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ABSTRACT 

 

 

EFFECTS OF GRANULATED BLAST FURNACE SLAG, TRASS AND 

LIMESTONE FINENESS ON THE PROPERTIES OF BLENDED CEMENTS 

 

 

DelibaĢ, Tuğhan 

M.Sc., Department of Cement Engineering 

Supervisor: Assoc. Prof. Dr. Ġ. Özgür Yaman 

Co-Supervisor: Prof. Dr. Çetin HoĢten 

 

January 2012, 72 pages 

 

 

The aim of this research was to determine the effects of the fineness of different 

mineral additives on loss on ignition, heat of hydration, physical, mechanical and 

chemical properties of blended cements. For that purpose, portland cement clinker 

was replaced with granulated blast furnace slag (GBFS), natural pozzolan (NP) and 

limestone (L) at 6%, 20% and 35% replacement levels. Blended cements containing 

GBFS and NP were ground to a fineness of 3000, 5000 and 6000 cm
2
/g. Cements 

containing L were ground to 3000 cm
2
/g, 4000 cm

2
/g and 4500 cm

2
/g. All of the 

blended cement types mentioned above were both interground and separately ground 

to the specified fineness levels. Therefore, a total of 57 different cements were 

produced. Loss on ignition, heat of hydration, chemical, mechanical and physical 

analyses were performed on the produced cements.  Moreover, the chemical analyses 

of the cements were obtained for cement particles finer (-45µm) and coarser 

(+45µm) than 45 µm in order to determine the ingredients of -45 µm, which is 

known to be more reactive.  

 

As a result it was shown that the grindability differences of the cement ingredients 

affect the properties of blended cements. An increase in the specific surface area 
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increases both the compressive strength and heat of hydration values and adversely 

affects the loss on ignition values. The results also showed that if the cement 

particles were ground finer, it was more prone to moisture which resulted in higher 

loss on ignition values after longer periods.  

 

Keywords: cement, mineral admixture, specific surface area, intergrinding, separate 

grinding  
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ÖZ 

 

 

Yüksek Fırın Cürufu, Tras Ve Kalker Ġnceliğinin Katkılı Çimentoların 

Özelliklerine Olan Etkisi 

 

 

DelibaĢ, Tuğhan 

Yüksek Lisans, Çimento Mühendisliği 

Tez Yöneticisi: Doç. Dr. Özgür Yaman 

Ortak Tez Yöneticisi: Prof. Dr. Çetin HoĢten 

 

Ocak 2012, 72 Sayfa 

 

 

Bu araĢtırmanın amacı farklı mineral katkıların değiĢik inceliklerde katkılı 

çimentoların kızdırma kaybı, hidratasyon ısısı, mekanik, fiziksel ve kimyasal 

özelliklerine olan etkilerini belirlemektir. Bu amaçla, Portland çimentosu klinkeri 

%6, %25, %35 oranında sırası ile granüle yüksek fırın cürufu (GBFS), doğal puzolan 

(NP) ve kalker (L) ile ikame edilmiĢtir. Söz konusu çimentolar cüruf ve tras 

karıĢımları için 3000, 5000, 6000 cm
2
/gr inceliğe; kalkerli karıĢımlar için ise 3000, 

4000 ve 4500 cm
2
/gr inceliğe hem ayrı hem de beraber öğütme yöntemi ile 

öğütülmüĢtür. Yukarıda bahsigeçen bütün çimento tipleri belirtilen inceliğe gelinceye 

kadar hem birlikte hem de ayrı ayrı öğütülmüĢlerdir.  Dolayısıyla, toplam 57 adet 

çimento üretilmiĢtir. Üretilen katkılı çimentoların hepsi kimyasal, fiziksel, mekanik 

analizler ile hidratasyon ısısı ve kızdırma kaybı analizlerine tabi tutulmuĢlardır.  

Çimentoların kimyasal analizlerine ek olarak; çimentoların 45 mikron altı ve üstü 

ayrı ayrı analiz edilmiĢ, reaktif kısım olarak bilinen 45 mikron altı kompozisyonun 

miktarı belirlenmiĢtir.  

 

Sonuç olarak, katkılı çimento bileĢenlerinin öğütülebilirlik özelliklerindeki 

farklılıkların katkılı çimento özelliklerini etkilediği belirlenmiĢtir. Çimento yüzey 
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alanının artması ile katkılı çimentoların basınç dayanımı ve hidratasyon ısısı 

artmakta ancak, uzun dönemde kızdırma kaybı parametrelerini olumsuz yönde 

etkilemektedir.  AraĢtırmanın sonuçları daha ince öğütülen çimentoların uzun 

dönemde daha yüksek kızdırma kaybı değerlerine sahip olduklarını ve nem tutmaya 

daha meyilli oluklarını göstermiĢtir.  

 

Anahtar Kelimeler: çimento, mineral katkı, özgül yüzey alanı, beraber öğütme, ayrı 

öğütme  
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

 

 

1.1 General 

 

Cement is a calcareous and clayey inorganic material that reacts with water to form 

hydraulic compounds in finely ground form. According to the latest figures, total 

cement production all around the world reaches 3.000 million tonnes.  Turkey is the 

5th largest cement producer in the world and the largest cement producer of Europe, 

with a total cement production of 57.6 million tons per annum [Cembureau, 2009]. 

 

Cement manufacturing is one of the most energy intensive industries all around the 

world. The fuel consumption of the cement industry is reported to be more than 1.5% 

of the world’s total production and 2% of the global electricity production [Norholm, 

1995]. 

 

According to a survey done by General Directorate of Electrical Power Resources 

Survey and Development Administration of Turkey, the average energy consumption 

of Turkish cement plants is 798 kcal/kg of clinker and the electricity consumption is 

68.9 kWh per ton of clinker [Omurtay, 2004]. The world average thermal energy 

consumption starts from 720 kcal/kg and electrical energy consumption starts from 

90 kwh/ton of cement [Cembureau, 1999]. Turkish cement industry have been 

improving the cement process systems and lowering the energy requirements in order 

to decrease the CO2 emissions and lowering the cost of the cement.  

 

The fundamental operations in cement manufacturing are the pyroprocessing and 

grinding stages. Among those; the clinker grinding step consumes about one-third of 

the power required to produce one ton of cement [Worrel et al., 2000]. The 
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importance of the grinding stage is to increase the specific surface area of cement 

which affects numerous properties of the manufactured cement [Hewlett, 2004]. 

Since both of these processes are energy intensive, the major concern of the industry 

is to reduce both greenhouse gases emission and the cost of the final product.  

 

In order to produce environmental friendly end products and considering the 

sustainability issues; cement industry has been increasing the production of blended 

cements. In Turkey, during the years 2006-2009 years, the production of CEM I type 

cement decreased from 43.1% to 39.3% whereas the production of blended cements 

increased from 55.4% to 59.2%. This trend shows the importance of blended cements 

in present and in future [TCMA, 2009]. 

 

In the production of blended cements, the cement clinker and the cement replacement 

materials may be interground or separately ground. Both of these methods have 

advantages and disadvantages and it was shown that these grinding systems produce 

different products even if they have similar specific surface areas [Blunk et al., 

1989]. 

 

1.2 Research Objectives and Scope 

 

The aim of this research was to determine the effects of different mineral additives 

on loss on ignition, heat of hydration, physical, mechanical and chemical properties 

of blended cements at different fineness levels. Showing the effect of different 

grindabilities of mineral additives on mechanical properties is the main outcome of 

this research. Grindability differences of the compounds affected the reactivities of 

the blended cements. An increase in the specific surface area promoted the 

compressive strength and heat of hydration values and adversely affected the loss on 

ignition values. 

 

In the grinding stage of the study, clinker portion was replaced with mineral 

additives in 0%, 6%, 20% and 35% by weight. The blended cements containing 

GBFS and natural pozzolan were ground to 3000, 5000 and 6000 (±100) cm
2
/g with 

gypsum addition. The cements containing limestone were ground to 3000, 4000 and 
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4500 (±100) cm
2
/g. The blended cements were prepared by both intergrinding and 

separate grinding. Thus 57 different cement samples were prepared, tested and 

analysed. 

 

After the preparation of blended cements the chemical, physical and strength 

properties were determined. In chemical tests; the major oxide compositions, Cl
-
 

amount, insoluble residue amount, loss on ignitions in 0, 2, 4, 8 weeks were tested 

accordingly. The heat of hydration values were tested at 2, 7 and 28 days. 

Compressive strength analyses were performed by both fixed water amount and fixed 

workability as mentioned in the EN standards.  

 

In Chapter 2, processes of both separate and intergrinding procedures in cement 

plants, the usage of various cement replacing materials in blended cement and the 

effect of fineness on the characteristic properties of cement are discussed. The 

experimental program and the experiments performed during the study are discussed 

in Chapter 3. The results of the experiments, the conclusion and recommendations 

are mentioned in Chapter 4 and Chapter 5 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 



 

4 
 

 

CHAPTER 2  
 

 

LITERATURE REVIEW AND BACKGROUND 
 

 

 

2.1  Introduction 

 

A binder that sets and hardens by chemical interaction with water and is capable of 

doing so under water is called hydraulic binder [Hewlett, 2004]. The most commonly 

used hydraulic binder is Portland cement. Portland cement, whose name was given 

originally due to the resemblance of the colour and quality of the hardened cement to 

Portland stone, is obtained by intimately mixing together calcareous and 

argillaceous, or other silica-, alumina-, and iron oxide bearing materials, burning 

them at a clinker temperature of about 1450°C, and grinding the resulting clinker 

with 3-5% gypsum [Neville, 2003]. The blended hydraulic cements include natural 

pozzolan, slag and many other kinds of mineral additives.  

 

One of the key parts of the cement manufacturing process is the grinding stage. In 

the grinding stage of blended cement manufacturing, both separate grinding and 

intergrinding of the clinker and the additives can be chosen. The effects of separate 

grinding and intergrinding processes on blended cement properties have been the 

concern of many researchers. It is well known that although the fineness, in terms of 

specific surface areas of blended cements is the same; the particle size distributions 

may differ [Blunk et al, 1989]. The differences in the properties of the interground 

and separately ground end products are because of the variety in raw material 

grindabilities. In blended cements this fact is explained as the phenomenon of harder 

material acting as grinding media in intergrinding [Opoczky, 1993]. It was shown 

that cement replacement materials such as limestone and natural pozzolan have 

higher grindabilities whereas blast furnace slag has lesser grindability when 

compared with the Portland cement clinker [Labahn, 1983]. 
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In the literature the effects of specific surface area on the cement properties are 

widely discussed. It is well known that an increase in the specific surface area, 

results in increased heat of hydration. In other words, higher specific surface area 

leads to a more reactive clinker. Thus, the general practice in cement manufacturing 

is to obtain cements with higher specific surface area, so that higher strength values 

are obtained in a shorter period of time. On the other hand; since hydration reactions 

are exothermic, higher fineness results in increased heat evolution especially at early 

ages which could cause problems in case of mass concreting [Labahn, 1983]. 

 

However, an increasing trend in the specific surface area of the cement, results an 

increase in the production costs. Also finer cement portion is more prone to 

prehydration which adversely affects the strength gain mechanism of the Portland 

cement [Çelik, 2009]. This phenomenon will also be investigated in the loss on 

ignition analyses part of this experimental study. 

 

One of the major properties affected by the cement fineness is the strength gain 

mechanism of Portland cement. 3µm-30µm range affects the strength gain 

mechanism of the cements. Particles under 3 µm helps the very early strength gain 

and hydrated in the first day of the hydration reaction. It is recommended that 

particles between 3 and 30 µm has to be 40-50% for average strength and 55-70 for 

higher strength [Duda, 1977]. 
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2.2 Portland Cement Production 

 

The basic constituents of cement raw meal are limestone and clay. Bauxite and iron 

ore may also be used as correctors. The oxide composition of typical raw meal 

includes; CaO, SiO2, Fe2O3 and Al2O3. These constituents added to the raw meal 

according to the modules. The basic modules in the modern cement manufacture in 

modern technology are, Lime Saturation Factor, Silica Modules and Alumina 

Modules. Any other material consists of these oxides and compatible with these 

modules can be used as raw material. These modules affect final composition of the 

cement, burnability and both physical and mechanical properties of the product. 

After preparing raw materials according to the modules, these raw materials are 

crushed and ground in order to satisfy a suitable burning in the kiln. 

 

The clinker formation is the most energy consuming part of cement manufacturing 

process, since the clinkering temperature is above 1350 ˚C. The average energy 

consumption in order to achieve this temperature is nearly 700-750 kcal/t in 

optimised systems with a preheater and precalciner units [Hewlett, 2004]. The 

reactions taking place inside the kiln can be summarized as follows: 

 

- Evaporation Zone: Between 100-400 ˚C, free water in the raw meal 

evaporates. 

- Clay Dehydration Zone: Between 400-650 ˚C, bounded crystal water in the 

clay dehydrates: 

2SiO2.Al2O3.2H2O+heat          2SiO2.Al2O3+2 H2O 

- Calcination Zone: At 900 ˚C Calcium Carbonate decomposes into Calcium 

oxide. 

CaCO3         CaO+CO2+Heat 

- Sintering Zone: Between 1350-1450 ˚C, fundamental phases occur at that part 

of the process. 

