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ABSTRACT 

Investigation of Calcite Fineness on the phys ico-Mec hanical Properties of Portland 

Cement. 

Eyob Be lew Abebe 

Addis Ababa University, 2013 

The use of limestone as a partial rep lacement of O rdinary Portland Ceme nt (OPC) has 

several advantages like Technical, Economica l and Env ironmenta l. 

The present study aimed at investigating the phys ico-mechan ica l properties of fres h 

and hardened cement pastes of Portland limestone cement (PLC) made by blend ing 

clinker, gypsu m and fined ca lc ite. Where the percentages of limestone are 0%, 5%, 

10%, 15%, 20% and 25% by mass and the particle s izes are 6 11m, 12 11m, 18 11m and 

24 11m used to replace a part of Ordinary Portland cement. The resuiting specimens 

were compared for, standard cons istency, sett ing time, so undness, and compress ive 

strength. Generally, the results show that as the Ca lcite fineness increase, the 

compress ive strengths of PLC also increases for some amount whereas, when the 

amou nt of fin ed calcite increases in PLC the compressive Strength of the mortars 

decreases. However, the specimens have competitive strength for the rep lacement 

value of Ca lc ite powder up to 20% by mass of clinker w ith particle s ize 6 11m, These 

represents a significant reduction o f energy, raw material consumption, costs and 

environmental advantages by reducing CO, emiss ion over ord inary Portland cements. 

Setting time, both init ial and final setting times, result were decreased w ith an 

increase Calcite in PLC. Furthermore, at the same level replacement, the ce ment 

pastes of 611m and 1211m of limesto ne show lower setting time than those us ing, 

I 811m and 24!lm, respective ly. 
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CHAPTER ONE 

1.1. INTRODUCTION 

I. I. I. Background to Research 

Ceme nt production and consumption are considered important indicato rs of economic 

growth. Consider ing the amount of produced cement, concrete is clearly the most 

used co nstruction materia l. 

POIt land ceme nt was deve loped from natural cements made in Britain in the early part 

of the n ineteenth century, and its name is derived from its s imilarity to Portland sto ne, 

a type ofbllilding stone that was quarried on the Isle ofP0I11and in Dorset, Eng land[l]. 

The majority of the ce mentitious binder used in concrete is based on Portland ce ment 

c linker, which is an energy-intens ive process. In add it ion, it produces a large amollnt 

of greenhouse gas emiss io ns, mostly CO" resu lted of releas ing CO, rrom limestone in 

the pyro-processing of c linker. On the other hand, the concrete industry is one of the 

major consumers of natural reso urces. In order to reduce energy consumption, cost, 

CO, emiss ion and increase product ion, cement plants prod uce blended ce ment s are 

comprised of supplementary ce mentitio lls materia ls s llch as s lag, natural pozzo lan, fl y 

ash and limestone. 

Nowadays limestone has been wide ly used to add or replace a part of Port land ce ment 

to produce Portland limestone cement and Portland compos ite cement. 

The Limesto ne is calcareo us sedimentary rock mainly consisting of calcium carbo nate 

(CaCOJ) , commonly ca lled calcite. Limesto ne is used in cement and co ncrete for 



var ious purposes, name ly, as a raw materia l for clinker production and as coarse or 

fin e aggregate. Limestone powder is produced by finely grind ing limestone in 

quarrying operat ions and has been suggested for use as an additive in portland 

ce ment. 

The use o f Port land cement co ntainin g limestone is a co mmon pract ice in European 

countries. The rece nt European Stand ard EN 197 identifies two types 0 f Portland 

limestone cements (PLC): Type IIIA-L conta ining 6- 20% and Type IIIB-L conta ining 

2 1-35%. In add ition, the inclus ion of 5% of fille r materia l that can be calcareo us is 

accepted in a ll ce ments. During the 1990s, Latin American cou ntries a lso moved in 

th is d irection and the use of limestone filler in Portland ce ments (PCs) was 

standardized. Afler many years of discu ss ion, in 2004 the ASTM CI50 standard 

spec ification for Portland ceme nt was modified to a llow the inco rporation of up to a 

5% mass rraction of limesto ne in o rd inary Port land ce ments [2] . 

An extens ive survey of the literature conducted by the Port land Ce ment Association 

[3] conc luded that "in general, the use of up to 5% limestone does not affect the 

performance of Portland cement. This type of cement is form ulated to achieve certain 

goals in technical, economic, and eco log ica l fie lds. Among the technical benefit s, 

there are the increase of early strength, the control o f bleeding in concrete with low 

cement content, and the low se ns ibility to the lack of curing [4]. The eco nomic 

benefits are re lated to development s imilar to that of Portland cement at low 

productio n and investment costs per ton [5]. The eco log ica l advantages are the 

poss ibil ity to obtain ce ment w ith a significant reduction of C02 and N02 emiss io ns 

per ton of cement manufact ured the conservation of foss il fue ls and mineral reso urces. 
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Moreover, in response to econom ic deve lopment aiming at using natura l resources, 

co untries like Et hiopia have been pursuing polic ies that aimed at optimizing the use of 

loca l materials. Ethiopia for example- is boasting an ambitious program for the 

Greatest Renascence Dam (Abay Dam), and infrastructure facilitie s. The program 

includes the construction of High way roads, Res idential ho use, and ot her bas ic 

infrastructure such as sc hoo ls, universities and hospitals. This program has raised 

challenges to the construction industry amo ng which is the avai lab ility of good qualit y 

co nstruct ion materials, especia lly those for concrete production. In Ethiopia, crus hed 

limestone are surplus, so it is inevitab le to do fwth er study to use o ptimal amou nt o f 

crushed ca lcite (limestone) as the main source of aggregates used in concrete. 

1.1.2. Ethiopian'S Cement Industry 

The ce ment industry in Ethiopia has grown steadily over time. At the time of freedom 

in 1991 G.C, there were o nly 3 ce ment factories , Dire Dawa was established in 

1938E.C Add is Ababa Ceme nt Plant in 1957 E.C and Mugher Cement Enterprise first 

line in 1976 E. C and second line in 1982 E.C [6] . 

Cement is mainly produced in two forms: Ordinary Po rtland Cement (OPC) and 

Portland Pozzalana Cement (PPC). In Eth iop ia, approximate ly 18 percent of the total 

production was historically OPC, while 82 percent was ppe. The grades of the two 

cement types produced in Ethiopia are OPC-type CEM II ; grade 42.5 and PPC-type 

CEM II ; grade 32.5. Due to increased infrastructure construction the demand for OPC 

is growing fast and is now taking a share of up to 25- 30% of the tota l supply [7]. 

