM results in rapid setting (Duda, 1985). 

 

The Alumina Modulus of the clinkers in this investigation is within the general range.  

CBWPB incorporation caused increases in AM proportional with the amount of CBWPB 

used. 

 

The compound compositions of the clinkers produced indicate that all, except K5, are typical 

high quality Portland cement clinkers.  High C3S content of these clinkers make them 

suitable for high early strength cement production.  K5, on the other hand, has no C3S.  All 

the calcium silicate is in the form of C2S which would result in cement with low early strength, 

and low early heat of hydration. 

 

The microstructures of the clinkers obtained were also analyzed through polarized 

microscopy.  Figure 12 -Figure 15 show the microstructures of K1-K4, respectively.  In the 

figures, porous structures composed of alite (brown), belite (blue) clusters and liquid phase 

(white and gray).  Small black particles are free lime. As it was given in Table 14, these 

clinkers consisted of alite, belite and liquid phase.  They all had similar structures.  K5, on 

the other hand consisted of belite and liquid phase, without any alite, as shown in Figure 16.  
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Figure 12 Microstructure of clinker K1 

 

 
 

Figure 13 Microstructure of clinker K2 
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Figure 14 Microstructure of clinker K3 

 

 
 

Figure 15 Microstructure of clinker K4 
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Figure 16 Microstructure of clinker K5. This clinker is basically composed of belite (blue).  

The grayish white background is the liquid phase 

 

4.5. Characterization of the Clinkers Obtained  

 
To carry out compressive strength, consistencies, setting time, slump flow diameter and 

soundness tests, large amount of clinkers were needed. Therefore, large amount of clinkers 

were obtained in electrical furnace and then ground with gypsum rock in the ball mill. For 

large scale ckinker production process, clinkers were obtained according to the raw mix 

proportions shown in Table 9. In addition to the five raw meals, one more different raw meal 

also was prepared for large scale study. This new raw meal was called as RM6 and the 

clinker obtained from this raw meal called LK6.  

4.5.1. Chemical Properties 

 

The results of the chemical analyses, the cement moduli, and the compound composition of 

the clinkers are shown in Table 15. Since LK5 was formed completely from CBWPB waste 

its chemical composition was totally different than the other four clinkers. Therefore, LSF 

value of LK5 is much lower than other clinkers. To increase LSF value of K5 clinker, RM6 

was prepared by adding corrective limestone. After clinkerization process of RM6, LSF value 

of LK6 was calculated as 100.93. Alite (C3S) formation is observed in this clinker because 

50 µm 
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excess silica in CBWPB waste reacts with the calcium oxide whose resource is corrective 

limestone. However, the alite formation in LK6 is lower than reference clinker, LK1. There 

are two reasons underlying this condition. One of them is that LK6 clinker has lower LSF 

value when compared with reference clinker and other is that highest SM value is seen for 

LK6 clinker, this situation affects the good burnability process because high SM value 

obstructs the formation liquid phase where CaO and silica come together and react with 

each other. 

 

Table 15 Chemical composition, cement moduli and Compound composition of clinkers 