3CaO + SiO2         3CaO.SiO2 – tricalcium silicate; alite  

2CaO + SiO2         2CaO.SiO2 – dicalcium silicate; belite 

3CaO + Al2O3             3CaO.Al2O3 – tricalcium aluminate; aluminate 

4CaO + Al2O3 + Fe2O3       4CaO.Al2O3.Fe2O3 – tetracalcium aluminoferrite; 

ferrite [Kuleli, 2009]. 
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Alite phase is responsible for setting and early strength development of cements, C3A 

is the most active clinker phase and gypsum addition is needed in order to control its 

nature. Belite governs the final strength of the cement and has lower reactivity than 

alite and aluminate. The ferrite phase only affects the colour of the cement with no 

known mechanical and chemical characteristics [Zhang et al, 1995]. 

 

2.3 Grinding Process 

 

After clinker formation, cement manufacturing process proceeds with the final 

grinding stage. This final stage determines many of the major physical cement 

characteristics such as; water demand, initial and final compressive strength, setting 

time etc. In the grinding stage of the Portland cement; clinker is ground together with 

only gypsum. In the grinding stage of blended cements however; two options 

namely; separate grinding of the clinker and mineral additives and intergrinding of 

the constituents are available.  

 

There are mainly two types of mills used for size reduction in the cement industry. In 

raw material milling vertical roller mills are preferred. On the other hand, tube mills 

are the most commonly used mills for cement grinding [Kuleli, 2009]. A tube mill 

has generally two or sometimes more chambers, which are separated by perforated 

partition walls, called diaphragms. The grinding process is carried out by the steel 

balls with a predetermined size distribution, filled in each chamber. A typical tube 

mill whose parts are mentioned above is shown is Figure 1. 
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Figure 1 Typical view of a tube mill   [Labahn, 1983] 

 

A typical tube mill has a diameter of 4 to 6 meters and a length of 12 to 14 meters. It 

contains ~280 tons of steel balls, whose diameter varies from; 90 mm in first 

chamber and 15mm in the second chamber. The inside of a tube mill is coated with 

special liners in order to homogenize materials and to facilitate the grinding 

operation.  Moreover, liners protect the shell of the mill from the abrasive effect of 

the grinding media. 

 

The process in the tube mills may be either open or closed circuit. In open circuit 

systems, shown in Figure 2, the product (cement) is directly ground in the mill and 

passed to a silo. This process has lower efficiency and not widely used in the modern 

cement plants [Labahn, 1983]. 

 

In closed circuit systems, shown in Figure 3, the product is transmitted to a separator 

through air, coarser particles return to the mill and the finer particles pass to a silo 

[Hewlett, 2004]. The power consumption of open and closed-circuit mills vary. The 

open circuit mill system generally consumes nearly 8% more energy than closed 

circuit systems [Davis et al., 1993]. 
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Figure 2 Model of the open-circuit system [Labahn, 1983] 

 

 

 

Figure 3 Model of closed-circuit system [Labahn, 1983] 

 

Blended cements can be produced either by intergrinding or separate grinding. In 

intergrinding process Portland cement clinker, mineral additive and gypsum is mixed 

in predetermined amounts and then ground together. In separate grinding Portland 

cement clinker and gypsum is ground and then mixed with mineral additive that was 

separately ground.  

 

Studies concentrated on separate and intergrinding show that different grinding 

methods provide different products. Experiments show that in blended cements with 
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granulated blast furnace slag (GBFS); the grinding method affects the particle size 

distribution [Blunk et al, 1989]. This phenomenon can be explained by the difference 

between the grindabilities of GBFS and clinker. Since GBFS particles are harder to 

grind, these particles act as grinding medium for clinker in intergrinding [Opoczky, 

1993]. A study on the energy demand of intergrinding and separate grinding; also 

showed that the energy demand, especially for finer products, is higher for  separate 

grinding than intergrinding [Tsivilis et al, 1991]. 

 

2.4 Fineness of Cements 

 

The fineness is one of the major parameters of the cement production. It affects water 

demand, both the early and ultimate strength, the initial and final setting time. 

Fineness of a cement sample can be determined either by specific surface area or by 

particle size distribution. 

 

Three basic methods in the determination of specific surface are: Blaine Method, Lea 

& Nurse Method and Wagner Method [Hewlett, 2004]. The method preferred in this 

study is the Blaine method that is specified in TS EN 196-6. Blaine method is based 

on the resistance of the compacted material to air flow. It is developed by Rigden and 

Blaine. The philosophy behind this procedure is the time (t) required to pass a 

predetermined volume of air through compacted material. The specific surface are of 

a cement sample with a standard porosity is determined as; 

 

      S= K* √ t                                                            (2.1) 

 

Where; 

K= constant  

t= time needed the air to pass from compacted cement sample 

 

Another method for determining cement fineness is particle size distribution via laser 

diffraction method. Laser diffraction technique is one of the most common methods 

for multi-particle size analysis. A typical laser beam is spatially filtered, expanded 

and collimated to several millimetres diameters.  
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Light scattered particles in the probe beam which passes though the aperture of the 

receiving lens is directed to off axis points on the detection plane [Hirleman, 1994]. 

The optical receptors gather the information and gives as a particle size distribution 

graph. 

 

2.5 Blended Cement Production 

 

Since the concentration of the greenhouse gases increase in the atmosphere, the 

European Union (EU) and the countries approved the Kyoto Protocol have started 

new regulations in order to curb the CO2 emissions. The most serious step of this 

agreement is the restriction of the CO2 emissions with year 1990 level [Davidovits, 

1993]. 

 

The cement manufacturing is one of the most energy consuming processes; this new 

era affects industry and force to decrease the CO2 emissions. Besides the CO2 

released from pyroprocess reactions, decomposition of limestone itself is emitting 

CO2 to the atmosphere. As an outcome of this progress, blended cements are 

increasingly being used by the cement industry. Bagged Portland cement sale in 

Turkey was 15.7 million tons, whereas blended cements were sold 27.6 million tons 

in year 2009 [TCMA, 2009]. 

 

The philosophy of blended cements is to replace a certain amount of clinker with 

cement replacement materials. These materials may aid both initial and final 

strength, workability characteristics, durability performance or simply can be used as 

filler [Tokyay et al, 1999]. 

 

The common mineral additives preferred in the production of blended cements are: 

Blast Furnace Slag, Natural Pozzolan, Fly Ash, Silica Fume and Limestone. 
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2.5.1 Granulated Blast Furnace Slag 

 

Blast furnace slag is a non-metallic by-product which consists of calcium silicates 

and calcium aluminates. During the production of pig iron; slag is nearly 1400-

1500˚C when it leaves the furnace and the cooling rate of the product determines its 

properties and future life cycle. The products for different cooling rates are as 

follows [Hewlett, 2004]: 

 

- Aggregate: The aggregate forms when slag is air cooled. This product can be 

used as filler in road constructions or concrete aggregate. 

 

- Wool: This product is formed by the addition of siliceous materials to the 

slag. Mainly used as thermal insulation purposes. 

 

- Granulated Blast Furnace Slag: When the cooling rate of the slag is fast, this 

product is obtained. Pouring into water or water spraying are two basic 

methods preferred in the process.  

 

Advantages of GBFS usage in blended cements are the increase in ultimate strength 

and superior durability characteristics, but the disadvantage is the increase in 

carbonation depth of GBFS added cementitious systems [Çopuroğlu, 2011].  In a 

study performed about the strength development of slag added blended cements; the 

strength development characteristics of slag added blended cements were 

investigated at different fineness levels. In the research CEM III/A type cement was 

produced as control sample. Then, with keeping the amount of mixing water 

constant, different mortars were prepared from different materials such as limestone 

(L), silica fume (F) and sodium hydroxide (N) with different fineness and ratios, 

adding to the control cement. After that, the flexural and compressive strength at 2, 

7, and 28 days, the consistencies, initial and final setting times were examined of the 

produced cements. As a result of this study, limestone increased the compressing 

strength of the mortars; silica fume and sodium hydroxide decreased or did not 

change the compressive strengths of the mortars [Akgün, 2009]. 
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2.5.2 Natural Pozzolan 

 

Lime and calcined natural materials combination are among the oldest building 

materials. These raw materials are formed after the volcanic activities. These 

materials are also commonly used in modern cement-based end products. They are 

either preferred as cement replacing materials or mineral additive for concrete 

[Turanlı et al., 2003]. 

 

In literature general opinion about the natural pozzolan usage in cement based 

systems is that natural pozzolan addition enhances the durability characteristics of 

the system [Hewlett, 2004]. Main advantages of natural pozzolan addition to the 

system are low heat of hydration, high ultimate strength, low permeability, high 

sulphate resistance, and low alkali–silica activity [Mater, 1994]. Natural pozzolan 

usage has to be encouraged in terms of both sustainable development of the cement 

industry and improved durability characteristics of the concrete. Also the cost of the 

cement production slightly decreases with the addition of natural pozzolan [Mehta, 

1998]. 

 

Turkey is one of the richest countries in terms of natural pozzolan deposits. Many of 

the cement factories are using natural pozzolan in order to produce blended cements.  

 

The main disadvantage of natural pozzolan is the increase in water requirement and 

lower initial strength. These factors are limiting the usage of natural pozzolan to %30 

in blended cement production. Also varieties in physical, chemical and mineralogical 

characteristics make natural pozzolan harder to categorize [Uzal et al., 2003].   
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2.5.3 Limestone 

 

Limestone is one the fundamental raw material of the cement. Limestone has a 

principal composition of CaCO3 crystals, which decarbonates starting from 600 ˚C. 

Major impurity in limestone is MgCO3. After the clinker formation stage the MgO 

causes volume instability, in final product its content is limited to 5% [TS EN 197-1, 

2002]. Typical amount of MgO in Portland cement is about 1% [Hewlett, 2004]. 

 

In literature it is mentioned that the blended cements enhances the performance of 

the systems due to the mineral admixtures used. Recent researches show that 

Portland cement clinker blended with limestone gives higher early strength [Moir 

and Glasses, 1992]. The setting time is accelerated and the bleeding is reduced in 

limestone added cementitious systems [Dhir et al, 1994]. 
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CHAPTER 3  
 

 

EXPERIMENTAL STUDY 

 

 

 

 

3.1  General 

 

Portland cement clinker, granulated blast furnace slag, natural pozzolan and 

limestone rock is used in preparing the cements. Secondly; the mineral phases of the 

prepared materials were determined by an X-Ray Diffraction. Then, the blended 

cements were prepared using the predetermined amounts in Table 2 by both 

intergrinding and separate grinding and blending. After obtaining cements the 

chemical compositions of the cements themselves and their finer and coarser than 45 

µm sieve portions were determined. Finally various physical and mechanical tests 

were carried out on the cements and results were interpreted. All grinding operations, 

all chemical, physical and mechanical tests were performed in Turkish Cement 

Manufacturers Association R&D Laboratories. 

 

3.2 Materials Used  

 

The clinker which was used in this study is obtained from Oyak Bolu Cement Plant. 

Natural pozzolan was taken from Bolu and GBFS was supplied by Karçimsa, the 

slag from the Kardemir steel plant. Limestone was also taken from the quarry of 

Oyak Bolu Cement Plant. The chemical composition of the materials which were 

used in this study is presented in Table 1. 
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Table 1 Chemical composition of the materials used in the research 

Chemical Composition 
Clinker 

(C) 

Limestone 

(L) 

Natural 

Pozzolan 

(NP) 

GBFS 

(S) 

Gypsum 

(G) 

SiO2 (%) 20.43 0.67 62.59 41.62 2.26 

Al2O3 (%) 5.73 0.23 15.56 13.88 0.08 

Fe2O3 (%) 3.25 0.17 3.86 1.08 0.28 

CaO (%) 65.50 55.11 6.79 32.72 32.16 

MgO (%) 2.67 0.68 1.77 6.98 0.68 

SO3 (%) 0.42 0.03 0.05 1.57 42.68 

Na2O (%) 0.37 0.03 3.35 0.81 0.34 

K2O (%) 0.58 0.03 1.62 0.86 0.12 

Cl
-
 (%) 0.0098 * * * * 

Loss on Ignition (%) 1.02 42.72 3.49 0.00 21.54 

Na2O eq. Alkali (%) 0.75 0.05 4.42 1.38 0.42 

 

In addition to the chemical analysis, the mineralogical compositions of raw materials 

were determined by XRD analysis. The XRD results and the semi-quantative 

evaluation of the raw materials are given in the Figures 4-8. 

 

As seen in Figure 4; the phases determined in the XRD analysis are the common 

clinker phases which are; Alite, Belite, Aluminate and Ferrite. Also some free lime 

and Cristobelite were also observed in the analysis. 
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Figure 4 XRD analysis of clinker 

 

Since the XRD analysis identifies the crystal phases in the materials, the outcome of 

this analysis performed on granulated blast furnace slag is a dominant glassy phase. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 XRD analysis of GBFS 
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In Figure 6 the XRD analysis of natural pozzolan is shown. The major phase is 

determined as Anorthite, whereas Ferroactinolite and hematite are evaluated as minor 

phases. 

 

 

 

Figure 6 XRD analysis of Natural Pozzolan 

 

The fourth XRD analysis in this part belongs to the limestone. The major phase in 

the limestone is the calcite phase and the other phases determined in the evaluation 

are quartz and dolomite. 
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Figure 7 XRD analysis of Limestone 

 

The last XRD analysis performed in this chapter is for gypsum. The major crystal 

structure in the gypsum is gypsum crystals. Quartz particles were also detected in the 

analysis. 