Currently, there are 18 ce ment factories, wh ich produce 12.46 million to nnes of 

cement annually. The Natio nal Cement new project, CH C linker, Ture, Dire Dawa 
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and Eth io-Cement factories are expected to fully launch production this Ethiopian 

budget year (20 12). Following the new policy of the government 's five-year Growth 

and Trans formation Plan, the high cement demand as co mpared to supply not 

balanced. Over the past four years, cement co nsumption has risen by an average of 

35% each year, we ll above the growth rates see n during this period fo r both overa ll 

GDP growth (11%) and the construction sector ( 10%). This annua l growth rate is 

expected to remain almost the same for the next five years. 

lRmand, Supply of Cement, 200810 2010 FOIICMIt4 Demand, S(fpp~ otCellent, 2010 10 2015 
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Figure: 1.1. Cement Consumption [8] . 

The governme nt of Ethiopia is endeavoring to atta in the five-year cement product ion 

target, which envis io ns raising the nationa l cement prod uctio n capacity to 27 million 

[onnes per year. 

In view of high demand during the period of free economic policy, a number of new 

plants are in progress to set up and many others introduced great extensio ns to 

increase their existing output [8]. 
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The past data of Ethiopian 's cement production fi'om 2000-200 II is given in Table. 1.1 

Table: 1.1. Ethiopian's cement plant production capac ity from 2000- 200 1I G.C. 

Plant Annual production capac ity of cement (tons) 

Derba MIDROC Cement Pic 2,300,000 

Mugher Cement Enterprise 2,200,000 

Mosso bo Cement factories 2,200,000 

East Cement 750,000 

Cap ita l Cement 450,000 

Enc hini Medrock Cement facto ries 300,000 

Abiss inia 108000 

CGC Cement 150000 

Due to lack of research and development activities in the cement manufacturing 

industry of Ethiop ia in one hand and shortage of qualified material sc ient ists on the 

other hand, very little research has been carried out on the use of indigeno us materia ls 

as cement subst itutes. This research will help in filling this gap at Nat ional level. 

1.1.3. Scope of the Study 

The scope o f this research involves preparation of Portland limestone cement (PLC) 

samples by gr inding c linkers, gypsum, and limestone with d ifferent amount and 

fineness level us ing distinct raw mix-des ign. Finally, by adding distilled water on the 

prepared sample the following Ce ment Tests w ill be cover: 

Chemical compos it ion, Standard cons istency, Sett ing time, Expans ion (Soundness), 

Compressive and Flexural strength of the spec imens. 
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1.1.4. Outline of the Thesis 

This paper has six chapters and add resses var ious aspects of Portland cement as 

follows. 

Chapter one exp lains background information of cement and literature review of the 

research. This chapter provides a good understand ing of manu factur ing process of 

cement, physical and chem ica l properties of Calc ite, Portland ce ment , Port land 

limestone Cement (PLC) and hydration of cement. 

Chapter two describes the general and specific part of objectives. These determine 

what to ana lyze, develop, investigate, and explore to address the point of research. 

Chapter three introd uces methodology of the Research. Th is is done under two 

headings: (i) Experimental materials, for example, Clinker, Gypsum, Sand, Ca lcite, 

and Water. (i i) Experimental program, wh ich addresses Variat ion in phys ica l and 

chemical properties and compound composition of cement. Detailed descript ion of the 

methods adopted in preparing the test samples compris ing se lecting raw material and 

C lin ker, grinding, raw-mix designing, cast ing, curing and testing of sa mples are also 

described in this chapter. 

Chapter four g ive further details about experimental Results and Discussions. These 

describe the effect of fined ca lc ite in ord inary Portland cement on phys ico-mec hanical 

properties. 

Chapter five gives economica l and environmental ana lys is on the experimental res ults 

Chapter six draws the main conc lu sions from this researc h work and gives 

recommendat ions for future research. 
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1.2. LITERATURE REVIEW 

Concrete is made lTom a proper ly propol1ioned mixture of hydraulic cement, water, 

fine and coarse aggregates, and often, chemica l o r mineral admixtures. The most 

co mmon hydraulic ce ment used in construction today is Port land cement. 

The successfu l use of concrete in construct ion depend s not o nly on know ing the right 

proport ions of materials to use fo r a particular job, but a lso, knowing how to se lect the 

right materials. T his requires a knowledge of the properties of eac h of the materia ls 

and understand ing the tests used to measure those properties. 

There are several varieties of hydraulic Port land cement, as recognized by the 

American Society for Testing and Materials (ASTM C I SO), which vary in their 

properties. Hydrau lic ce ment is defined as cement that sets and harde ns by chem ica l 

react ion with water and is capable of doing so underwater [9). 

Portland cement is a finely ground gray powder chemica lly formed by combining raw 

materials contain ing calcium ox ide (CaO), si lica (SiO, ), alum ina (Ab03), and iron 

oxide (Fe,03), heating this mixture to a high temperature, and then grinding the 

resulting material, ca lled clinker. In the following sections, we w ill rev Iew the 

production, composition and properties of the vario us Port land cements. 

1.2.1. Cement manufacturing process 

Historically, the deve lopment of the cement manufacturing processes are categor ized 

in four process routes namely dry, wet, semi wet and semi dry processes [10]. Apart 

of these techn iques, dry process is the most eco nomica l and advanced techniq ue . 

Therefore, the fo llow ing review covers only the dry process. 
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In principle, the manufacture of Portland cement is si mple. It is made fTom abundant 

raw materials. Intimately blend ed raw materials, usually li mesto ne and clay, are 

heated in a ki ln from 1400 to 1600 °c (2550 to 2900 of), the temperatu re at which 

these materia ls chemica lly interact to form the cement it ious compounds in Portland 

cement. Cons iderab le attention is paid to the vario us stages of process ing to maintain 

good quality control. This processing requires 60 to 80 separate and continuous 

operations, the use of a great dea l of heavy machinery and eq uipment, and the 

consumption of large amo unts of fuel and electr ica l energy. Typical steps in the 

manufacture of Portla nd cement are illustrated in Fig. 1.2. 

Limestone or Chalk Clay or Shale 

Blending 

.. Fuel & Primar)' Air 

Clinker 

Cooling & SecondHry Air 

Figure: 1.2. Cement manufacturing process [I I) 
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Raw materia l preparation 

The manufacture of Portland cement requires blending raw materia ls to obtain 

appro priate proportions o f lime (CaO), s il ica (S iO,), a lu mina (A I,0 3), and iro n oxide 

(Fe,03). High-qua lity cements require raw mater ia ls of proper chem ical composition 

and propo rtio ned to prec ise quantit ies. Limesto ne, which cons ists primarily o f 

ca lc ium carbonate, is the most commo n so urce o f lime, a ltho ugh other raw mater ia ls 

such as do lo mite, cha lk, she ll depos its, and ca lcareo us muds are used for this purpose. 