% Constituent LK1 LK2 LK3 LK4 LK5 LK6 

LOI 1.50 1.69 1.71 1.89 0.83 2.30 

SiO2 18.80 18.71 18.14 17.84 27.43 19.79 

Al2O3 6.08 5.86 5.59 5.27 7.23 5.08 

Fe2O3 3.43 3.38 3.22 3.04 3.53 2.24 

CaO 65.62 65.50 65.40 65.68 53.67 63.45 

MgO 0.97 1.03 1.23 1.31 2.07 1.26 

SO3 2.54 2.68 2.96 2.93 3.12 4.16 

Na2O 0.64 0.80 0.78 0.90 1.44 1.17 

K2O 0.06 0.23 0.32 0.43 0.65 0.48 

Cl
-
   0.0011 0.0011 0.0013 0.0019 0.0017 0.0008 

Free CaO 3.00 4.04 4.71 7.14 0.69 5.92 

insoluble residue 0.30 0.27 0.22 0.19 0.91 0.24 

Total Alkali 

equivalent of Na2O 
0.68 0.95 0.99 1.18 1.87 1.49 

Moduli 

LSF 105.76 106.50 109.95 112.96 61.25 100.93 

SM 1.98 2.02 2.06 2.15 2.55 2.70 

AM 1.77 1.73 1.74 1.73 2.05 2.27 

Compound Composition 

C3S 59.01 56.13 58.57 54.59 0 34.57 

C2S 9.38 11.3 7.82 9.97 78.64 30.66 

C3A 10.31 9.81 9.37 8.82 13.19 9.67 

C4AF 10.44 10.29 9.8 9.25 10.74 6.82 

 

 
A loss of ignition value of cement types is proportional to added amount of corrective 

limestone. As shown in Table 9 and Table 15, loss of ignition values increase with the added 
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amount of corrective limestone to the raw meals. This situation can be concluded that 

burning process is not sufficient to decompose of all CaCO3 to CaO and CO2.  LK5 has 

already burnt at high temperature because it obtained totally from CBWPB waste which 

includes the hydrated cement. Therefore, it has got the lowest loss of ignition value. 

 

4.5.2. Mineralogical Compositions and Microstructures 

 

Figures 11-16 show the XRD analysis of the produced clinkers (burnt at 1450 ºC).  It should 

be easily noticed that the main clinker mineralogical phases, which are C3S, C2S, C3A and 

C4AF, are present in all clinkers except K5. XRD patterns suggest explain that the addition of 

the CBWPB waste did not affect the mineralogical composition of the produced clinkers 

unless cement moduli are adjusted in desired limits.  

 

The amount of the formed C3S phase in clinkers is related with LSF and SM values of raw 

mixes. Higher LSF value increase C3S amount in clinker but higher SM moduli affects 

formation of C3S negatively. Therefore, C3S amount shows differences in LK1, LK2, LK3 and 

LK4 clinker types. 

 

When LK5 is evaluated with respect to mineralogical phases, amount of alite is not detected 

by chemical analysis and XRD. It can be noted in Figure 21, there is too little peak of alite 

phase. This situation can be explained that there is not available enough free lime amount 

for the reaction of belite with CaO to form alite. This situation can be understood by 

examining the cement moduli of raw mixes. LSF value of RM5 was the lowest one among all 

raw mixes. As shown in Table 15, the lowest free lime content takes place in LK5. For the 

production of CBWPB, CEM II/ B-M (P - L) 32.5 R cement type is used. This type of cement 

includes clinker in range of 65-75% and rest of it is additives. It can be noted in Table 10  

that additives are formed from siliceous material in large extent since ratio of CaO/SiO2 is 

lower than 2. The hydration was reversed completely by a heat treatment but reversibility 

can be achieved only for the belite phase due to having large amount of SiO2. To increase 

ratio of CaO/SiO2 in LK5, particular amount of the corrective limestone was added whether 

there was formation of alite phase. Both XRD and chemical analysis reveal that remarkable 

extent of alite phase was formed. CBWPB waste contains approximately 70% hydrated 

Portland cement by mass. After applying burning process to raw mixes, main mineralogical 

phases existence were confirmed by the test results. This situation shows that the chemical 

reaction of Portland cement with water is reversible as long as the heating is realized at the 

burning temperature of cement. 
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Figure 17 XRD Pattern of LK1 

 

 

 

Figure 18 XRD Pattern of LK2 
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Figure 19 XRD Pattern of LK3 

 

 

Figure 20 XRD Pattern of LK4 
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Figure 21 XRD Pattern of LK5 

 

 

 

Figure 22 XRD Pattern of LK6 
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The microstructures of the clinkers obtained in large amount were also analyzed through 

polarized microscopy.  