 

 

Figure 8 XRD analysis of Gypsum 
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3.3 Preparation of the Blended Cements 

 

After the transportation of the materials to the laboratory, all of the materials were 

dried and crushed to 0-10 mm with a jaw crusher. The cement mixes were prepared 

in order to investigate the properties of the blended cements in various compositions 

and in various fineness levels. The blended cements in this study were proportioned 

using the proportions in Table 2. 

 

Table 2 Blended cement mix proportions 

Cement 

Label 
Mix Proportions (%) Cement Fineness 

(cm
2
/g) 

C GBFS T C GBFS 

C 100 0 C 100 0 C 100 0 

S6 94 6 0 0 5 3000 5000 6000 

S20 80 20 0 0 4 3000 5000 6000 

S35 65 35 0 0 4 3000 5000 6000 

T6 94 0 6 0 5 3000 5000 6000 

T20 80 0 20 0 4 3000 5000 6000 

T35 65 0 35 0 4 3000 5000 6000 

L6 94 0 0 6 5 3000 4000 4500 

L20 80 0 0 20 4 3000 4000 4500 

L35 65 0 0 35 4 3000 4000 4500 

 

These blended cements were prepared by both intergrinding and separate grinding at 

three fineness levels. In intergrinding operations all the constituents (clinker, mineral 

admixtures and gypsum) were ground until the specified Blaine fineness value was 

reached. In separate grinding, clinker was ground with gypsum and mineral additives 

were ground separately to approximately the same fineness then blended according 

to the specified proportions. However, for blended cements with limestone addition, 

desired fineness of 5000 and 6000 cm
2
/g could not be satisfied. Due to the 

agglomeration of limestone particles higher fineness levels could not achieved. 

Therefore instead of 5000 and 6000 cm
2
/g fineness levels; 4000 and 4500 cm

2
/g 

levels were selected respectively for blended limestone cements. The upper value of 

fineness for limestone added cements is 4500 cm
2
/g for this research.   
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3.4 Grinding Operation 

 

Blended cements were prepared in a laboratory type ball mill with dimensions of 50 

cm length and a diameter of 40 cm. The ball mix design is prepared as shown in 

Table 3 in order to satisfy an optimized grinding operation. The raw material amount 

in the mill is limited to 6 kg. The speed of the ball mill is 70 rpm. 

 

 Table 3 Ball charge of the ball mill used during grinding operations 

 

3.5 Tests and Analyses Performed on Blended Cements 

 

A total of 3 control and 54 blended cements were produced in grinding stage. After 

the production of all cements, physical (specific gravity, fineness, initial and final 

setting time, volume stability) and chemical (major oxides, loss on ignition and 

insoluble residue) properties of the cements were determined. Loss on ignition 

analyses were performed on all cements immediately after grinding and 2nd, 4th, 8th 

weeks according to TS EN 196-2. Heats of hydration were determined at 2, 7 and 28 

day samples. Finally the compressive strength at 2, 7 and 28 days were determined 

following TS EN 196-1 standard. 

 

 

 

 

 

 

 

Ball Diameter (mm) Number of Balls Total Mass of the Balls (g) 

49 10 5000 

39 41 10520 

29 87 8700 

28 10 877 

20 71 2244 

13-15 94 1507 

Total Mass of the Balls 28848 
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3.5.1 Chemical Analyses 

 

After the production of cements, chemical analyses of the blended cements were 

conducted on; 

 

i. Original cement sample 

ii. Portion passing 45 µm sieve 

iii. The residue of 45 µm sieve 

 

The chemical analyses were performed on all blended cements in order to determine 

the oxide composition and Cl ion content. X-Ray Fluorescence is used in order to 

determine the major oxide compositions of the samples. Both pressed and glass bead 

samples were examined with XRF since the volatiles (i.e. alkalis) can only be 

detected by pressed cement samples. Moreover, the Cl
-
 and SO3 contents were 

detected by wet chemistry following the TS EN 196-2 standard. 

 

3.5.2 Physical and Mechanical Analyses 

 

After the production of all blended cements, they were also tested to determine their 

density and specific surface area. The density was determined by a digital 

pycnometer. The device is primarily designed for the determination of the volume of 

the material placed in when subjected to different pressures. After the determination 

of the volume with pycnometer, the density was calculated by dividing the mass of 

the sample by the determined volume. 

 

The specific surface area of the sample is determined by the Blaine Apparatus. The 

principle of the method is the calculation of the time needed for air passing through 

the test sample which is in a predetermined volume. 

 

As for the mechanical properties, compressive strength of the mortar was determined 

at 2, 7 and 28 days following the TS EN 196-1 standard. The water/cement ratio of 

0.5 was used according to TS EN 196-1.   The cement content of the mortar is 

specified as 450 g in the test method. For moulding, 40x40x160 mm prismatic 
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specimens were used. Specimens were demolded in the next day, and placed in the 

water at a temperature of 20±1 ˚C for 2, 7 and 28 days.  

 

After the specimens reached the desired age (2, 7 and 28 day), they were tested for 

compressive strength as described in TS EN 196-1. The average compressive 

strength was determined with four specimens for each day.    

 

The normal consistency and setting time analyses were determined according to TS 

EN 196-3 standard. For normal consistency, cement paste was prepared with 500 g. 

cement and adequate amount of water according to the limits in the standards. After 

the determination of normal consistency; by using the Vicat needle initial and final 

setting time determined for all the cements in this research. 

 

3.5.3 Heat of Hydration Analyses 

 

In order to see the effects of both mineral additions and the fineness of the cement, 

all of the cements were tested at 2
nd

, 7
th

 and 28
th

 day for determining their heats of 

hydration. Analyses were carried out in terms of the procedures described in TS EN 

196-8. The principle of this test method is composed of measuring the heat of 

solution in an acid mixture of anhydrous cement and cement hydrated under given 

conditions until the predetermined time. The standardized conditions for hydration 

are: 

 

- water/cement ratio of 0.4 

- usage of neat cement paste 

- storage conditions for cement paste is 20±0.5˚C 

 

The heat of hydration for each period was obtained from the difference between the 

heat of solution of anhydrous cement and that of hydrated cement at determined 

ages.  
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3.5.4 Loss on Ignition Analyses 

 

Loss on ignition analyses were applied all the cements in this research. These 

analyses were applied in 0, 2, 4 and 8
th

 weeks in order to detect the moisture amounts 

of the cements. Analyses were performed according to TS EN 196-2, which is based 

on the preparation of 1 g. sample and calculating the weight loss (in terms of 

percentage) after placing in a furnace at 950 °C. 
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CHAPTER 4  

 

 

RESULTS AND DISCUSSION 
 

 

 

 

4.1 General Discussion 

 

In this chapter the results of the analyses were investigated in four parts which are: 

chemical analyses, loss on ignition analyses, heat of hydration analyses and physical-

mechanical analyses. In the first part, the chemical characteristics of the blended 

cements will be examined in terms of original sample, portion finer and coarser than 

45 µm. This procedure helps to determine the amount of cement ingredients over and 

below 45 µm sieve. In second part of this chapter, the loss on ignition values for 

different ages of the blended cements will be discussed. In the third part the heat of 

hydration characteristics of the cements will be examined. In the final part of the 

chapter the physical properties of the cements produced will be investigated and the 

results obtained from the experiments will be evaluated. 

 

The results will be given in terms of the mineral additive used in the blend and the 

level of fineness in order to facilitate the discussion and interpretation.  
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4.2 Chemical Analyses 

 

Chemical analyses were applied for 3 control and 54 blended cement samples.  The 

results were given in terms of grinding modes and type of cement replacement 

materials. The results were investigated according to TS EN 197-1 norm and the 

applicability was determined. The limits of blended cements are given as follows in 

the standard: 

 

Table 4 Chemical requirements of the cements according to TS EN 197-1 

Property 
Property Test 

Reference 
Cement Type 

Strength 

Class 
Requirements 

Loss on Ignition EN 196-2 
CEM I 

CEM III 
All ≤ % 5.0 

Insoluble Residue EN 196-2 
CEM I 

CEM III 
All ≤  % 5.0 

SO3  EN 196-2 

CEM I 

CEM II 

CEM IV 

CEM V 

32,5 N 

≤ % 3.5 32,5 R 

42,5 N 

42,5 R 

≤  %4.0 
52,5 N 

52,5 R 

CEM III  All 

Chloride Content EN 196-2 All  All ≤ % 0.10 

 

According to tables given in Appendix A, all the cements used in this study comply 

with the limits mentioned in the TS EN 197-1; in terms of loss on ignition, SO3, 

chloride content. The detailed analyses of the cement are given as follows. In the 

next chapter, both Portland cement portion (clinker+gypsum) and mineral addition 

amounts in the size fraction finer and coarser than 45 µm will be investigated by 

using tables in Appendix A. 
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4.3 Determination of Ingredient Amounts Finer and Coarser than 45 µm 

 

In chemical analyses part; each cement sample is divided into 3 parts as; the original 

sample, 45 µm sieve residue and 45 µm sieve passing and the chemical analyses are 

performed all three samples. Therefore the grindability of different mineral 

admixtures, in both intergrinding and separate grinding procedures were diagnosed 

by using the data obtained from chemical analyses. 

 

As an example; for 6% GBFS added, interground blended cement the following 

procedure was followed: 

 

First two key parameters, mainly SiO2 & CaO were selected as these are the two 

dominant oxides in slag blended cements. Later using the chemical composition of 

PC (Portland cement+gypsum) and GBFS; the oxide composition finer and coarser 

than 45 µm were estimated using both of the oxide amounts as shown by the 

following equations. 

 

Table 5 SiO2and CaO compositions of clinker, GBFS, finer and coarser than 45 µm 

of S6 3000 cm
2
/g blended cement.  

 
SiO2 (%) CaO (%) 

Clinker+Gypsum 20.43 65.50 

GBFS 41.62 32.72 

S6 IG, Original Sample 20.85 61.45 

S6 IG 3000 cm
2
/g, -45 µm 20.20 61.19 

S6 IG 3000 cm
2
/g, +45 µm 21.95 61.45 

 

The equations built with these data are as follows: 

20.43x1+41.62x2=20.20                                                                                        (4.1)            

65.50x1+32.72x2=61.19                                                                                        (4.2)                

20.43x3+41.62x4=21.95                                                                                        (4.3) 

65.50x3+32.72x4=61.45                                                                                        (4.4) 
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X1: Percentage of Portland cement (clinker+gypsum) under 45 µm 

X2: Percentage of GBFS under 45 µm 

X3: Percentage of Portland cement (clinker+gypsum) over 45 µm 

X4: Percentage of GBFS over 45 µm 

 

After solving these equations, the Portland cement portion (clinker+gypsum) and 

slag portion finer and coarser than 45 µm sieve can be determined. 

 

Also the blended cement part passing and retained on 45 µm sieve is taken into 

account in order to obtain more realistic data. Values obtained from the equations are 

multiplied with the cement amounts given in Table 6. This method was applied to all 

blended cements in this research in order to have an idea about both grinding 

characteristics of blended cements and the constituents in the reactive portion (under 

45 µm) of blended cements. 

 

In Table 7, the Portland cement and GBFS amounts finer and coarser than 45 µm is 

calculated according to the formulation. 
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Table 6 Amount of blended cement passing and retained 45 µm sieve  

Cement Label 
Interground Separate Ground 

-45µm +45µm -45µm +45µm 

S6  3000 68.2 31.8 72.5 27.5 

S20 3000 67.6 32.4 74.9 25.1 

S35 3000 65.4 34.6 73.9 26.1 

S6  5000 87.3 12.7 84.6 15.4 

S20 5000 87.0 13.0 83.3 16.7 

S35 5000 84.5 15.5 88.5 11.5 

S6  6000 84.6 15.4 88.8 11.2 

S20 6000 88.0 12.0 85.6 14.4 

S35 6000 89.0 11.0 86.7 13.3 

T6  3000 65.2 34.8 73.2 26.8 

T20 3000 61.2 38.8 66.1 33.9 

T35 3000 54.2 45.8 60.5 39.5 

T6  5000 85.0 15.0 92.7 7.3 

T20 5000 85.4 14.6 83.7 16.3 

T35 5000 84.6 15.4 81.3 18.7 

T6  6000 87.7 12.3 84.6 15.4 

T20 6000 87.8 12.2 83.3 16.8 

T35 6000 88.5 11.5 84.4 15.6 

L6 3000 66.4 33.6 75.3 24.7 

L20 3000 60.4 39.6 67.7 32.3 

L35 3000 56.6 43.4 63.0 37.0 

L6  4500 80.4 19.6 82.2 17.8 

L20 4500 71.9 28.1 75.1 24.9 

L35 4500 61.3 38.7 69.0 31.1 
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Table 7 Amount of Portland cement and GBFS portions for -45µm and +45µm 

Cement 

Label 

Interground Separately Ground 

-45 µ +45 µ -45 µ +45 µ 

PC  

(%) 

GBFS. 

(%) 

PC  

(%) 

GBFS. 

(%) 

PC  

(%) 

GBFS. 

(%) 

PC 

 (%) 

GBFS. 