The locat io n of ce ment plants is most often determined by t he occurrence of su itab le 

ca lcareo us ( lim e- rich) depos its, and proximity to the market area. C lays or s ilts are 

preferred s ince they are already in a fin e ly divided state; but sha les, schist, and other 

arg illaceous roc ks are a lso used . 

A nearby quarry is the so urce o f the bas ic mate rial. T he raw mate ria l is transported to 

the pr imary crusher by truck or ra il. Upo n leaving the primary crusher, the mater ia l is 

then conveyed to a seco ndary crus her system where it is reduced to max imum size of 

usua lly less than 25 mm. The c rus hed materia l is then stored in a raw materia l storage 

fac il ity. 

T he gro und mater ia l is then transpo rted by pneumat ic means thro ugh a pipe line to 

sto rage and blending s ilo s. T he mate ria l is co nstantly blended and chec ked fo r 

unifo rm che mica l compos it ion . A fine ly gro und mixture typ ica lly co ns ist ing of 

approx imate ly 75% ca lc iu m carbonate, 15% s ilico n d ioxide, 3% a lum inu m ox ide, and 

2% iron ox ide prov ides the majo r co mpo nents in the raw materia ls. The raw mater ia ls 

a lso conta in a certain amo unt o f vo lati les ( less than 5% by mass). Some of these 

vo lat iles are a lka lis (potass ium ox ide and sodium ox ide), sulfur, and chlor ide [ 12]. In 

addit ion to the majo r e lements, which make up cement , s ma ller concentrations of 
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almost every other element wi ll be present in the raw materials. Magnes ium, titanium, 

manganese, and phosphorous are commo n but they are minimized to prevent 

potentia lly de leterious effects on cement burning and quality. Minor trace metals can 

also be prese nt in the raw materials but are also kept at low leve ls to avo id adverse 

effects [13]. A uni fo rm mixture also ensures that the ki ln temperature can be kept 

fa irly constant, near the optimum burn ing temperature. 

Pyroproccssing 

Once the raw feed has been sat isfacto rily gro und and blended, it is ready to enter the 

kiln where pyroprocess ing (burn ing) occurs. The rotary kiln is a long stee l cy linder 

inclined a few degrees ITom the hor izontal, and rotated at 60 to 200 rpm about its ax is. 

Modern kilns are up to 6 m (20 tt) in diameter and over 180 m (600 tt) long, with a 

production capac ity exceeding 5000 tons/day. The raw feed enters at the high end and 

the combination of rotation and inclination slowly moves the material the length of 

the kiln. 

Burning fue l, consisting of powdered coal, fu el o il, or gas, is forced into the lower end 

of the kiln, producing temperatures of 1400 to 1600 °c (2550 to 2900 F) in the hottest 

part of the kiln. As the raw feed moves through the kiln , water and carbon dioxides 

are dri ven o ff ITom the constituents in the form of gases (calcination). The residual 

ox ides recombine in the hottest part of the kiln , the clin kering zone, to fo rm new 

chemica l compounds. Heating to these high temperatures consumes large quantities of 

energy, mu ch of which is lost with the exiting gases. Otten the heated exhaust gases 

are used to raise the temperature of the incoming feed in spec ial heat exchangers 

called preheaters. 
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Filial processing 

Mate ria l ex iting the k iln is known as clinker; dark-gray, po ro us nodu les ( 13 to 50 

mm) in diameter that are still hot. The fo ur major compounds of c linker that const itute 

approx imate ly 95% of the cl inker, by mass are: tricalc iu m si licate (C lS) (35 - 65%), 

d ica lc iu m s ilicate (C, S) (10 - 40%), trica lcium a lum inate (ClA) (0 - 15%), and 

tetraca lc ium alumino ferrite (C4AF) (5 - 15%) [12]. ClS and C, S are co mmo nly 

referred to as a lite (impure ClS) and be lite ( impure C, S), respective ly. Al ite typica lly 

conta ins 3 - 4% of substituent ox ides, the most significant o f which are Fe, Ol, MgO, 

and AhO]. Be lite may co nta in 4 - 6% of subst ituent oxides of which AI,O] and Fe,O] 

are most co mmo n. A lite and be lite co nstitu te abo ut 65 - 75% of PC and the co mbined 

total co ntent of the four princ ipa l c lin ker co mpounds in PC is approx imate ly 85%. 

The c lin ker is coo led by fo rced air, then conveyed to storage or im mediately to ball 

mills where it is ground to the fine gray powder. A small amo unt of gypsum is 

interground with the c linker in order to control sett ing behav ior, strength 

deve lopment, and vo lume stability. The ball m ills used for fi nish grinding are s im ilar 

to the mills used to grind the raw materia ls. They are equipped w ith a ir separators that 

remove the fi ne partic les and return the coarse materia l to the mi lls fo r further 

grinding. The fi na l cement is so fin e that 90% or more passes thro ugh a s ieve hav ing 

60 openings per square mill imeter. The cement is s tored in large silos until ready fo r 

distr ibut ion. Cement is typica lly shipped in bulk by truck, tra in, or barge, a ltho ugh 

most plants a lso have equipment for bagging cement into bags [1 2]. 
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1.2.2. Types of Portland cement 

There are different standards for class ificatio n of Portland cement. The two major 

standards are the ASTM C 150 standard, used primarily in the U.S. , and European EN-

197-1 standard. 

American Standard 

Five principal types of Portland cement are listed in ASTM C 150. The typical 

compound composition of these cements is g iven in Table 1.2. It can be seen that the 

sum of C)S + C, S is approximately 75% by mass for each o f the fi ve types, so 

Portland ce ments cou ld be called calcium s ilicate-based ceme nts. 

Table: 1.2. Typical co mpound compos it ion o f Portland cement [14] 

Cement Type ASTM C 150 C)S C,S C)A C,AF Fineness (m'/Kg) 

I General purpose 55 19 10 7 370 

Moderate sulfate 

res istance(and 
II 

moderate heat of 
5 1 24 6 II 370 

hydration as option 

III High ear Iy strength 56 19 10 7 540 

IV Low heat of 28 49 4 12 380 

hydration 

V Su lfate- res istant 38 43 4 9 380 

European standard 

EN 197-1 defines 5 classes of co mmo n cement that co mprise Portland cement as a 

main constituent. These c lasses differ from rhe ASTM classes [1 5]. 
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I. Portland cement: compris ing Portland ce ment and up to 5% of minor 

add iliona I const ituents. 