 

Figure 23 - Figure 28 show the microstructures of LK1-LK6, respectively.  In the figures, 

except LK5, all clinker types composed of alite (brown), belite (blue) clusters, free lime and 

liquid phase (white and gray). Belite and  Small black particles which belong to free lime 

were observed in LK5.  According to the microstructures analyses of clinkers, LK1 and LK2 

had a similar phase distribution and also, LK3, LK4 and LK6 had larger amount of free lime 

than LK1 and LK2. It can be seen in Figure 28 of LK6 that shapes of crystal structures had 

some distortion and liquid phase was observed to be formed the crystal structure. In addition 

to these, dimension of alite and belite phases could be considered as a normal for LK1 and 

LK2 but in LK3, LK4 and LK6, they were observed in the small crystal structures.  

 

 

 

 

Figure 23 Microstructure of clinker LK1 

 

 

50 µm 
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Figure 24 Microstructure of clinker LK2 

 

 

 

Figure 25 Microstructure of clinker LK3 
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Figure 26 Microstructure of clinker LK4 

 

 

 

Figure 27 Microstructure of clinker LK5 
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Figure 28 Microstructure of clinker LK6 

 

4.5.3. Physical and Mechanical Properties 

 

4.5.3.1. Density, Fineness and Particle Size distribution 

 

After addition of% 5 gypsum rock to all clinker types by weight, cements were produced 

same fineness by grinding them in the ball mill. The obtained cement from clinker is 

designated as “C” and this designation takes the number of clinker type. For instance, C1 is 

the cement type obtained from clinker, LK1.  

 

Density, fineness and mean particle size (d50) of cement types are presented in Table 16. As 

seen in Table 16, Addition of CBWPB waste does not make difference in density among 

cement types since the wood particles were burnt during clinkerization process and 

remaining of waste was the hydrated cement whose density is similar to the reference 

clinker.  When the fineness values and mean particle size (d50) are compared, all cement 

types have nearly same analysis results. Also, fineness and mean particle size results show 

similar results.  However, there are little differences with respect to fineness in cement types 

whose effects will be evaluated in the mechanical properties.  

50 µm 
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Table 16 Density, fineness and mean particle size of cement types 

Properties C1 C2 C3 C4 C5 C6 

Density (g/cm
3
) 3.12 3.11 3.10 3.09 3.15 3.10 

Specific Surface Area (cm
2
/g) 5190 4910 4820 4600 5050 4470 

Mean Particle size (d50. µm) 8.20 9.03 9.17 9.87 10.13 11.45 

 

As seen in Figure 29, particle size distribution of cement types show similarity with each 

other.  

 

 

Figure 29 Particle size distribution of cement types 

 

4.5.3.2. Consistency, Flow and Setting Time 

 

In Table 17 the flow diameters, water requirements for normal consistency and setting time 

of the cements produced are summarized. 
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Table 17 Slump flow, consistency and setting time of cement types 

Cement Types 
Slump Flow 

Diameter (cm) 

Water 
Requirement 

(%) 

Initial Setting 
Time (minute) 

Final Setting 
Time (minute) 

C1 16 29 70 110 

C2 14.5 28.8 60 95 

C3 14.5 29.2 50 90 

C4 15 28.2 40 75 

C5 18 26.6 40 100 

C6 13.5 29.2 30 65 

 

The reference cement type, C1, and others have rather similar results. Only the setting time 

parameters show remarkable differences of cement types. The reason can be the higher 

portion of free lime amount. As shown chemical analyses results in Table 15, while free lime 

content increases with the increasing number of clinker, setting time values decreases, 

except C5 due to the having lowest free lime content. Increasing of free lime amount in 

cement shortens the initial and final setting time. It should be remarked that initial and final 

setting time decreased from C1 to C4 cement type because the amount of free lime content 

in C1, C2, C3 and C4 cement types shows differences and increases from C1 to C4 cement 

type. The cement type of C5 considerably differs from the others since its chemical 

compound composition does not have an alite phase which plays an important role in the 

early strength development. C5 has low reactivity with water that is why it has large flow 

diameter, low water requirement.  