(%) 

S6  3000 62.5 2.4 28.4 2.8 68.1 4.4 26.6 0.9 

S20 3000 55.7 9.7 24.2 8.0 57.9 15.9 21.6 2.6 

S35 3000 45.8 17.8 20.0 14.6 48.5 24.3 18.6 6.4 

S6  5000 80.1 3.6 11.3 1.1 76.5 5.8 14.0 0.2 

S20 5000 70.3 14.3 9.5 3.3 64.5 17.1 14.0 1.5 

S35 5000 58.7 23.6 8.7 6.7 59.2 27.9 8.8 1.8 

S6  6000 77.8 3.8 13.7 1.2 81.0 5.2 10.0 0.2 

S20 6000 70.2 15.4 8.7 3.1 67.1 16.4 11.8 1.4 

S35 6000 61.7 25.0 5.4 5.4 58.4 26.4 10.4 1.9 

  

The data above show an increase in slag portion under 45 µm sieve size at separate 

grinding over interground. These results came from the effect of the lesser 

grindability of GBFS than Portland cement clinker. In intergrinding, GBFS is 

probably has a higher resistance grinding. 

 

The decreasing trend of Portland cement portion under 45 µm sieve size for both 

intergrinding and separate grinding with the increase in specific surface area, can 

also be explained by the intensive grinding of GBFS particles at higher specific 

surface area levels, which results in higher amount of GBFS under 45 µm. The 

differences between the blended cements at 5000 cm
2
/g fineness and 6000 cm

2
/g 

fineness is significantly lower than the differences between 3000 cm
2
/g fineness and 

5000 cm
2
/g fineness, in terms Portland Cement parts under 45 µm. This shows the 

effect of slag is decreasing at high fineness levels.     

 

Similarly; results of the chemical analyses performed for natural pozzolan added 

blended cements were investigated in terms of the Portland cement part and natural 

pozzolan part finer and coarser than 45 µm sieve. In the analysis two dominant 

oxides were selected as SiO2 and CaO, same as mentioned in GBFS based blended 

cements analyses, cement portion under 45 µm sieve is accepted as reactive part.  
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Table 8 Amount of Portland cement and trass portions for -45µm and +45µm 

Cement 

Label 

Interground Separately Ground 

-45 µ +45 µ 
 

-45 µ 

PC  

(%) 

T 

(%)  

PC  

(%) 

T 

(%)  

PC  

(%) 

T 

(%) 

T6  3000 58,3 3,8 32,7 1,4 68,9 2,1 23,8 2,1 

T20 3000 46,2 12,3 32,0 5,8 56,1 7,4 22,7 9,3 

T35 3000 31,0 20,9 30,7 14,1 45,2 12,4 19,6 17,8 

T6  5000 76,9 4,5 14,0 0,6 85,3 3,8 5,9 0,8 

T20 5000 64,7 16,9 13,1 2,1 67,9 12,3 9,2 5,7 

T35 5000 51,2 30,3 10,6 4,5 57,1 20,9 7,1 10,2 

T6  6000 80,1 4,4 11,2 0,6 77,9 4,1 12,5 1,0 

T20 6000 67,5 16,6 10,2 1,8 66,4 13,7 11,2 4,0 

T35 6000 54,3 31,2 8,0 3,3 54,9 26,2 9,1 5,4 

 

In Table 8 above; it is shown that Portland cement portion under the 45 µm  is higher 

for separate grinding since the grindability of natural pozzolan is lower than clinker. 

In intergrinding procedure of natural pozzolan added blended cements; in order to 

produce more reactive products the cement has to be ground more, due to the 

overgrinding of natural pozzolan portion. Separate grinding procedure increases the 

amount of Portland cement portions in desired grinding levels. Preference of separate 

grinding definitely increases the reactivity of natural pozzolan added blended cement 

at similar fineness levels. At higher fineness levels the products of separate grinding 

process and intergrinding process, in terms of under 45 µm size, the difference is 

lower than lower specific surface area levels. 

 

Third part of the chemical analysis is the experiments performed with limestone 

added blended cements. These types of blended cements are investigated in terms of 

the same parameters. The results of the chemical analysis are as follows: 

 

Limestone added blended cements were ground to specific surface area of 3000, 

4000 and 4500 cm
2
/g due to agglomeration of the limestone particles. Blended 

cements with higher specific surface area could not be achieved. Although for 

granulated blast furnace slag and natural pozzolan added blended cements, key 

parameters for determining the portion finer and coarser than 45 µm were CaO and 
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SiO2; loss on ignition and SiO2 values are used in the construction of the equations of 

limestone added blended cements 

 

Loss on ignition values of the clinker and limestone is as follows:  

 

Clinker            1.02%             Due to this gap between two loss on ignition values             

Limestone          42.02%             the proportion of limestone can simply be evaluated.  

 

The amount of limestone and Portland cement portion finer and coarser than 45 µm 

sieve was also been investigated and the calculated  results for 3000 cm
2
/g and 4500 

cm
2
/g fineness are as follows: 

 

Table 9 Amount of Portland cement and limestone portions for -45µm and +45µm 

Cement 

Label 

Interground Separately Ground 

-45 µ +45 µ -45 µ +45 µ 

PC  

(%) 

L 

(%) 

PC  

(%) 

L 

(%) 

PC  

(%) 

L 

(%) 

PC  

(%) 

L 

(%) 

L6 3000 56.9 3.5 31.4 0.0 68.0 3.7 21.3 0.8 

L20 3000 43.9 3.6 13.0 24.0 55.4 3.4 21.0 1.8 

L35 3000 30.9 4.4 29.1 1.5 45.4 3.6 18.0 2.5 

L6  4500 71.2 3.1 17.3 0.9 73.7 3.0 13.0 1.9 

L20 4500 53.7 3.6 23.1 0.7 57.9 3.8 15.4 2.2 

L35 4500 36.7 3.7 27.2 1.2 43.6 4.1 17.0 2.5 

 

The calculations for the parts finer and coarser than 45 µm for limestone and 

Portland cement portions is applied both on 3000 and 4500 cm
2
/g fineness since the 

4000 cm
2
/g level has no counterparts in slag and natural pozzolan added cements. 

 

The results of the calculation in Table 9 showed that the grindability of the limestone 

is higher than Portland cement portion. But, due to the characteristic properties of 

limestone (i.e. agglomeration effect), limestone added blended cements could not be 

ground to higher fineness levels like other types of mineral additives. 

 

Finally the last words about the grindability characteristics of blended Portland 

cements and the effects of mineral additions on the reactive part of the blended 

cements are as follows: 



 

33 
 

In slag added mixtures in order to achieve desired specific surface area, the clinker 

portion is overground in intergrinding process. This causes an increase in energy 

consumption, hence decreases the capacity of the process. Although for similar 

blended cement capacities the initial cost of separate grinding is higher due to silo 

and extra mill costs; the results of the experiments showed that technically, it is more 

efficient to use separate grinding. Because in separate grinding process of slag added 

blended cements, clinker part was ground to finer levels. In natural pozzolan added 

blends while the clinker portion was ground to desired specific surface area levels, 

natural pozzolan portion would be ground more. This causes an increase of natural 

pozzolan percentage at reactive portion and decrease the percentage of the reactive 

clinker particles below 45 µm. The preference of separate grinding increases the 

clinker portion in reactive part, which helps the production of more reactive blended 

cements. Limestone added blended cements have a major advantage, because 

limestone is a raw material of cement and readily available. But limestone is a non-

reactive product in terms of hydration characteristics, which pushes the producer to 

increase the fineness of clinker portion in order to tolerate strength loss. The 

characteristics of limestone made the grinding procedure harder and inappropriate for 

higher specific surface area demanded blended cements. 

 

4.4 Loss on Ignition Analyses 

 

The general trend in the cement industry is producing finer cement in order to get 

higher strength values. But, due to the environmental concerns, the use of cement 

replacement materials is highly preferable. But uncontrolled increase in mineral 

admixtures addition results in early strength losses. In this part of the research, the 

aim is to concentrate on the loss on ignition values of highly reactive cements, 

blended with mineral additions, in order to investigate the effect of storage 

conditions on various types of blended cements. Storage conditions are simulated 

with the use of commercial cement bags and after the production, samples were kept 

in laboratory conditions at a temperature of 20±1˚C. Loss on ignition analyses were 

performed for every cement in every first, second, fourth and eighth week in order to 

detect the relations between the fineness of the blended cements and their loss on 
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ignition values. The results are investigated in terms of the type of cement 

replacement material used and the type of grinding process.  

 

According to TS EN 197-1; upper limit for loss on ignition analysis is given for 

CEM I and CEM III type cements is 5%.  There is no limit given for other limestone 

and natural pozzolan added cements according to the relevant standard. Although 

loss on ignition values increases with cement fineness and time, the loss on ignition 

values given in tables at Appendix B are under the limit value.  

 

Graphical representation of the loss on ignition analyses of slag added blended 

cements in Appendix B is given as follows: 

 

 

Figure 9 Change in loss on ignition values of 6% GBFS added blended cements at 0, 

1, 2, 4 and 8
th

 weeks 
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Figure 10 Change in loss on ignition values of 20% GBFS added blended cements at 

0, 1, 2, 4 and 8
th

 weeks 

 

 

Figure 11 Change in loss on ignition values of 35% GBFS added blended cements at 

0, 1, 2, 4 and 8
th

 weeks 

 

The results confirm the literature that the general trend of finer cement has an 

increase in its loss on ignition values, because of the known phenomenon; the finer 

the product is more reactive and has a higher tendency to react with the moisture in 

air [Tokyay, 1999]. Both interground and separately ground slag added blended 

cements experienced an increase in loss on ignition values in time. In first week the 

loss on ignition values of the blended cements were lower than control cements. 
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At higher fineness levels and especially for separately ground slag cements there is a 

sharp increase at later ages. Also the effect of separate grinding can be determined, 

since the separate ground cements have higher loss on ignition values than 

interground ones.  

 

According to the literature, the grindability of Portland cement clinker is higher than 

slag. Due to this fact, in intergrinding the clinker particles had to be ground more 

than slag particles, which is not in accordance with the figures above. This may be as 

a result of an experimental error and has to be investigated in future studies.   

 

Graphical representation of the natural pozzolan added blended cements are given as 

follows: 

 

 

Figure 12 Change in loss on ignition values of 6% natural pozzolan added blended 

cements at 0, 1, 2, 4 and 8
th

 weeks 
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Figure 13 Change in loss on ignition values of 20% natural pozzolan added blended 

cements at 0, 1, 2, 4 and 8
th

 weeks 

 

 

Figure 14 Change in loss on ignition values of 35% natural pozzolan added blended 

cements at 0, 1, 2, 4 and 8
th

 weeks 

 

According to the figures above; the higher the specific surface area of the blended 

cement, higher the increase in loss on ignition. Although the difference is very clear 

for both interground and separate ground blended cements with 3000 cm
2
/g specific 

surface area; the results are not so distinct at values 5000 cm
2
/g and 6000 cm

2
/g. The 

potential cause of this fact is the overgrinding of natural pozzolan part at higher 

specific surface area values. This results in coarser clinker particles and overground 

natural pozzolan at higher specific surface area for interground process especially at 

higher pozzolan replacement with clinker portion. Loss on ignition values of the 
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separate ground particles compatible with the phenomenon of the effect of relative 

grindability of particles in intergrinding, since in separate grinding; clinker particles 

ground finer which results susceptibility in terms of loss on ignition. Higher values 

for SG 5000 can be explained by experimental failure. The final blended cement that 

is investigated in this part of the loss on ignition part is limestone added blended 

cements. The graphical representation of the limestone added blended cements are 

given as: 

 

 

Figure 15 Change in loss on ignition values of 6% limestone added blended cements 

at 0, 1, 2, 4 and 8
th

 weeks 

 

 

Figure 16 Change in loss on ignition values of 20% limestone added blended 

cements at 0, 1, 2, 4 and 8
th

 weeks 
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Figure 17 Change in loss on ignition values of 35% limestone added blended 

cements at 0, 1, 2, 4 and 8
th

 weeks 

 

The composition of limestone is based on CaCO3, which decomposes under higher 

temperatures.  Due to the chemical composition of limestone, loss on ignition values 

in that kind of blended cements are higher and not applicable in European Norms. As 

similar to the loss on ignition analyses carried on natural pozzolan added cements, 

the lower grindability of clinker gives higher values in separate ground blended 

cements. Also there is one experimental error in L6 3000 SG coded sample as given 

in Figure 15. 

 

4.5 Heat of Hydration Analyses 

 

Heat of Hydration method performed in this study is the solution method which was 

applied according to TS EN 196-8. Heat of hydration tests applied to all of the 

blended and control cement in this study in terms of 2 day, 7 day and 28 days. The 

results are discussed in terms of the cement replacement material used and the type 

of grinding operation as in other chapters of the result and discussion part. 

 

In concrete casting, the most critical heat release occurs in early ages, because of that 

in this chapter, the relative early heat of hydration values of the blended cements 

with respect to control cements are investigated. The relations of slag added cements 

with control cements were given in Figure 18. 
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Figure 18 2-days heat of hydration ratios of slag-added blended cements to control 

cements 

 

In Figure 18 the heat of hydration ratio of slag added blended cements to control 

cements are shown. As expected, higher slag amounts decrease the heat of hydration 

of the Portland cement. Interground blended cements have higher ratios than separate 

grinding slag added blended cements because of the higher grindability of cement 

over slag.  