II. Portland composite cement: POl11and cement and up to 35% of other single 

constituent s. 

III. Blast furnace cement: Portland ce ment a nd higher percentages of blast 

furn ace s lag. 

IV. Pozzolanic cement: Portland cement and up to 55% of pozzo lanic 

constituents. 

V. Composite cement: Portland cement, blast furnace s lag and pozzo lana or fl y 

ash. 

Const ituents that are permitted in Po rtland co mpos ite cements are blast furna ce s lag, 

silica fume , natura l and industrial pozzo lans, siliceous and ca lcareous fly ash, burnt 

sha le and limestone [1 5). 

1.2.3. Physical and Chemical Properties of Portland Cement 

1.2.3.1. Physical Properties of Portland Cement 

ASTM C 150 has notified certain requirements regarding physica l properties for each 

type of cement. These properties comprise : (i) fin eness (ii) specific grav ity ( iii) 

soundness, ( iv) standard cons istence, (v) sett ing time, (vi) compress ive strength, (vi i) 

heat of hydration and (viii) loss of ign ition. A ll of these pro perties have an effect on 

the functio ning o f ce ment in co ncrete. Out of these propel1ies on ly those which are 

important are discussed in the fo llowing sect ion [2). 
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Fineness 

Fineness of cement is the total sur face area of ce ment grains ava ilable fo r hydration. It 

determines the leve l of grinding of cement c linker in grinding mill of plant and a ffects 

the rate of hydration. Greater the fine ness more is the surface ava ilab le for hydration, 

resu lting greater early strengt h and more rap id release ofheat (the fin eness of Type III 

is greater than that of Type I cement) [ 16]. The Wagner Turbidimeter and the Blaine's 

a ir permeability test for determin ing ce ment fi neness are both req uired by the 

American Soc iety for Testing Materials (ASTM) and the American Assoc iat ion for 

State Highway Transportation Offic ials (AASHTO). Average va lue of fin eness o f 

modern cement ranges 1T0m 3,000 to 5,000 cm' /g [1 7]. 

Consistency 

Co ns istency ind icates the degree of dens ity or st iffness of cement. Therefore, it is 

necessary to determine the amou nt of water content for a g iven ceme nt to gel a 

mixture of requ ired co ns istency. Co nsistency of cement is measured by v icat 

apparatus. The paste is said to be of standard cons istency, when the penetration of 

plunger, attached to Vicat apparatus, is 33 -35 mm . 

The moisture content of the standard paste is written as a percentage by weight of the 

powdered cement. The norma l range is betwee n 26-33%. This test precedes the test o f 

ce ment for soundness, selling time, tensile strength or for co mpress ive strength [18]. 

Sctting Timc 

The setting c haracteristics of portland ce ment paste are de fin ed by initia l set and final 

set. Initial set indicates the approx imate time at which the paste begins to st iffen 
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cons iderab ly, wh ile final set roughly ind icates the time at which the paste has 

hardened and ca n support so me load. These t imes of set are tested according to 

standardized procedures and have no spec ial re lationship to co ncrete setting behavio r. 

Genera lly, initial set occurs within I to 4 h, and fin a l set in 3 to 6 h. Sett ing times are 

affected by minor constituents in the cement such as alkalis and sulfates, by fineness, 

water-cement ratio, ambient temperature, and inc lu s ion of mineral and chemical 

admixtures. Co ncretes genera lly set more slow ly than ceme nt paste because of the 

higher water-cement ratios. There are two types of abnormal settin g behavior that 

should be mentioned: 

( i) False sel: This refers to the rapid setting that occ urs w ithout the li beration o f muc h 

heat. Plastic ity can be regained by fu rther mix ing w ithout the need to add more water, 

and thus is not a problem where concrete is mixed for long periods (ready-m ixed 

co ncrete). Increasing mixing t ime when possible will he lp to reduce a fa lse set 

problem. 

( ii) Flash sel (or quick sel): This behavior is accompanied by the liberation of 

considerab le heat. The plastic ity of the mixture can not be rega ined with additio na l 

mixing or water [19] . 

Soundness 

Soundness refers to the capab ility of the cement paste to mainta in it s vo lume after 

setting, and is associated w ith the ex istence of extreme amo unts o f free lime or 

magnesia in the ceme nt or supplement ary ce ment itious materia l. A ceme nt paste 

should not undergo a large change in vo lume once it has bee n set. However, so me 

expansion may occur due to grad ual hydration or due to some other reactions of some 
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compo unds there in the hardened ceme nt, na mely fTee li me, magnes ia and ca lcium 

sulfate. Free lime absorbs mo isture and expands many times to its o rig inal volume 

and deve lops cons iderable heat and thus causes dis integrat ion of concrete in which 

this ce ment is used. Expans ion in OPC is limited to 10 mm or 0.5%. 

It is essentia l that ce ment concrete does not undergo large changes in vo lume a fte r 

sett ing. This change in vo lume is known as unsoundness and may cau se cracks, 

disto rtion and disintegration o f concrete. Bektas et a l. [20] in vestigated the e ffect of 

Portland ce ment fin eness on the results of ASTM C I260 tests. He conc lu ded that 

mortar-bar expansion was promoted with increased cement fi neness regardless o f 

c linker alkali, aggregate react ivity or soak so lution no rmality. 

Compressive Strength 

The co mpress ive strength of co ncrete is one of the most impo rtant mechanica l 

properties. In most structural app lications, co ncrete is emp loyed primar ily to res ist the 

compress ive fo rces. In those cases where other stresses (for e.g. tens ile) are of 

primary importance, the co mpress ive strength is still fi'equently used as a measure o f 

the res istance because th is strength is the most convenient to measure. Fo r the same 

reaso n, the compress ive strength is generally used as a measure of the overa ll quality 

of the co ncre te. 

As shown in Fig. 1.3, the rate of ear ly strength deve lopment depend s on cement 

compos ition. Other facto rs that affect strength gain are cement fin eness, use of 

supplementary ce mentitious materia ls, curing temperature, chemical o r minera l 

admixtures, water-cement ratio, and curing co nditions. 
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The rate of early strength gain is directly corre lated with the rate of hydration. The 

ultimate strength reached does depend to so me extent on the initia l rate of strength 

gain [20). The faster the ear ly strength ga in, the lower the ul timate strength, as can be 

see n in Fig. 1. 2. 
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Figure: 1.3. Rates of strength deve lop ment for co ncrete made with d iffe rent cement 

types [21). 