 

4.5.3.3. Soundness and Mechanical Properties 

 

The results of hardened properties of cement types that are soundness, flexural and 

compressive strength shown in Table 18. Flexural and compressive strength of the cement 

types were determined at 2, 7, and 28 days. Soundness results are relevant with the amount 

of free lime and MgO. As seen in Table 15, amount of free lime and MgO are presented in 

K4 and K6. Therefore, C4 and C5 have larger soundness value than other. 

 

There are lots of parameters which affect the mechanical properties of cement. The 

mineralogical phases, total alkali equivalent of Na2O and fineness of cement can be given an 

example of some of the parameters. Therefore, while the evaluation of mechanical 

properties of cements is carried out, these parameters will be considered.  
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Table 18 Soundness, flexural and compressive strength of cement types 

Cement 
Types 

Soundness 
(mm) 

Compressive Strength (MPa) Flexural Strength (MPa) 

2 days 7 days 28 days 2 days 7 days 28 days 

C1 1 32.9 48.0 55.3 5.8 6.9 7.8 

C2 1 31.2 44.7 53.4 5.8 6.9 7.3 

C3 1 32.3 45.1 50.7 5.6 7.1 6.9 

C4 2 30.4 41.5 44.9 5.2 6.4 6.5 

C5 1 2.0 2.2 3.2 1.0 0.8 1.2 

C6 6 18.0 27.3 37.1 3.4 5.0 6.4 

 

 

C1 is the reference cement type. It can be seen in Table 14 that; C1 has the largest amount 

of alite phase among other cement types. As mentioned before, alite phase plays an 

important role in early strength of concrete (Kuleli, 2009). In addition to this, fineness of 

cement significantly affects the rate of reaction of cement phases with water. Increase in 

fineness leads to an increase in the rate of reaction of cement phases with water and 

consequently to an increase in the rate of strength gain (Erdoğan, 2005).  C1 also has the 

highest fineness value among cement types. Finally, increase 0.1% in total alkali amount 

equivalent of Na2O leads to a reduction of 1 MPa in the 28- day strength (Kuleli, 2009). As 

shown in Table 15, C1 cement type has lowest total alkali amount equivalent of Na2O. All of 

these parameters present in C1 has the optimum potential for strength gain. Therefore, C1 

has the biggest value of the flexural and the compressive strength in 28 days.  

 

Table 18 shows that additions of 5, 10, and 25% of CBWPB waste to reference cement type 

of C1 by weight (C2, C3 and C4, respectively) lead to a decrease in the strength gain. In 

fact, this situation is arisen from the parameters mentioned above because alite phase 

decreases with the number of cement type but only C3 is highest alite phase after C1. 

Therefore, flexural and compressive strength of C3 at 7 days is higher than C2 but its belite 

phase is considerably lower than C2 so both strengths in 28 days are lower. It should be 

noted that since not only fineness of C2, C3, and C4 decrease but also total alkali amount 

equivalent of Na2O increase, both flexural and compressive strength values in 28 days 

decreases, respectively. Therefore, it may be wrong to say that addition of CBWPB waste to 

reference cement decrease mechanical strengths of cement without considering the above 

parameters. 

 

C5 is produced totally from CBWPB waste. As mentioned before, CEM - II   B -M (P - L) 32.5 

R cement types was used for the production of CBWPB. Therefore, during heat treatment of 

CBWPB waste, there was no available lime to form alite phase so C5 did not have any alite 
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phase. Belite plays a role in late strength gain of cement (Kuleli, 2009). C5 has the lowest 

strength values due to not having any alite phase. However, C6 has remarkable amount of 

alite phase according to the C5, its strength values show a noteworthy increase at 2, 7 and 

28 days.  