 

Heat of hydration analysis results shown above confirm that the slag usage decreases 

initial (2 day) heat of hydration of blended cements. It is also obviously shown that 

the increase in specific surface area increases the heat of hydration values. In the 

intergrinding operation it has been concluded that due to the overgrinding of cement 

portion, heat of hydration values are higher than the control sample for 3000 and 

5000 cm
2
/g and nearly the same for the 6000 cm

2
/g for 28 days. Another outcome of 

the experiments is the release of heat. Since the Figure 18 is based on ratio of control 

cements to slag added blended cements, in higher fineness levels the ratio is 

decreasing due to the higher increase of control cements over blended cements.  

Although for all samples half of the heat release is completed in 2 days period, the 

addition of slag decreases the released heat and makes the cement proper for special 

applications. 

 

The heat of hydration ratio of natural pozzolan added blended cements over control 

cements in terms of 2 day heat of hydration results are visualize in Figure 19. 
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Figure 19 2-days heat of hydration ratios of natural pozzolan-added blended cements 

to non- blended cements
 

 

In Figure 19; 2-day relative heat of hydration analyses of natural pozzolan-added 

blended cements are investigated. These results show that higher natural pozzolan 

addition to control cements decreases the heat of hydration of cements. Although 

clinker particles behave as grinding medium for softer natural pozzolan particles, the 

heat of hydration results of interground and separately ground cements at same 

fineness levels does not differ. First observations about the blends of Portland cement 

with natural pozzolan showed that interground blended cements have higher heat of 

hydration than separate ground blended cements. This phenomenon cannot be 

explained with the fact that in intergrinding under 45 µm sieve size, the amount of 

natural pozzolan is higher. On the other hand at separate grinding under 45 µm, i.e. 

at reactive portion, Portland cement is dominant and should have higher heat of 

hydration. But the characteristics of blends of natural pozzolan the mechanism is 

different, which causes interground cement to expose higher heat of hydration. In 

literature, the accelerated hydration of the C3S phase, which is caused by natural 

pozzolan, is mainly because of the fineness of natural pozzolan particles. Natural 

pozzolan provide extra surface area for C-S-H and it is called nucleation [Ogawa et 

al, 1980]. Simply, pozzolan particles offer a surface for the precipitation of C-S-H 

gel which is pore solution; this decreases the thickness of the impermeable structure 

surrounding the C3S particles and decreases the time of the dormant period, increases 

the reactions [Dobson et al, 1988]. According to these data in the literature although 

separate grinding procedure increases the amount of Portland cement portion under 
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the 45 µm, the finer natural pozzolan portion which is the outcome of intergrinding 

results in a more reactive cement. Also for %6 natural pozzolan added blended 

cements the heat of hydration exceeds the values of control cement. 

 

The last part of the heat of hydration is the evaluation of the analysis performed with 

limestone added blended cements. The graphical representation of the 2 day heat of 

hydration ratios of the limestone added blended cements over non blended cements is 

given as follows: 

 

 

Figure 20 2-days heat of hydration ratios of limestone-added blended cements to 

non- blended cements 

 

The results of the analysis showed that the limestone added blended cements give the 

minimum heat of hydration values due to agglomeration effect of limestone. At 

lower addition of limestone to Portland cement, the interground limestone added 

blended cements show an increased heat of hydration over separately ground blended 

cements with limestone. But in higher specific surface area values the separately 

ground blended cements have higher heat of hydration levels. Main reason is the 

overground clinker portion.  

 

Beside the outcomes mentioned above, heat of hydration analyses were investigated 

in terms of the ratio of the blended cements heat of hydration to control cements heat 

of hydration values in specific fineness levels. 
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In Figure 20; limestone added blended cement’s heat of hydration ratios to non- 

blended cements heat of hydration values are analysed. Limestone has the highest 

grindability of all the cement replacement materials used in this project, so for higher 

fineness levels finer particles are mainly composed of limestone whereas coarser 

particles were clinker. This fact results in lowest relative heat of hydration values in 

similar fineness values. Also as mentioned in other type of cement replacement 

materials, higher limestone addition results higher decreases in heat of hydration 

values.    

 

4.6 Physical Analyses 

 

Physical analyses applied to both control and blended cements. The compressive 

strength analyses were performed according to TS EN 196-1. According to TS EN 

196-1 the experiment is performed with fixed water cement ratio (w/c=0.5) which 

causes major workability problems in natural pozzolan added blended cements 

because of the material surface characteristics. Water demand and setting time values 

were determined according to TS EN 196-3 standard. 

 

The relations between cement fineness and compressive strength values of slag 

added blended cements are given as follows: 

 

 

Figure 21Compressive strength vs. Cement fineness of control cements 

 



 

44 
 

 

Figure 22 Compressive strength vs. Cement fineness of 6% GBFS added Blended 

cements
 

 

 

Figure 23 Compressive strength vs Cement fineness of 20% GBFS added Blended 

cements 



 

45 
 

 

Figure 24 Compressive strength vs Cement fineness of 35% GBFS added Blended 

cements 

 

The results of the analyses performed with blast furnace slag added blended cements 

obviously showed the effect of the grinding type on the final product. Interground 

part, which is coarser, results in higher compressive strength values whereas the 

process which involves separate grinding results in lower values. Also the increase in 

specific surface area values increases both initial & final strength values and water 

demand of the mortar in order to satisfy the same workability. One another outcome 

of the slag blended cements which have the same level of fineness has a water 

demand of similar values, in other words, the increase in slag content does not 

increases the water demand of the blended cement. When comparing the results of 

the slag added cements with control cements, it is shown that at 2 and 7 days there is 

not a significant decrease with the addition of slag at minor amounts (especially in 

intergrinding where the clinker portion is finer). For 28 days there is an increase in 

compressive strength values in higher replacement amounts for intergrinding and 

separate grinding.   

 

The second group that will be evaluated in terms of physical characteristics are 

natural pozzolan added blended cements whose results were as mentioned in 

Appendix D. 

 

In order to investigate the relations between interground and separately ground 

natural pozzolan added blended cements, the graphs are given in Figures 25-27. 
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Figure 25 Compressive strength vs Cement fineness of 6% natural pozzolan added 

Blended cements 

 

 

Figure 26 Compressive strength vs Cement fineness of 20% natural pozzolan added 

Blended cements 
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Figure 27 Compressive strength vs Cement fineness of 35% natural pozzolan added 

Blended cements 

 

The tests performed with natural pozzolan added blended cements show that the 

addition of natural pozzolan in minor amounts increases the strength of paste in TS 

EN 196-1 standard. The water demand increases even if the addition of the natural 

pozzolan is minimized. The increase in water demand is parallel to the increase in 

natural pozzolan addition. On contrary with the situation in heat of hydration, the 

compressive strength gain in separate grounded cements is higher. This situation 

could be explained with the fact that the higher grindability of natural pozzolan than 

clinker portion; as a result the amount of Portland cement is higher under 45 µm 

sieve in separate grinding process. Hence 28 day compressive strength values are 

higher for separately ground natural pozzolan added blended cements. 

 

The final stage of the physical analysis performed in order to determine the 

characteristics of blended cements are the experiments performed with limestone 

added blended cements.  
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The graphical representations of limestone added blended cements were given as 

follow: 

 

 

Figure 28 Compressive strength vs. Cement fineness of 6% limestone added 

Blended cements 

 

 

Figure 29 Compressive strength vs. Cement fineness of 20% limestone added 

Blended cements 
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Figure 30 Compressive strength vs. Cement fineness of 35% limestone added 

Blended cements 

 

Although limestone is one of the commonly used cement replacement materials in 

cement manufacture, in this study the lowest compressive strength values are 

obtained with the addition of limestone as the cement replacement material. Due to 

the unavailability of the process to reach higher fineness values the level of ultimate 

fineness is lower than other type of blended cements tested. The grindability of the 

limestone also affects the strength gain process. In intergrinding process; limestone 

with higher grindability; ground more and the reactive clinker portion remains 

coarse. These result in a decrease of strength values in interground blended cement 

samples, were the clinker is ground coarser and less reactive than the cement 

produced in intergrinding process. The water demand of the limestone added blended 

cements are the lowest of all the blended cements tested and control cements. Also 

there is a decrease in the trend of the water demand with the increase in the limestone 

content. 

 

Also the water demand ratios for normal consistency (according to TS EN 196-3) of 

the blended cements to control cements were examined. These examinations mainly 

concentrate on the water demand of different cement replacement materials at 

different fineness levels.  
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Figure 31 Water demand ratio of slag, natural pozzolan and limestone added blended 

cements to control cement at 3000 cm
2
/g fineness 

 

In Figure 31 water demand ratio of slag, natural pozzolan and limestone added 

blended cements to control cement at 3000 cm2/gr fineness is given. Water demand 

of all slag added cements have higher demand of water for normal consistency than 

control cement at 3000 cm
2
/g. Both separate and interground slag added blended 

cements have similar water demand values hence the grindability effect of slag is not 

dominant in lower fineness levels. In Figure 31, the water demand ratio of natural 

pozzolan added blended cements to control cements can also be seen. Due to the 

characteristic surface properties of natural pozzolan, these types of blended cements 

have the highest water demand due to their porous surface characteristics.  As 

mentioned in slag added blended cements part, since the specific surface area is 

relatively low, the differences between separate grinding and intergrinding could not 

detected.  In limestone added blended cements contrary to both natural pozzolan and 

slag added blended cements the limestone addition decreases the water demand in 

higher replacement ratios (%20 and %35) at interground process. Also the difference 

in water demands between interground and separate ground cements are more 

distinctive than other types of blended cements.     
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Figure 32 Water demand ratio of slag, natural pozzolan and limestone added blended 

cements to control cement at 5000 cm
2
/g fineness 

 

In Figure 32, relative water demand ratios of blended cements to control cement at 

5000 cm2/g fineness were investigated. Contrary to values given in Figure 15; in 

Figure 16 interground, slag added blended cements have a decrease in relative water 

demand although their fineness is higher. This fact is not compatible with the water 

demand increases with increase in fineness concept [Yin J. et all, 2004].  But the 

columns represent the water demand ratios, so the outcome of this fact is the water 

demand increase in control cements increase more than the increase in slag added 

cements. Also as mentioned in Figure 31; natural pozzolan added cements have 

higher water demand due to their higher porosity and limestone added cements have 

lower water demand. Despite the higher fineness results in higher water demand 

concept does not works on slag added cement, the effect of finer particles on water 

demand can easily detected on natural pozzolan and limestone added cements. Since 

the relative water demand is lower than 3000 cm2/g blended cements which confirm 

the superior grindability of trass and limestone over clinker.  As mentioned the 

higher fineness values for limestone added cements were not achieved due to the 

agglomeration of particles, so 4500 cm
2
/g fineness level is used in Figure 32.  
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Figure 33 Water demand ratio of slag, natural pozzolan and limestone added blended 

cements to control cement at 6000 cm
2
/g fineness 

 

In Figure 33; relative water demands of all blended cements were lower than the 

cements mentioned in Figure 31 and 32. This phenomenon can be explained by 

higher water demand increase of control cements than control cements. Disharmony 

in relative water demand of the natural pozzolan added cements can be explained by 

the variety in the surface characteristics of natural pozzolan. 

 

In this chapter both blended and control cements were investigated in terms of their 

compressive strength values according TS EN 196-1. Also the water demand is 

determined in order to satisfy the same workability for both of the cement pastes. 

Also the differences between the grinding operations in terms of the effects on 

physical characteristics of the final products are evaluated.    

 

Finally setting time values of the blended cements were given in Appendix D. The 

results show that increase in cement fineness decreases the setting time, also in 

higher replacement levels setting time of the blended cements increase.  
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CHAPTER 5  
 

 

CONCLUSIONS AND RECOMMEDATIONS FOR FURTHER 

STUDY 
 

 

 

 

 

The aim of this research was to determine the effects of the fineness of different 

mineral additives on loss on ignition, heat of hydration, physical, mechanical and 

chemical properties of blended cements. The parameters that were determined were 

complete chemical analysis, which contains complete oxide, loss on ignition, 

chloride and insoluble residue analysis. After chemical analyses; the changes in loss 

on ignition values of blended cements with respect to control cements were  

determined at 0, 2, 4 and 8th weeks, by simulating the market conditions carried out 

with the packages made from cement bag. The third major type of analysis which 

applied to cements, was heat of hydration analysis. Heat of hydration analyses were 

performed at 2nd, 7th and 28th days. Fourth and the last type of analysis performed 

were the physical analysis. Physical analyses, performed on the samples were the 

compressive strength test in terms of both TS EN 196-1 and the water demand and 

setting time according to TS EN 196-3. The outcomes of the analyses are as follows: 

 

- The distribution of both the mineral admixtures and clinker+gypsum part 

finer and coarser than 45 µm was determined for both intergrinding and 

separate grinding. In intergrinding process, under 45 µm sieve size limestone 

and natural pozzolan are dominant over Portland cement portion due to their 

superior grindability over clinker. Slag incorporated cements had lower slag 

portions under 45 µm sieve size, because of the lesser grindability of slag. 