1.2.3.2. Chemical Properties 01' Portland Cement 

All ce ments are c lass ifie d based on the ir chemica l composition and most its Phys ical 

properties are determined us ing the ir chemica l properties. Therefo re, a bas ic 

understand ing of Portland cement chem ist ry can he lp one understand how and why it 

be haves as it does. 

ASTM C 150 imposes the standard chemical needs for each type. ASTM defines the 

fo llow ing phase co mposit ions in Portland cement: tricalc ium sil icate (C3S), d ica lcium 

silicate (C2S), tr ica lcium aluminate (C3A), and te tracalc ium alumino ferrite (C4AF) 

[22) . The actual compounds are mostly mu ltifaceted chemical crystalli ne and 
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amo rphous compos itio ns, named by cement chemists as "e lite" (C3S), "belite" (C, S), 

and different forms of aluminates. The performance of each type of ce ment depends 

o n the concentration o f these compo nents. Ro le of these compounds, their hydratio n 

behaviour, and their effect on the behaviour of cements are g iven in filii deta il in 

literature. Some of the mo st comprehensive references regarding the chemistry of 

ce ment co ns ists o f those written by [23 ,24) Various ana lytical methods such as X-ray 

diffTaction and analytical e lectron microscopy are used by sc ient ists in order to 

explain in detail the reaction of cement with water (hydration process) and to enha nce 

its propert ies. 

1.2.4. Portland Cements Hyd ration 

Anhydro us Po rtland cement cannot bi nd sand and rock ; it acquires the adhes ive 

property only when mixed with water. This is because the chem ical react io n of 

cement with water commo nly referred to as the hyd ration o f ce ment , y ie lds products 

that process setting and hardening characteristics. 

1.2.4.1. Mechanism of Hydration 

The hydration of Portland ceme nt (PC) involves the react ion between clinker 

minerals, calcium sulphate and water. A lthough extens ive researc h has been 

co nducted on the hydration of PC, the hydratio n mec hanism is s till not full y 

understood . The hydrat ion process has been comprehensive ly reviewed by Tay ler 

[12]. It is be lieved that the ge neral pr inciple of hydration is the dissolution of 

anhydrous phases to the precipitation of much less so luble products, typica ll y 

collo idal and microcrys talline hydrates that form the hardened paste [25). 
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The react ion between PC and water is mostly an exotherm ic reaction that takes place 

in a sequence of stages. Traditionally, isothermal conduction calorimetry has been 

used to fo llow the progress ion of hydrat ion by monitor ing the rate of heat liberation of 

the cement paste. Most researchers have identified five stages of PC hydration. A 

typica l isothermal conduction ca lorimetr ic curve for a Type I PC is shown in Figure 

1.3 with the stages of hydration ind icated as: ( I) initia l reactio n (pre- induct io n), (2) 

induction, (3) acceleration, (4) dece lerat ion, and (5) slow continued react ion [II]. 

Dissolution: 
ettr ingite 

/' formation 

Induction 
period: increase 
in C.l • concentration 

/[2] 

Form.tion ~ 

------------------------------------~-----------Minutes Houn. Days 

liME Of HYORATIOO 

Figure: 1.4. Heat evo lut ion of PC paste during hydratio n stages: (I) in itial react io n, 

(2) induction, (3) acce leration, (4) decelerat ion, and (5) s low cont inued react io n [26]. 

The hydration products primar ily affect ing the strengt h are calc ium s ilicate hydrates 

(C-S-H phases). Further hydration products are calc ium hydroxide, sulfatic hydrates 

(AFm and AFt phases), and related compounds, hydrogarnet, and ge hlenite hydrate. 

Ca lcium silicates or si licate co nstituents make up over 70 % by mass o f s il icate -based 

ceme nts. The hyd ration of these co mpo unds and the properties of the calc ium s ilicate 

hydrates produced are there fore particularly important. Ca lcium s ilicate hydrates 
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conta in less CaO than the calcium silicates in cement clinker, so ca lcium hydrox ide is 

formed during the hydration of Portland ce ment. This is ava ilable for react ion with 

supplementary cementitious materials such as ground granulated blast fil rnace s lag 

and pozzo lana. The s implified reaction ofalite with water may be expressed as: 

---_. 3CaO.2S iO, .3 H, O + 3Ca (OH), 

Th is is a relative ly fast reaction, caus ing setting and strength deve lopment in the first 

few weeks. 

The reaction o f be lite is 

2Ca, Si0 4 + 4H,O ---__+. 3CaO.2SiO,.3H,O + Ca (OH), 

This react ion is re lati ve ly s low, and is ma inly respo nsible for strength growt h after 

one week. 

It is wide ly accepted that gypsum is added to PC to contro l the reaction of C3A. Most 

researc hers be lieve that th is allows the setting and harden ing to be co ntro lled by the 

C3S and water reaction [26]. Gypsum and alka li sulfates prov ide read ily so luble 

sulfate and it reacts with tricalcium a luminate ('C3A') to form various a luminate and 

sul foaluminate phases, collective ly referred to as Ettr ing ite phases [27, 28]. Some 

examples are: 

3CaO.A I, 0 3(s) + 3CaS0 4(s) + 32H,O (I) ---. 3CaO.AJ,0 3.3CaSOd2H,O(s) 

3CaO.AJ,03(S) + 3CaS04(s) + 12H, O (I) --__+. 3CaO.A J,0 ).3CaS04. 12H,O(s) 
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The AFt continues to form if suffic ient sulfate ions are prese nt in the so lution. Once 

the sul fate is depleted, the remain ing C3A reacts with the AFt to fo rm monosulphates 

(AFm). 

The ca lcium alumino ferrite C4AF reacts s low ly due to precipitat ion of hydrated iron 

ox ide. 

2Ca, AIFeO, + CaSO. + 16H,O - Ca.(AI0 3),(SO.).12H,O + Ca(O H), + 2Fe(OI-l)3 

The pH-value of the pore so lution reaches comparably high values and is of 

importance for most of the hydrat ion reactions [29]. 

A representat ion of the relative volumes of the major co mpou nds in the 

microstructure of hydrating PC pastes as a function of time is shown in Figure: 1.5. 