 

4.6. Contribution of CBWPB Waste to Fuel Consumption 

 

Generally speaking, about 97% of the heat required for clinker production in the rotary kilns 

is obtained from the fuel.  The remaining 3% is obtained from the raw materials (Hewlett, 

2004). 

 

The most important property of fuels is the calorific value, i.e. the quantity of heat generated 

from 1 kg of fuel during combustion in the furnace.  This calorific value is determined 

calorimetrically.  Two types of calorific value are determined:  (a) higher calorific value (HCV) 

and (b) lower calorific value (LCV) are shown in Equation 4.4 and 4.5, respectively. 

 

 

                 (   
  
 
)              (4.4) 

 

Where, C, H2, O2, and S are the weight fractions of carbon, hydrogen, oxygen, and sulfur in 

the fuel. 

 

 

        (     )  
 

(4.5) 

 

Where, Vw: combustion water (kg) generated from combustion of 1kg of fuel; Fw: moisture in 

1kg of fuel; R: heat of vaporization of water (539 kcal/kg at 100 °C). 

 

To ensure economic kiln operations, the heating calorific value of the coal should be around 

6500-7000 kcal/kg (Duda, 1985).  Coals with lower heating calorific values increase the 

specific heat consumption for clinker calcination and thus reduce the specific kiln output.  

Figure 30 shows the relationship between the specific heat consumption and the heating 

value of coal during the calcination process in the rotary kiln. 
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Figure 30 Relationship between specific heat consumption and calorific value for clinker 

calcination (Duda, 1985) 

CBWPB waste consists basically of 70% hydrated cement and 30% wood chips, by weight.  

Therefore, when it is used as a constituent in the raw feed for cement, during the calcination 

process in the rotary kiln, the burning of the wood portion would result in some reduction in 

the heat consumption. The calorific value of CBWPB waste and the reference coal used in 

the investigation, as determined by calorimetric analysis, and the calorific values of typical 

coals used in the cement industry are given in Table 19 and Table 20, respectively.  

 

Table 19 Heating Value of CBWPB waste and the Reference Coal Used 

Calorific 
value 
(kcal/kg) 

Dry CBWPB 
(105°C) 

Air- dry 
CBWPB 
(40°C) 

Original 
CBWPB 

Dry Coal 
(105°C) 

Air-dry coal 
(40°C) 

HCV 937 893 877 5930 5718 

LCV 840 774 751 5706 5482 

 

 

Considering that the CBWPB waste will be precalcined together with the raw material 

mixture before they are fed into the rotary kiln, the heating value at the dry state is taken as 

the basis of comparison.   
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Table 20 Heating Values of Typical Coals Used in Cement Industry (Hewlett, 2004) 

Coal Types Heating value (kcal/kg) 

UK bituminous 7430 

UK bituminous 6180 

UK bituminous 5700 

UK low-volatile bituminous 6580 

Indian bituminous 4920 

Lignite 4830 

Petroleum Coal 7790 

 

 

Comparison of Table 19 and Table 20 reveals that the calorific value of the CBWPB waste is 

about 11-17% of the coals commonly used in cement industry and 14.7% of the coal used in 

this investigation.  Therefore, it can be stated that use of the CBWPB waste as a partial raw 

feed replacement material in the cement production would lead to reduction in heat 

consumption during clinker calcination process.  The amount of reduction depends on the 

amount of CBWPB used.   

 

In the experimental part of the study, five raw meals were prepared by using different 

proportions of control raw mix, the CBWPB waste, the corrective limestone and coal. The 

amount of the corrective limestone was determined such that the clinker moduli (LSF, SM 

and AM) would be approximately the same as those of the control raw mix.  The amount of 

coal used was based on 800 kcal/kg burning heat requirement for calcination in the 

laboratory oven.  Relative proportions of the materials in the five different raw meals 

prepared are given in Table 9. 