These outcomes of the chemical analysis gives valuable information about 

the further study, i.e. heat of hydration analysis and physical analysis of the 

blended cements in various fineness levels. 
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- Loss on Ignition values of the all blended cement mixes in this study follows 

the same pattern, which was based on fineness. The higher the fineness level, 

higher the loss on ignition at 8
th

 week. These results showed that the more 

reactive cement, which is the demand of the market today, has to be kept 

sealed and to be consumed in a short period in order to satisfy the loss on 

ignition limits mentioned in the TS EN 197-1. The grindability characteristics 

of the materials which were involved in the blends manipulated the loss on 

ignition values. When the clinker was interground with a material with a 

higher grindability, the final product has lesser clinker in reactive portion 

than separate ground mix which causes lower loss on ignition values than 

separately ground same mix. 

 

- Heat of hydration analysis performed on various blends of granulated blast 

furnace slag, natural pozzolan and limestone showed that the addition of 

cement replacement materials in major amounts definitely decreases the heat 

of hydration. One other outcome of the heat of hydration analysis is the effect 

of grinding procedure on heat of hydration values. The limestone added 

blended cements gave higher heat of hydration values when separately 

ground due to the higher grindability of limestone than clinker.  

 

-  Physical analyses were performed in terms of compressive strength 

determination according to TS EN 196-1 and water demand, setting time 

determination according to TS EN 196-1. The grindability difference between 

the ingredients also affects the compressive strength values. Seperately 

ground slag mixes have lower compressive strength values in early days but 

higher than control mixes and interground slag mixes in ultimate strength. At 

lower replacement levels trass added blended cements could reach higher 

strength values than control mixes, but at 35% replacement level there was a 

strength loss. The increase in limestone content dramatically decreases the 

strength values in both early and late ages. The water demand values showed 

that limestone replacement decreases the water demand and trass addition has 

the highest water demand. In higher fineness levels the difference between 

control mixes and mineral added cement mixes becomes lower. Since the 

increase in fineness increases the reactivity of the cements, cements with 
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higher specific surface area have lower setting time than cements with higher 

fineness. Also it is determined that limestone addition increases the setting 

time. 

 

Further analyses about effect of the grinding processes on the blended cements at 

different fineness levels could include other type of mineral admixtures such as fly 

ash, calcined earth and the blends of various cement-replacement materials together. 

Also the study improves with the mathematical formulation of the analyzed blended 

cements in order to determine the properties of different level of fineness. Physical 

analysis of the cements may be expanded with the setting time and volume expansion 

analysis. Heat of hydration experiments can also be performed with both finer and 

coarser than 45 µm sieve portions of the produced cements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

56 
 

 

REFERENCES 

 

 

Akgün E, Early strength development of slag cements, MSc Thesis, METU Ankara, 

2009 

 

 

Blunk G., Brand J., Kollo H., Ludwing O., Effect of particle size distribution of 

granulated blast furnace slag and clinker on the properties of blast furnace cements, 

Zement Kalk Gips, 1989. 

 

 

Borgholm HE, What is mineralised cement, FL Smidth & Company, Highlights,1996 

 

 

Cembureau, Activity Report, Brussel, 2009 

 

 

Çelik Ilkay, The effects of particle size distribution and surface area upon cement 

strength development, Powder Technology, 2009 

 

 

Çopuroğlu Oğuzhan, Yüksek fırın cürunca zengin betonlarda buzlanma-tuzlanma 

pullanması dayanıklılığını arttırmaya yönelik sodium monoflorofosfat uygulaması: 

vaterit ve aragonite stabilizasyonu,8. National Concrete Congress, Ġzmir, 2011 

 

 

Davis P, Stringer JA, Watson D., Making the most of materials cement, Swindon, 

UK: Science Research Council, 1979 

 

 

Davidovits J. Geopolymer cements to minimize carbon-dioxide greenhouse      

warming, Ceramic Transactions, Vol. 37 (1993), Cement-based Materials: present, 

future, and environmental aspects, Moukwa & al. Eds., pp. 165-182; American 

Ceramic Society 

 

Dhir R, Jones M. Euro cements impact of  EN-197 on concrete construction,.London, 

1994 

 

 

Dobson CM, Goberdhan DGC, Ramsay JDF, Rodger SA. Study of the hydration of 

tricalcium silicate in the presence of finely divided silica, Journal of Materials 

Science, 1988 

  

Hewlett P., Lea’s chemistry of cement and concrete, Elsevier Science & Technology 

Books, 2004 



 

57 
 

Hirleman E.D., Particle Sizing by Optical Nonimaging Techniques Liquid Particle 

Size Detection Techniques, ASTM STP 848, J.M. Tishkoff, R.D. Ingebo and J.B. 

Kennedy EDS American Society for Testing and Materials, 1994 pp.35-60 

 

 

Hosten, C., Grindability of mixtures of clinker and natural pozzolan, Cement and 

Concrete Research Volume:28 pp.11, 1998 

 

 

Labahn O., Cement Engineers’ Handbook, Bauverlag, 1983 

 

 

Kuleli, Ö., Çimento Mühendisliği El Kitabı, Türkiye Çimento Müstahsilleri Birliği, 

2009 

 

 

Mehta K. Energy, resources and the environment - a review of the US cement 

Industry, World Cement Technology, 1978 

 

 

Moir GK, Glasser FP. Mineralisers, modifiers and activators in the clinkering 

Process, Proceedings of the 9th International Congress on the Chemistry of Cement, 

New Delhi, 1992 

 

 

Neville A. M., Properties of Concrete, Fourth Edition, Pearson Education Limited, 

England, 2003 

 

 

Norholm A., Notes on energy conservation, FL Smidth and Co., lstanbul, Turkey, 

1995 

 

 

Ogawa K, Uchikawa H, Takemoto K, Yasui I., “The mechanism of the hydration in 

the system C3S pozzolanas”. Cement and Concrete Research Res:10 pp.683-699, 

1980 

 

 

Omurtay B., Çimento sektöründe Benchmarking çalışması, Ankara, 2004 

 

 

Opoczky L., Problems relating to grinding technology and quality when grinding 

composite cements, Zement Kalk Gips, 1993 

 

 

TCMA, Yearly Turkish Cement Production Statistics, Ankara, 2009 

 

 



 

58 
 

Tokyay M., Erdogdu K., Türker P., Comparison of intergrinding and separate 

grinding for the production of natural pozzolan and GBFS-incorporated blended 

cements, Cement and Concrete Research Vol:29 pp.743-748, 1999  

 

 

TS EN 197-1, Genel Çimentolar-Uygunluk Kriterleri, Ankara, 2002 

 

 

Tsivilis S., Kakali G., Alamanou T., A comparative study of intergrinding and 

separate grinding of cement raw mix, Zement Kalk Gips, 1993 

 

 

Turanli L, Uzal B, Bektas F, Effect of material characteristics on the properties of 

blended cements containing high volumes of natural pozzolans, Cement and 

Concrete Research Vol:34 pp.2277-2282, 2004 

 

 

 Uzal B., Turanli L., Studies on blended cements containing a high volume of natural 

pozzolans, Cement and Concrete Research Res. 33 pp.1777-1781, 2003 

 

 

Walter D., international process engineering in the cement industry, Macdonald and 

Evans, 1977 

 

 

Worrel E., Martin N., Price L., Potentials for energy efficiency improvement in the 

US cement industry, Energy Vol:12 pp.1189-1214, 2000  

 

 

Yin J., Li Y., Zhou S., Gao Y, The effects of fly ash on the fluidity of cement paste, 

mortar and concrete, International Workshop on Sustainable Development and 

Concrete Technology, 2004 

 

 

Zhang, Y., Napier-Munn, T., Effects of particle size distribution, surface area and 

chemical composition on Portland cement strength, Powder Technology Vol:83 pp. 

245-252, 1995 

 

 

 
 

 

 

 

 

 



 

59 
 

 

APPENDIX A 
 

 

TABLES OF CHEMICAL ANALYSES OF THE BLENDED 

CEMENTS 

 

 

 

Table 10 Chemical analysis results of control cements 

Cement 

Type 

Blaine 

(cm
2
/gr) 

Size  
Chemical Composition (%) 

LOI SiO2 Al2O3 Fe2O3
                                      

 CaO MgO SO3 Cl
-
 

Na2O 

Equiv. 

Control 

3000 
-45μ 3,01 19,30 5,27 2,94 62,96 2,49 3,13 0,0124 0,70 

+45μ 1,51 20,18 5,90 3,25 63,79 2,69 1,74 0,0099 0,71 

5000 
-45μ 2,70 19,44 5,38 3,01 63,22 2,51 2,77 0,0118 0,71 

+45μ 1,75 20,08 5,86 3,25 63,44 2,74 1,81 0,0119 0,75 

6000 
-45μ 2,60 19,49 5,45 2,93 63,37 2,57 2,64 0,0113 0,72 

+45μ 2,23 20,01 5,74 3,24 62,95 2,65 2,18 0,0117 0,74 
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Table 11 Chemical analysis results of original blended cements 

Mineral 

Additive Grinding 

Method 

Chemical Composition (%) 

Type 
Amou

nt (%) 
LOI SiO2 Al2O3 Fe2O3

                                      
 CaO 

Mg

O 
SO3 Cl

-
 

Na2O 

Eq. 

Control 0 - 2,59 19,65 5,48 3,08 63,25 2,58 2,43 0,0118 0,73 

Slag 

6 Sep. 2,31 20,87 5,97 3,01 61,29 2,88 2,53 0,0095 0,75 

6 Int. 2,30 20,85 5,92 2,99 61,45 2,85 2,44 0,0103 0,75 

20 Sep. 1,77 23,84 6,78 2,92 57,61 3,42 2,13 0,0091 0,80 

20 Int. 1,67 23,91 7,09 2,82 57,86 3,50 2,07 0,0109 0,80 

35 Sep. 1,53 26,46 8,00 2,70 54,18 4,02 1,99 0,0078 0,87 

35 Int. 1,31 26,76 8,06 2,75 53,54 4,09 2,09 0,0097 0,88 

Natural 

Pozolan 

6 Sep. 2,85 21,71 6,06 3,26 59,88 2,52 2,54 0,0109 0,95 

6 Int. 2,40 21,81 6,09 3,26 60,12 2,55 2,59 0,0110 0,95 

20 Sep. 3,09 27,46 7,58 3,59 51,85 2,48 2,18 0,0097 1,42 

20 Int. 2,64 27,23 7,55 3,59 52,53 2,50 2,15 0,0089 1,43 

35 Sep. 3,35 32,77 8,99 3,87 44,02 2,42 2,39 0,0084 1,87 

35 Int. 2,83 33,85 8,99 3,63 44,20 2,41 1,80 0,0076 1,97 

Limesto

ne 

6 Sep. 2,85 21,71 6,06 3,26 59,88 2,52 2,54 0,0109 0,95 

6 Int. 2,40 21,81 6,09 3,26 60,12 2,55 2,59 0,0110 0,95 

20 Sep. 3,09 27,46 7,58 3,59 51,85 2,48 2,18 0,0097 1,42 

20 Int. 2,64 27,23 7,55 3,59 52,53 2,50 2,15 0,0089 1,43 

35 Sep. 3,35 32,77 8,99 3,87 44,02 2,42 2,39 0,0084 1,87 

35 Int. 2,83 33,85 8,99 3,63 44,20 2,41 1,80 0,0076 1,97 
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Table 12 Chemical analysis results of slag blended cements 

Mineral 

Additive Grinding 

Method 

Blaine 

(cm
2
/g

r) 

Size  Chemical Composition (%) 

Amount 

(%) 
LOI SiO2 Al2O3 Fe2O3

                                      
 CaO MgO SO3 Cl

-
 

Na2O 

Eq. 

6 

Int. 

3000 
-45μ 3,12 20,20 5,61 2,91 61,19 2,72 3,24 0,010 0,77 

+45μ 1,35 21,95 6,52 3,16 61,45 3,08 1,58 0,008 0,73 

5000 
-45μ 2,84 20,46 5,70 2,96 61,46 2,80 2,80 0,010 0,77 

+45μ 1,80 21,78 6,47 3,23 60,98 3,07 1,73 0,010 0,75 

6000 
-45μ 2,61 20,65 5,80 2,92 61,69 2,80 2,56 0,011 0,74 

+45μ 2,24 21,50 6,24 3,03 60,82 2,97 2,22 0,011 0,74 

Sep. 

3000 
-45μ 2,00 21,27 6,00 2,97 62,03 2,92 1,79 0,010 0,80 

+45μ 2,32 20,03 5,93 3,10 60,85 2,75 3,81 0,008 0,69 

5000 
-45μ 2,14 21,33 6,08 3,02 61,47 2,96 1,86 0,009 0,80 

+45μ 3,26 19,05 5,60 3,15 60,02 2,61 5,41 0,009 0,67 

6000 
-45μ 2,30 21,10 6,01 3,02 61,66 2,94 1,90 0,009 0,82 

+45μ 4,23 18,79 5,55 2,96 58,85 2,59 6,32 0,009 0,65 

20 

Int. 