50r-----------------------------------------------~ 

40 

c. 
c: g 30 C-S-H 
~ 

.Q 

.l!! 20 -e 
! Ca(OH), 

10 

O~==sc~=c~~it==::~::::~~::~~L-~~~~A~F~m~~~~~~ 
0.1 10 100 1000 

Hydration time (h) 

Figure: 1.5. Re lat ive vo lumes of the major compo unds in the microstructure of 

hydrating PC pastes as a filllction of time [28] . 
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Initial Hydrolysis (Pre-induction Period) 

The first stage of PC hydration is initial hydro lys is. As soon as PC co nt acts water, an 

initia l heat peak occ urs that ma inly in vo lves C, A, C4AF, a lka li sulfates, free lime, and 

Ca lcium sul fates . The C,A and C4AF first react very rapid ly and exotherma lly, wh ich 

results in the contribut ion of ca lcium and a luminate ions into so lut io n. Iro n is not 

typ ica lly so lu ble. The a luminate concentration then reduces within seco nds due to the 

prec ipitation o f AFt, which forms a layer over the ce ment particles. Alkali sulfates, 

hemihydrates, and gypsum provide the readily so luble su lfates wh ich contr ibute to 

AFt formation at this stage . Free lime usua lly d isso lves rapid ly and exotherma lly but 

the amount varies wide ly depending upon its reactiv ity. Reactive tree lime in 

sufficient amounts can lead to pOlt landite supersat uration [26]. 

The disso lution of a lka li sulfates is very rapid and endot hermic. The a lkalis enter into 

solutio n and reach constant concentration within one m in ute of hydratio n. In o rder to 

balance the cations and anions in so lution as SO, begins to combine w ith other 

elements to form AFt, the alkali su lfates are rep laced by a lkali hydroxides which 

rapidly increase the pH of the so lution. 

At normal temperatures, hemihydrate is the most so luble form of calcium su lfa te, 

dihydrate is less so lu ble, and anhydrite is the least so luble. PCs that contain high 

leve ls of metas table su lfates - such as hemihydrate and ca lc ium lang beinite - ofte n 

react to form the precipitate phases gypsum and/or syngen ite. These phases can lead 

to observab le changes in workabi lity [26]. 
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Induction 

The seco nd stage of PC hydrat ion is a period of reduced heat evo lution after the initial 

react ion. The lack of heat evo lution, however, does not mean there is nothing 

occurring. The s low formation of ear ly C-S- H and AFt leads to an increase in 

viscos ity [12]. 

According to Odler [28] there is a reaction which beg ins to slows s ignifica ntly, 

daJdl = 0.0 I day"'. The cau ses of the induction period and its termination have been 

the subject o f many studies. The exact reason for this ind uction period is not known. 

Severa l theor ies have been proposed that invo lve some so rt of mixture saturation from 

the intense burst of hydration in the pre-induction period. One theory states that the 

'C-S-H ' layer quickly covers the surface of dissolving 'C3S', s low ing the reaction. As 

time passes, the 'C-S-H' beco mes more permeable and the react ion accelerates. 

Another theory states that the so lution may become supersaturated wit h Ca(OH), 

because the surfaces ofCa(OH), crysta l nuc le i are poisoned by s ilicate ions. The high 

conce ntration of aqueous Ca(OHh limit s the rate of disso lution o f the si licate spec ies 

to neg lig ible rates. Eventua lly the leve l of aqueous Ca(OH), becomes too high and 

ca lcium hydroxide crystall izes, a llowing the hydration react ions to continue. Another 

theory spec ulates that two types of 'C-S-H ' are formed . The rate of " fir st-stage" 

'CSH ' is dependent on the co ncentration of aq ueous Ca(OH), . As the concentration of 

aq ueo us Ca(OH), decreases, the prod uction of " fi rst-stage" 'C-S-H' stops, caus ing 

induction. Hyd ration resumes later when the thermodynamic barrier for the nuc leat ion 

of "second-stage" 'C-S-H ' is overcome [28]. Taylor [1 2] stated that the rate of 

reaction in the induction phase is controlled by nucleation and growth o f the C-S-/-I 

for med in the main reaction; the induction period ends when C-S- /-I growt h begins. 
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The terminat ion of the induction period co inc ides w ith crysta ll ization of ca lc ium 

hydrox ide, re ferred to as Portlandite. The lenglh o f the induction period seems to 

depend upon how quickly the calcium concentration rises to reach the maximum 

ca lcium hydroxide supersaturation. This SUppOltS the idea that a certain minimum 

ca lcium hydroxide conce ntration is required for the onset of the acce leration stage 

[26]. Set1ing does not occur during the induction phase unless abnorma l setting 

occurs. Flash set is a common form of abnormal setting and occurs when there is an 

inadequate supp ly of calc ium and sulfate ions to react with the C, A, which results in 

the ear ly formation of monosulfoa luminate (A Fm) phases. False set, another common 

fo rm o f abnormal setting, most co mmonly occurs when there is an excess o f sulfate in 

the liquid phase leading to secondary gypsum format ion. A false set paste can be re­

mixed to rega in its plastic fo rm, while a fla sh set paste cannot. 

Acceleration 

Fo llow ing induction, the reaction rate acce lerates to approximate ly da/dt = I day" . At 

th is po int, the hydration processes are limited by the nucleation and grow1h of the 

hydration products. This acceleration stage is characterized by rapid hydration o f 

'C, S', fo llowed s lowly by the hydration o f 'C2S' [28] . 

The acceleration phase of PC typically represent s the change ITom a plastic to rig id 

cons istency ( initial and fina l set) and early strength development. Setting is the 

fo rmation o f a network of partially hydrated cement particles connected by PC 

hydration products [30]. 

It is ge nerally accepted that initia l setting is controlled by the hydration orc, s . Under 

normal conditions, initial set and the transition ITom the induction phase to the 
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acceleration phase are reported to be correlated. The termination of induction wi ll 

typica lly not correlate wit h pastes that undergo abnormal setting (fa lse or nash) s ince 

very little heat is evo lved during false set. It is important to note that the termination 

of induction and the beginning of the acceleration are not always we ll-defined [26]. 

Fina l setting, as defined in ASTM C ISO, norma lly occurs near the mid-point of the 

acce leration phase. 

There is a high rate of heat evolution during this phase. The acce leration phase of C3S 

hydration perfo rms very s imilar ly to the acce leratio n phase of Pc. In bot h instances, 

the main reaction is the for mation ofC-S-H and po rtlandite. It is ge nera lly accepted 

that the rate of hydration in the acceleratory period is contro lled by the nucleation and 

growth of C-S-H. The rap id formation of hydrates leads to so lidi ficat ion and a 

decrease in porosity. Su lfates, and poss ibly other ions, are s ign ificantly ad sorbed 

andlo r entrapped by C-S-H [26]. The major heat peak of the PC hydrat ion cu rve 

occurs at the end of acce lerat ion [12]. 