  

Table 21 Relative Proportions of Materials Used in the Clinker Preparation 

Material (%) RM1 (control) RM2 RM3 RM4 RM5 

RM1 (control) 100 100 100 100 - 

CBWPB - 5 10 25 100 

Corrective 
Limestone 

- 2.69 5.34 13.38 - 

Coal 8.62 8.56 8.52 8.36 7.09 

 

 



60 

 

The additional limestone used to adjust the raw mix composition causes an increase in the 

heat necessary since about 500 kcal/kg energy is required to dissociate CaCO3 into CaO 

and CO2, in clinker production (Hewlett, 2004). Therefore, in RM2, RM3, and RM4, the 

reduction in the amount of coal used to attain the prescribed heat energy is not directly 

proportional with the amount of the CBWPB waste used.  Nevertheless, in order to obtain 

cements similar in properties to the control cement by incorporating the CBWPB waste, still 

less coal is required for the clinkerization.     

 

Considering the loss on ignition values of the raw mixes (35.28, 35.51, 35.73, 36.20 and 

35.84% respectively for RM1, RM2, RM3, RM4, and RM5), the ratio of coal used to the unit 

mass of clinker produced was calculated for each mix.  The relative reductions in coal 

requirement to attain the prescribed heat for calcination upon incorporating CBWPB in the 

raw mix are shown in Figure 31. 

 

 

Figure 31 Changes in the coal requirement upon CBWPB incorporation in the raw mixes 
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CHAPTER 5 

 

 

CONCLUSION AND RECOMMENDATION FOR FUTURE 

RESEARCH 

 

 

 

The usability of CBWPB waste as a raw material and secondary fuel in cement 

manufacturing process was evaluated in this study. First, raw materials and CBWPB waste 

which were used to produce clinker were analyzed chemically and mineralogically. Upon the 

results of these analyses, CBWPB waste was used in different proportions with the reference 

mix. During the preparation of the raw mixes, the chemical compositions were tried to be 

kept similar to each other. After applying the same burning scheme to all raw mixes, the 

clinkers and cements produced were tested and analyzed. In addition to these, since 

CBWPB waste contains wood about 30% by weight, its contribution to fuel consumption 

during clinker production was also analyzed. 

 

The following conclusions can be drawn from the results obtained in this study: 

 

1. CBWPB waste can be used as a cement raw material. According to the chemical 

analysis result of CBWPB waste, the composition of CBWPB waste shows chemical 

similarities with reference raw meal and also, there are no harmful chemical 

ingredients in CBWPB waste to prevent it from being used as a raw material in 

cement manufacturing. 

 

2.  Containing about 30% (by mass) wood, CBWPB waste contributes to the heating 

process during calcination and results in lower amount of primary fuel requirement. 

 

3. CBWPB waste can be fed into rotary kiln to partially replace the raw meal. Proper 

adjustment of the clinker moduli would lead to obtain clinkers and Portland cements 

of desired composition and properties. 

  

4. Use of CBWPB waste as constituent of clinker raw meal is also beneficial from 

economical and ecological points of view due to its positive effect on recycling such 

as reducing the primary fuel consumption for calcination and reducing the amount of 
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natural resource consumption in preparing the raw meal. Otherwise, CBWPB waste 

is considered as a useless waste. 

 

 

Some recommendations for further research are suggested as follows: 

 

1. To obtain same LSF, SM and AM moduli for each raw mix, chemical composition of 

raw mixes could be adjusted to be almost identical before burning process and also 

mixing and grinding of raw material could be realized in the rotary kiln together to get 

both good homogenization burning and similar main clinker phase distribution. 

Obtained clinker samples could be ground to same fineness with each other to 

compare mechanical properties more precisely. 

 

2. To measure the net heat contribution of CBWPB waste to burning process, unit 

calorific value of all raw mixes could be taken into consideration to equal each other.   

 

3. Possibilities of using CBWPB waste as the sole raw material in preparing belitic 

cements with lower production energy requirement can also be studied. 
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