3000 
-45μ 2,14 22,86 6,55 2,78 58,76 3,25 2,56 0,011 0,83 

+45μ 0,70 25,54 7,92 2,86 56,89 3,94 1,07 0,008 0,79 

5000 
-45μ 2,04 23,35 6,83 2,78 58,33 3,38 2,30 0,011 0,78 

+45μ 1,39 25,47 7,69 2,88 56,15 3,79 1,61 0,008 0,84 

6000 
-45μ 1,92 23,58 6,96 2,81 58,00 3,43 2,25 0,012 0,81 

+45μ 1,78 25,35 7,65 2,88 55,60 3,76 1,83 0,009 0,82 

Sep. 

3000 
-45μ 1,54 24,64 6,80 2,87 57,60 3,42 1,43 0,009 0,84 

+45μ 1,98 21,86 6,68 3,08 59,61 3,19 2,40 0,007 0,74 

5000 
-45μ 1,59 24,36 7,25 2,85 57,44 3,58 1,64 0,008 0,85 

+45μ 3,01 20,86 6,25 2,98 57,82 2,99 4,94 0,009 0,72 

6000 
-45μ 1,74 24,02 7,18 2,86 57,62 3,70 1,82 0,008 0,83 

+45μ 3,65 20,78 6,25 2,98 56,90 2,89 5,63 0,009 0,74 

35 

Int. 

3000 
-45μ 1,86 25,66 7,40 2,68 54,79 3,63 2,52 0,009 0,86 

+45μ 0,35 29,37 9,03 2,81 51,67 4,26 0,88 0,006 0,92 

5000 
-45μ 1,62 25,83 7,90 2,51 54,68 3,87 2,35 0,009 0,87 

+45μ 0,35 29,46 9,04 2,69 51,00 4,39 1,08 0,008 0,90 

6000 
-45μ 1,47 25,85 7,95 2,55 54,57 3,96 2,20 0,009 0,87 

+45μ 0,11 30,38 9,76 3,28 48,10 5,29 1,22 0,011 0,89 

Sep. 

3000 
-45μ 1,40 27,10 8,11 2,59 53,74 4,18 1,59 0,008 0,92 

+45μ 1,83 24,70 7,79 2,84 54,60 3,80 3,38 0,007 0,79 

5000 
-45μ 1,49 26,79 8,04 2,75 54,12 4,10 1,45 0,007 0,88 

+45μ 3,12 22,13 6,70 3,04 55,01 3,53 5,58 0,008 0,73 

6000 
-45μ 1,53 26,49 8,01 2,70 54,17 4,04 1,67 0,007 0,87 

+45μ 3,49 21,93 6,54 2,94 55,64 3,35 4,96 0,008 0,78 
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Table 13 Chemical analysis results of trass blended cements 

Mineral 

Additive Grinding 

Method 

Blaine 

(cm
2
/gr) 

Size  
Chemical Composition (%) 

Amount 

(%) 
LOI SiO2 Al2O3 Fe2O3

                                      
 CaO MgO SO3 Cl

-
 

Na2O 

Eq.. 

6 

Int. 

3000 
-45μ 3,12 21,96 5,90 3,13 59,04 2,44 3,20 0,011 0,98 

+45μ 1,32 21,80 6,34 3,36 61,88 2,65 1,58 0,010 0,87 

5000 
-45μ 2,83 21,81 6,08 3,22 59,62 2,46 2,79 0,010 0,95 

+45μ 1,78 21,74 6,15 3,34 61,37 2,57 1,88 0,012 0,85 

6000 
-45μ 2,53 21,77 6,09 3,26 60,11 2,54 2,53 0,010 0,94 

+45μ 2,82 21,68 6,10 3,34 60,10 2,55 2,28 0,013 0,86 

Sep. 

3000 
-45μ 3,02 20,97 5,71 3,14 61,84 2,50 1,68 0,011 0,88 

+45μ 2,35 22,94 6,47 3,31 58,55 2,57 2,54 0,008 1,05 

5000 
-45μ 2,83 21,39 5,89 3,26 60,55 2,52 2,27 0,012 0,89 

+45μ 4,27 23,24 6,41 3,21 53,64 2,19 5,63 0,010 1,17 

6000 
-45μ 2,44 21,88 6,11 3,31 60,66 2,64 1,78 0,010 0,90 

+45μ 5,23 20,56 5,79 3,05 53,61 2,15 8,41 0,011 0,99 

20 

Int. 

3000 
-45μ 3,27 28,00 7,50 3,62 50,80 2,43 2,40 0,009 1,49 

+45μ 1,43 26,27 7,61 3,55 55,05 2,62 1,40 0,007 1,35 

5000 
-45μ 3,03 27,85 7,52 3,59 50,95 2,46 2,36 0,008 1,44 

+45μ 1,79 25,93 7,41 3,61 55,23 2,63 1,56 0,009 1,33 

6000 
-45μ 2,88 27,51 7,56 3,56 51,63 2,50 2,32 0,008 1,43 

+45μ 1,93 25,88 7,33 3,64 55,33 2,65 1,75 0,009 1,27 

Sep. 

3000 
-45μ 2,97 24,36 6,63 3,42 56,34 2,55 2,01 0,010 1,29 

+45μ 3,12 30,92 8,82 3,67 45,84 2,48 2,97 0,006 1,81 

5000 
-45μ 3,08 25,76 7,20 3,55 54,13 2,55 2,08 0,011 1,30 

+45μ 4,53 33,38 9,20 3,70 39,33 2,20 5,21 0,009 2,07 

6000 
-45μ 2,98 26,56 7,44 3,60 53,36 2,54 1,93 0,009 1,33 

+45μ 4,36 28,65 8,03 3,49 45,48 2,31 5,73 0,009 1,58 

35 

Int. 

3000 
-45μ 3,89 35,77 9,25 3,76 40,05 2,27 2,65 0,008 2,02 

+45μ 2,17 32,88 8,87 3,44 45,94 2,44 1,74 0,006 1,88 

5000 
-45μ 3,28 34,78 9,18 3,70 42,09 2,31 2,38 0,008 1,99 

+45μ 2,08 32,30 8,65 3,48 46,91 2,55 1,66 0,007 1,85 

6000 
-45μ 3,20 34,61 9,16 3,67 42,59 2,37 2,11 0,007 1,96 

+45μ 2,00 32,01 8,57 3,52 47,63 2,61 1,42 0,008 1,84 

Sep. 

3000 
-45μ 3,18 28,13 7,66 3,73 50,40 2,50 2,52 0,008 1,52 

+45μ 3,38 38,32 10,52 4,09 35,51 2,30 3,16 0,006 2,38 

5000 
-45μ 3,34 30,42 8,37 3,86 47,78 2,49 1,74 0,010 1,69 

+45μ 4,40 41,93 11,53 4,21 28,66 2,26 3,96 0,008 2,64 

6000 
-45μ 3,18 32,71 8,93 3,94 44,75 2,49 1,88 0,008 1,85 

+45μ 3,95 33,57 9,26 3,70 40,36 2,32 4,32 0,006 2,10 
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Table 14 Chemical analysis results of limestone blended cements 

Mineral 

Additive Grinding 

Method 

Blaine 

(cm
2
/gr) 

Size  
Chemical Composition (%) 

Amount 

(%) 
LOI SiO2 Al2O3 Fe2O3

                                      
 CaO MgO SO3 Cl

-
 

Na2O 

Eq. 

6 

Int. 

3000 
-45μ 3,12 21,96 5,90 3,13 59,04 2,44 3,20 0,011 0,98 

+45μ 1,32 21,80 6,34 3,36 61,88 2,65 1,58 0,010 0,87 

4000 
-45μ 2,83 21,81 6,08 3,22 59,62 2,46 2,79 0,010 0,95 

+45μ 1,78 21,74 6,15 3,34 61,37 2,57 1,88 0,012 0,85 

4500 
-45μ 2,53 21,77 6,09 3,26 60,11 2,54 2,53 0,010 0,94 

+45μ 2,82 21,68 6,10 3,34 60,10 2,55 2,28 0,013 0,86 

Sep. 

3000 
-45μ 3,02 20,97 5,71 3,14 61,84 2,50 1,68 0,011 0,88 

+45μ 2,35 22,94 6,47 3,31 58,55 2,57 2,54 0,008 1,05 

4000 
-45μ 2,83 21,39 5,89 3,26 60,55 2,52 2,27 0,012 0,89 

+45μ 4,27 23,24 6,41 3,21 53,64 2,19 5,63 0,010 1,17 

4500 
-45μ 2,44 21,88 6,11 3,31 60,66 2,64 1,78 0,010 0,90 

+45μ 5,23 20,56 5,79 3,05 53,61 2,15 8,41 0,011 0,99 

20 

Int. 

3000 
-45μ 3,27 28,00 7,50 3,62 50,80 2,43 2,40 0,009 1,49 

+45μ 1,43 26,27 7,61 3,55 55,05 2,62 1,40 0,007 1,35 

4000 
-45μ 3,03 27,85 7,52 3,59 50,95 2,46 2,36 0,008 1,44 

+45μ 1,79 25,93 7,41 3,61 55,23 2,63 1,56 0,009 1,33 

4500 
-45μ 2,88 27,51 7,56 3,56 51,63 2,50 2,32 0,008 1,43 

+45μ 1,93 25,88 7,33 3,64 55,33 2,65 1,75 0,009 1,27 

Sep. 

3000 
-45μ 2,97 24,36 6,63 3,42 56,34 2,55 2,01 0,010 1,29 

+45μ 3,12 30,92 8,82 3,67 45,84 2,48 2,97 0,006 1,81 

4000 
-45μ 3,08 25,76 7,20 3,55 54,13 2,55 2,08 0,011 1,30 

+45μ 4,53 33,38 9,20 3,70 39,33 2,20 5,21 0,009 2,07 

4500 
-45μ 2,98 26,56 7,44 3,60 53,36 2,54 1,93 0,009 1,33 

+45μ 4,36 28,65 8,03 3,49 45,48 2,31 5,73 0,009 1,58 

35 

Int. 

3000 
-45μ 3,89 35,77 9,25 3,76 40,05 2,27 2,65 0,008 2,02 

+45μ 2,17 32,88 8,87 3,44 45,94 2,44 1,74 0,006 1,88 

4000 
-45μ 3,28 34,78 9,18 3,70 42,09 2,31 2,38 0,008 1,99 

+45μ 2,08 32,30 8,65 3,48 46,91 2,55 1,66 0,007 1,85 

4500 
-45μ 3,20 34,61 9,16 3,67 42,59 2,37 2,11 0,007 1,96 

+45μ 2,00 32,01 8,57 3,52 47,63 2,61 1,42 0,008 1,84 

Sep. 

3000 
-45μ 3,18 28,13 7,66 3,73 50,40 2,50 2,52 0,008 1,52 

+45μ 3,38 38,32 10,52 4,09 35,51 2,30 3,16 0,006 2,38 

4000 
-45μ 3,34 30,42 8,37 3,86 47,78 2,49 1,74 0,010 1,69 

+45μ 4,40 41,93 11,53 4,21 28,66 2,26 3,96 0,008 2,64 

4500 
-45μ 3,18 32,71 8,93 3,94 44,75 2,49 1,88 0,008 1,85 

+45μ 3,95 33,57 9,26 3,70 40,36 2,32 4,32 0,006 2,10 
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APPENDIX B 
 

 

TABLES OF LOSS ON IGNITION ANALYSES OF THE 

BLENDED CEMENTS 

 

 

 

Table 15 Results of the loss on ignition analysis of control cements 

Cement Label 
Loss on Ignition (%) 

0th Week 1st Week 2nd Week 4th Week 8th Week 

C100 3000  2.31 2.65 2.72 2.85 2.96 

C100 5000  2.43 2.97 3.11 3.15 3.30 

C100 6000  2.58 3.32 3.16 3.44 3.48 

 

Table 16 Results of the loss on ignition analysis of slag blended cements 

Cement Label 
Loss on Ignition (%) 

0th Week 1st Week 2nd Week 4th Week 8th Week 

S6 3000 IG 2.12 2.49 2.57 2.64 2.75 

S6 5000 IG 2.20 2.79 2.91 2.98 3.10 

S6 6000 IG 2.37 3.07 3.07 3.14 3.20 

S20 3000 IG 1.75 1.77 2.01 2.20 2.18 

S20 5000 IG 1.97 2.09 2.29 2.46 2.43 

S20 6000 IG 2.04 2.30 2.43 2.53 2.73 

S35 3000 IG 1.35 1.59 1.67 1.70 1.82 

S35 5000 IG 1.56 1.95 2.01 2.10 2.13 

S35 6000 IG 1.62 1.96 2.07 2.18 2.51 

S6 3000 SG 1.96 2.62 2.70 2.90 4.11 

S6 5000 SG 2.48 2.81 2.91 3.23 5.84 

S6 6000 SG 2.58 3.79 4.21 4.95 7.78 

S20 3000 SG 1.74 2.17 2.35 2.48 3.57 

S20 5000 SG 1.76 2.28 2.50 2.85 5.35 

S20 6000 SG 2.06 2.89 3.20 4.84 6.44 

S35 3000 SG 1.58 1.78 2.16 2.42 3.15 

S35 5000 SG 1.56 1.87 1.96 2.24 3.93 

S35 6000 SG 1.80 2.66 2.84 3.94 4.96 
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Table 17 Results of the loss on ignition analysis of trass blended cements 

Cement Label 
Loss on Ignition (%) 