Deceleration 

The rate ofC-S-H format ion and portlandite decreases during the dece lerat ion phase. 

This results in reduced rate of heat evo lutio n. There is ge neral agreement that the 

main reaction (C3S hyd rat ion) makes a trans ition from chemical co ntrol to diffus ion 

co ntro l so met ime prio r to the acce leration peak and continues in the dece leratio n 

phase. T his is like ly due to the precipitat ion of hydrates surro und ing the C3S part icles, 

although the fo rm of the di ffus ion barrier is not c lear [26]. 

The sulfate in the liquid so lution begins to dec line due to continued formation o f AFt 

as we ll as uptake by the C-S-H. The sul fate deplet ion typica lly occurs between 12 and 
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36 hours and is indicated by a small peak during dece leration. At the time of su lfate 

depletion there is a conversion of AFt formation to AFm formation. If there is an 

excess amount of sulfate in the liquid phase and depletion does not occur, AFt will 

continue to form until C3A is depleted [26]. 

Slow Continued Reaction 

The continuous strength gain and reduction in porosity of paste, mortar, and concrete 

occurs during the slow cont inued reaction phase, but at a continually decreasing rate. 

Beyond one day, the only ions in so lution above concentrations of a few mmoVI are 

potassium, sod ium, and hydroxyl ions. The concentrations of these ions tend to rise 

s lightly approac hing a limit after about 28 to 90 days, primarily due to consumption 

of the fluid phase (ITom ongo ing hydration) [1 2]. Although the strength and poros it y 

develo pment are important to the long term performance and durability of concrete, 

hydrat ion studies during this phase are limited [3 1]. 

1.2.5. Limestone (Calcite) 

The Limestone is calcareous sed imentary rock mainly consisting of calcium carbonate 

(CaC03), commonly called ca lcite. Limestone is used in cement and concrete for 

var ious purposes, namely, as a raw material for clinker production and as coarse or 

fine aggregate. Limestone powder is produced by finely grinding limestone in 

quarrying operations and has been suggested for use as an additive in portland 

cement. [32,33]. 
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1.2.5.1. Geological Formation of Calcite 

Ca lc itic limestone of dime ns io n-stone q ual ity is predo minantly fou nd within the 

Jurassic Anta lo limesto ne (centra l part of the country) and the Hamanle i Series (east­

centra l part) . The best exposures and the most inte resting deposits of the A nta lo 

Limesto ne are found in the centra l part of the Abay Va lley, and s ide va lleys suc h as 

the Jema, Wonch it and Muger va lleys. 

The lema and Wonchi! limesto ne deposits occ ur in the bottoms of the va lleys of the 

sa me names. The lower part of the limestone un it is by far the most interesting, s ince 

this is the part w here the bed thic kness reaches more than one metre [34]. The 

limestone is esse ntially a ca lcareaous, fo ss ilifereo us sandsto ne w ith poorly deve loped 

structure ; colour varies 1T0m brown to off-wh ite. At the present time, these limestone 

depos its are not be ing exp lo ited, due to ditlicu lt access (t he access road is o f poor 

quality) and loca lly close ly spaced jo ints. 

Large limestone depos its are also found in the eastern part of Ethiopia, in the Harar­

Hakimgara areas. The Ha kimgara limestone has beds va ry ing 1T0 m so me tens o f 

cent imetres to several metres in th ickness (35 ]. 

Genera lly, extraction of co mmercia l-s ized blocks is poss ible in the thicker beds, 

exceed ing one metre in thic kness, where the spac ing o f ve rtica l jo ints is w ide. The 

limestone is partly fo ss iliferous, and co ntains abundant sty lo lites. The co lour va ries 

betwee n ye llowish-brown and dark grey, the latter occ urring in irregularly distributed 

reduction panerns. Quarry ing operations are carried out by both the Nat io nal M in ing 
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Co mpany and the Ethiopian Marble Industry in the v icinity o f !-larar. The limesto ne 

forms hills and the area is cons idered to have a large potentia l for eas ily access ib le 

depos its [36]. 

1.2.5.2. Chemical and Phys ical Properties of Calcite 

Chemical Properties of Calcite 

Limestone is a natura lly exist ing mineral that cons ists principally of ca lc ium 

carbo nate (CaC03). T he chemica l compositio n of limestone varies wide ly dependin g 

on the route by which they were formed , the sedimentary environment and the 

changes brought abo ut by diagnos is. 

Limestone is made up of vary ing proportion of chemica ls such as calcium carbonat e 

(CaC03), magnes ium carbonate (MgC03), s ilica (SiO, ), a lumin a (AI, 0 3), iron o xide 

(Fe03), sulphate (S03), and phosphors(P, O, ) The main impurities in raw limestone 

(for cement) which can affect the properties of fini shed cement are magnesia, 

phosphate, leads, z inc, a lka lis and sulfides [37). 

Standard EN 197-1 req uires that , in Port land li mesto ne cement, the limestone co nt a ins 

at least 75% CaC03 by we ight, with less than 1.2% c lay and less than 0. 2% o rgan ic 

material. One of the major impurities in limestone is magnes ium carbo nate (MgC03), 

which is de leterious fo r concrete. Consequently, the content of MgC03 is required 

be ing less than 4% [38] . 
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Physical Properties of Calcite 

Phys ica l properties of a ll EN 197- 1 ce ments (whether containing limestone or not) fall 

into three basic c lasses, 32.5,42.5, and 52.5, which re fer to the lower end of a 28-d 

In itial Soundness 
Compressive Strength (M Pa) setting (expansion) 

Strength Class time, (mm) 
Early Strengt h (N/mm') Later Strength(N/mm ' ) (min) 

At 2 day At 7 day At 28 day 

32.5N - > 16 
~ 32.5 $ 52.5 ~ 75 

32.5R > 10 -

42.5N ~ IO -
~ 42.5 $ 62.5 ~ 60 $ 10 

42.5R > 20 -

52.5N > 20 -
~ 52.5 ~ 45 

-
52.5R ~ 30 -

st rength range requirement [ IS]. Basic require ments are shown in Table 1.3. 

Table: 1.3. Bas ic Physica l Req uirements of European Cements. 
Due to s ignificant d iffere nces between test methods, these va lues cannot be directly 

com pared w ith ASTM o r CSA requirements [IS] 

Consistency 

Genera lly, as the amou nt of limestone increases, the water of co ns istency dec reases 

s lightly that up to 15%. The finely gro und limestone (F5 and F lO) have a pos it ive 

effect o n the co ns istency, they play the ro le of plastic izer. Beyond th is percentage 

these fin es have a thickening effect. The coarse partic les (FI 5 and F29) have a weak 

effect with means on co nsistency [3 9]. 
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Guemmadi et al [40) fo und that the co nsistency of low wl c ceme nt pastes (w/c 0.24 -

0.26) varied w ith both the fineness and replacement leve l o f limestone, but no c lear 

trend was observed. 