0th Week 1st Week 2nd Week 4th Week 8th Week 

T6 3000 IG 2.52 2.78 2.80 2.84 2.94 

T6 5000 IG 2.54 3.10 3.10 3.16 3.35 

T6 6000 IG 2.89 3.37 3.41 3.48 3.81 

T20 3000 IG 2.52 2.74 2.76 2.79 2.86 

T20 5000 IG 2.84 3.20 3.23 3.25 3.35 

T20 6000 IG 2.70 3.09 3.11 3.14 3.30 

T35 3000 IG 2.83 3.03 3.10 3.12 3.11 

T35 5000 IG 2.88 3.17 3.27 3.29 3.41 

T35 6000 IG 2.87 3.12 3.23 3.28 3.38 

T6 3000 SG 2.74 3.35 3.68 4.89 5.53 

T6 5000 SG 2.39 5.30 6.24 6.46 6.88 

T6 6000 SG 3.61 5.69 6.75 6.76 7.05 

T20 3000 SG 2.73 3.22 3.30 3.91 4.88 

T20 5000 SG 3.30 5.44 6.13 6.43 6.73 

T20 6000 SG 3.86 4.14 5.23 6.15 7.20 

T35 3000 SG 3.37 3.70 3.75 4.24 4.97 

T35 5000 SG 3.62 5.23 5.63 6.03 6.51 

T35 6000 SG 4.03 4.55 5.16 5.80 6.88 

 

Table 18 Results of the loss on ignition analysis of limestone blended cements 

Cement Label 
Loss on Ignition (%) 

0th Week 1st Week 2nd Week 4th Week 8th Week 

L6 3000 IG 4.57 4.96 5.07 5.33 5.53 

L6 4000 IG 4.91 5.29 5.41 6.06 6.33 

L6 4500 IG 4.68 5.10 5.27 5.71 6.00 

L20 3000 IG 10.10 10.34 10.42 10.63 10.78 

L20 4000 IG 9.96 10.22 10.33 10.54 10.76 

L20 4500 IG 9.97 10.39 10.47 10.73 11.05 

L35 3000 IG 16.31 16.42 16.44 16.68 16.86 

L35 4000 IG 16.39 16.36 16.46 16.72 16.88 

L35 4500 IG 16.10 16.19 16.26 16.53 16.78 

L6 3000 SG 3.06 3.35 5.66 7.34 7.23 

L6 4000 SG 5.18 6.23 8.25 8.14 8.27 

L6 4500 SG 5.77 7.39 8.58 8.57 8.83 

L20 3000 SG 10.21 11.18 11.94 12.11 12.29 

L20 4000 SG 10.10 11.72 13.38 13.93 13.92 

L20 4500 SG 11.02 12.64 14.09 14.25 14.30 

L35 3000 SG 15.54 16.35 17.17 17.55 17.76 

L35 4000 SG 16.04 17.11 18.23 18.60 18.46 

L35 4500 SG 16.91 19.02 19.90 19.66 20.02 
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APPENDIX C 
 

 

TABLES OF HEAT OF HYDRATION ANALYSES OF THE 

BLENDED CEMENTS 

 

 

 

Table 19 Heat of hydration analyses of control cements 

Cement Label 
Heat Of Hydration (Cal/g) 

2nd Day 7th Day 28th Day 

C100 3000 59.4 65.8 70.7 

C100 5000 72.9 76.2 81.2 

C100 6000 84.1 87.2 89.3 

 

Table 20 Heat of hydration analyses of slag blended cements 

Cement Label 
Heat Of Hydration (Cal/g) 

2nd Day 7th Day 28th Day 

S6 3000 IG 55.1 71.5 83.2 

S6 5000 IG 63.5 73.9 86.1 

S6 6000 IG 66.3 80.6 88.9 

S20 3000 IG 40.1 60.8 74.5 

S20 5000 IG 56.4 71.0 83.9 

S20 6000 IG 60.5 73.8 85.0 

S35 3000 IG 37.2 54.4 68.5 

S35 5000 IG 48.3 68.2 80.1 

S35 6000 IG 50.3 70.3 82.4 

S6 3000 SG 40.5 58.3 70.6 

S6 5000 SG 51.9 67.1 78.5 

S6 6000 SG 53.6 71.8 81.0 

S20 3000 SG 30.9 51.1 67.6 

S20 5000 SG 49.8 65.6 77.3 

S20 6000 SG 52.6 67.2 80.4 

S35 3000 SG 29.1 48.5 63.2 

S35 5000 SG 43.9 62.7 75.1 

S35 6000 SG 44.8 64.0 79.9 
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Table 21 Heat of hydration analyses of trass blended cements 

Cement Label 
Heat Of Hydration (Cal/g) 

2nd Day 7th Day 28th Day 

T6 3000 IG 54.4 61.2 76.9 

T6 5000 IG 62.5 71.7 85.5 

T6 6000 IG 64.2 84.0 92.9 

T20 3000 IG 42.7 55.4 72.2 

T20 5000 IG 52.6 68.1 79.6 

T20 6000 IG 57.1 71.7 81.9 

T35 3000 IG 35.4 48.2 61.7 

T35 5000 IG 44.0 61.5 70.9 

T35 6000 IG 47.4 63.7 74.1 

T6 3000 SG 47.1 58.8 73.0 

T6 5000 SG 64.4 73.8 83.6 

T6 6000 SG 69.3 77.8 89.3 

T20 3000 SG 41.8 54.1 68.8 

T20 5000 SG 47.9 59.3 71.8 

T20 6000 SG 49.3 60.6 72.8 

T35 3000 SG 37.8 46.7 59.1 

T35 5000 SG 46.1 52.9 62.9 

T35 6000 SG 47.9 54.4 67.7 

 

Table 22 Heat of hydration analyses of limestone blended cements 

Cement Label 
Heat Of Hydration (Cal/g) 

2nd Day 7th Day 28th Day 

L6 3000 IG 45.4 63.4 73.7 

L6 4000 IG 46.7 65.5 74.4 

L6 4500 IG 49.4 65.9 76.1 

L20 3000 IG 37.7 52.7 58.4 

L20 4000 IG 38.2 53.7 62.7 

L20 4500 IG 39.8 56.2 64.2 

L35 3000 IG 30.4 40.0 48.4 

L35 4000 IG 32.2 45.0 52.2 

L35 4500 IG 33.6 49.5 55.6 

L6 3000 SG 42.1 54.4 66.7 

L6 4000 SG 45.0 60.9 69.2 

L6 4500 SG 47.0 62.9 72.1 

L20 3000 SG 38.2 52.8 60.2 

L20 4000 SG 42.4 56.0 63.7 

L20 4500 SG 44.5 58.4 66.7 

L35 3000 SG 26.5 38.5 50.8 

L35 4000 SG 27.2 43.3 54.7 

L35 4500 SG 30.1 44.8 56.2 
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APPENDIX D 
 

 

TABLES OF PHYSICAL ANALYSES OF THE BLENDED 

CEMENTS 

 

 

 

Table 23 Compressive strength of control cements 

Cement Label 
Compressive Strength (MPa) 

2 days 7 days 28 days 

C100 3000 13.0 23.0 33.5 

C100 5000 23.8 35.7 43.8 

C100 6000 29.9 42.9 50.8 

 

 

Table 24 Compressive strength of slag blended cements 

Cement Label 
Compressive Strength (MPa) 

2 days 7 days 28 days 

S6 3000 IG 13.3 23.3 32.6 

S6 5000 IG 24.0 36.9 46.6 

S6 6000 IG 28.7 41.1 50.7 

S20 3000 IG 11.8 21.2 32.5 

S20 5000 IG 21.4 35.0 49.5 

S20 6000 IG 24.6 37.5 52.1 

S35 3000 IG 9.5 17.0 28.4 

S35 5000 IG 17.9 30.0 48.5 

S35 6000 IG 20.2 33.5 52.1 

S6 3000 SG 15.5 27.5 39.7 

S6 5000 SG 23.0 38.2 50.5 

S6 6000 SG 25.8 40.4 51.9 

S20 3000 SG 11.4 21.9 36.7 

S20 5000 SG 18.1 32.7 50.2 

S20 6000 SG 20.0 35.0 55.1 

S35 3000 SG 10.4 19.8 34.7 

S35 5000 SG 14.3 27.3 50.2 

S35 6000 SG 13.7 29.8 55.3 
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Table 25 Compressive strength of trass blended cements 

Cement Label 
Compressive Strength (MPa) 

2 days 7 days 28 days 

T6 3000 IG 14.5 24.9 36.6 

T6 5000 IG 25.6 38.5 48.5 

T6 6000 IG 31.3 44.3 54.7 

T20 3000 IG 10.1 18.4 28.3 

T20 5000 IG 18.8 32.9 45.2 

T20 6000 IG 24.2 37.3 50.0 

T35 3000 IG 5.1 9.6 17.6 

T35 5000 IG 14.0 24.1 36.7 

T35 6000 IG 17.2 27.5 39.2 

T6 3000 SG 15.4 27.0 38.0 

T6 5000 SG 22.9 40.2 50.3 

T6 6000 SG 27.0 37.7 47.7 

T20 3000 SG 12.4 22.9 34.6 

T20 5000 SG 20.1 32.2 42.2 

T20 6000 SG 17.3 28.0 38.6 

T35 3000 SG 8.8 16.5 23.9 

T35 5000 SG 13.6 23.8 34.5 

T35 6000 SG 13.5 21.6 31.3 

 

 

Table 26 Compressive strength analyses of limestone blended cements 

Cement Label 
Compressive Strength (MPa) 

2 days 7 days 28 days 

L6 3000 IG 14.1 25.8 35.3 

L6 4000 IG 19.0 32.6 41.9 

L6 4500 IG 23.2 36.7 46.4 

L20 3000 IG 10.0 19.1 27.5 

L20 4000 IG 13.1 24.4 32.7 

L20 4500 IG 18.8 30.1 37.7 

L35 3000 IG 5.6 11.9 17.6 

L35 4000 IG 5.4 12.1 18.4 

L35 4500 IG 7.7 14.8 21.1 

L6 3000 SG 16.4 28.7 39.7 

L6 4000 SG 21.2 35.7 45.7 

L6 4500 SG 23.3 37.0 46.9 

L20 3000 SG 13.5 24.7 33.6 

L20 4000 SG 17.8 29.8 38.4 

L20 4500 SG 18.5 30.7 39.3 

L35 3000 SG 10.0 18.8 25.9 

L35 4000 SG 13.0 23.6 30.3 

L35 4500 SG 14.4 24.2 30.6 
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Table 27 Water demand and setting time values of slag added blended cements 

Cement Label 

Water Demand 

(TS EN 196-3) 

Initial Setting Time 

(TS EN 196-3) 

Final Setting Time 

(TS EN 196-3) 

(ml) (Minute) (Minute) 

S6 3000 IG 122 60 120 

C6 5000 IG 133 55 110 

C6 6000 IG 145 35 70 

C20 3000 IG 127 145 190 

C20 5000 IG 131 75 120 

C20 6000 IG 145 35 80 

C35 3000 IG 122 130 190 

C35 5000 IG 135 95 150 

C35 6000 IG 148 70 145 

C6 3000 SG 125 155 230 

C6 5000 SG 135 95 150 

C6 6000 SG 142 45 105 

C20 3000 SG 132 170 255 

C20 5000 SG 136 95 150 

C20 6000 SG 140 65 100 

C35 3000 SG 127 165 240 

C35 5000 SG 137 100 150 

C35 6000 SG 140 100 155 
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Table 28 Water demand and setting time values of trass blended cements 

Cement Label 

Water Demand 

(TS EN 196-3) 

Initial Setting Time  

(TS EN 196-3) 

Final Setting Time  

(TS EN 196-3) 

(ml) (Minute) (Minute) 

T6 3000 IG 128 140 200 

T6 5000 IG 128 80 115 

T6 6000 IG 142 45 65 

T20 3000 IG 133 160 250 

T20 5000 IG 140 155 230 

T20 6000 IG 141 115 170 

T35 3000 IG 141 225 305 

T35 5000 IG 152 175 260 

T35 6000 IG 159 145 185 

T6 3000 SG 124 140 215 

T6 5000 SG 141 75 115 

T6 6000 SG 143 70 135 

T20 3000 SG 135 145 205 

T20 5000 SG 148 80 120 

T20 6000 SG 148 85 145 

T35 3000 SG 141 170 250 

T35 5000 SG 152 105 165 

T35 6000 SG 146 115 170 
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Table 29 Water demand and setting time values of limestone blended cements 

Cement Label 

Water Demand 

(TS EN 196-3) 

Initial Setting Time  

(TS EN 196-3) 

Final Setting Time  

(TS EN 196-3) 

(ml) (Minute) (Minute) 

L6 3000 IG 120 145 205 

L6 4000 IG 121 125 245 

L6 4500 IG 127 80 170 

L20 3000 IG 112 120 155 

L20 4000 IG 110 160 270 

L20 4500 IG 119 190 240 

L35 3000 IG 109 200 285 

L35 4000 IG 105 185 250 

L35 4500 IG 105 210 225 

L6 3000 SG 123 145 225 

L6 4000 SG 131 100 140 

L6 4500 SG 134 90 165 

L20 3000 SG 122 140 220 

L20 4000 SG 122 105 165 

L20 4500 SG 130 90 145 

L35 3000 SG 117 125 205 

L35 4000 SG 120 100 145 

L35 4500 SG 128 100 155 

 

 