Setting Time 

Based on the in fo rmat ion prov ided in the literature, it appears that cements with 

limesto ne may have a slight effect on setting time; however th is does not appear to be 

a concern for the addition rates of interest (i.e., up to 15%). In general, it has been 

reported that the influence of limestone on setting time was strong ly related to the 

fineness of the limestone. As the limestone was ground fin er, the setting time 

decreased [4 1). 

EI-Didamony et al. [42) repo rted that low leve ls of limestone addition (up to 5%) 

showed an increase in the set time of cement pastes ; however, as the li mestone 

co ntent increased, the set time bega n to decrease, resulting in a sim ilar final set 

between 10% and 15% addit ion rates as co mpared to the same ceme nt w ithout 

limestone. The times of set continued to decrease at higher rates of add it ion (20%). 

Mo ir and Ke lham [43 ) a lso reported that higher rep lacement leve ls (about 20%) led to 

a shorter setting time, relative to a co ntro l without limestone. 

Hooton [44) repo rted results from a study in which com merc ia l ce ments were 

produced from the sam e clinker to manufacture o rdinary port land cements and 

ceme nts w ith up to 5% limestone. No co ns istent effect of the limestone on the heat of 

hydration o r in setting times was observed. 

Heika l et a l. [45 ) reported on results where limestone was used as a fill er (tTo m 0% to 

20% by mass). He ikal reported that all of these materia ls had a surface area of 
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approximate ly 3 I 0 m2/g. They reported a decrease in sett ing time due to a particle 

pack ing effect as we ll as the carboa luminate reactions that occur in these materia ls; 

however, the res ults showed that the fin al set time was increased w ith limestone 

replacement. 

Mounanga et aJ. [46] reported that limestone fi ller co uld be used to reduce the setting 

time for concrete systems containing fly as h and blast-furnace s lag. They suggested 

synergistic be ne fit s of us ing other supplementary ce mentitious materia ls in systems 

where a port ion orthe cement has bee n replaced with limestone. 

Soundness 

The effect of ca lcareous addition on the autoclave expansion of OPC has not been 

studied extensive ly. The recent findings show that the add ition of ca lcareous materia l 

( limestone) up to the range of 5-7% in cement mortar has small influence on 

shrinkage as compared to siliceous add itives. From the results of autoclave and Le­

Chatelier expansio n as observed by investigato rs there is no remarkable effect on the 

soundness ofOPC paste with up to 10% replacement by additives [47]. 

Compressive Strength 

Like other propel1ies, the strength of co ncrete produced w ith portland-limestone 

ce ment (PLC) is influenced by the qualit y and quanti ty o r the limestone, the c lin ker 

and other cement ingred ients, and the particle s ize distribution orthe fini shed ce ment. 

Limestone co ntents up to 15% may actua lly increase early-age strength as a co mbined 

result of improving particle pack ing [48] , increas ing the rate of ce ment hydration 

[49; 50] , and production of calcium carboa luminate [5 I]. Schmidt [52] rep0l1ed 
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similar strengths for limestone leve ls up to 10%. However, Hawkins el al. [53 ] 

showed that fin er grinding is required in so me cases even at lower levels of limestone 

(up to 8%). 

1.2.5.3. Hydration of Portland Cement Blended with Calcite 

In order to get a better understanding of the hydration of PC blended with limestone 

powder, the effect ofCaC030n the hydration of clinkers is discussed first. 

The eITect on C,A hydration 

During normal PC hydration, C3A and calcium su lfate react to form AFt. Sulfate 

depletion typically occurs before the C, A consumption is co mplete, resulting in the 

co nvers ion of AFt to AFm. The prese nce o f calcium carbonate, however, a lters these 

reactions. First, AFt formation is acce lerated in the prese nce of calcium carbo nate 

[54]. Second, the conversio n of AFt to AFm is delayed or preve nted due to the 

reaction between C,A and calc ium carbonate to form ca lcium carboa luminates. The 

format ion of calcium carboa luminates occurs as some o f the sulfate ions are replaced 

by carbonate ions during C,A hydrat ion [55]. 

More recently, Kakali et al. [56] found that CaC03 suppresses the convers ion of AFt 

to AFm and reacts with C3A to produce monocarbonate hydrate from the beg inning in 

the C3A + CaC0 3 system. According to Bonavetti et al. [57] , in the C3A + CaC03+ 

CH + H20 system, the phases of ca lcium monocarboa luminate and calcium 

hemicarboaluminate are observed, but no calc ium tricarboaluminate is formed . In the 

C3A + CaCO,+ CaS04,2H20 + CH + 1-120 system, AFt, AFm, ca lcium 

monocarboaluminate and calc iu m hemicarbonate hydroxide are the hydration 

products. Compared with the C,A + CaSO, ' 2H, O + CH + H, O system, both the 
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formation of AFt and the co nvers ion of AFt to AFm are accelerated. After 15 minutes 

AFt decreases and AFm increases 1.5 times up 10 24 hou rs in the 
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C)A + CaCO)+ CaS04'2H,O + CH + H, O system as shown in Figure 1.6. 

Figure: 1.6. Evolution of compounds in the C)A+CaCO)+CaS04'2H, O+CH+H, O 

system and the C)A+CaS04'2 H,O+CH+H,O system [57]. 

Ms = monosulfoa lum inate E=ettr ing ite, G=gypsum, CC = calcium carbonate 

Mc = mono-carboaluminate, Hc = hemicarboaluminate, and CH = ca lciu m hydroxide. 
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The efl'eet on C3S hydration 

Ca lc ium carbo nate add itions also influence the hydration of C3S. Taylor [1 2] stated 

that the acce lerat ing effect of carbonates in suitable concentrations appears to be 

confined to the initial stage of reaction. The acce lerating effect occurs with pure C3S 

as well as with PC and is, therefore, associated with the behav iour of that phase. 

Limestone enhances the rate of formation of C-S-I-l and CI-l , probably because it 

offers nucleation s ites for growth. Ramachand ran [58 ], however, reported that 

calc ium carbonate a lso forms a comp lex wit h the hydrated products ofC3S. 

More recently, Kaka li et a l. [56] reported that the add ition of CaC03 acce lerates the 

hydration of C3S and results in the format ion of calcium carbosi licate hydrate. The 

XRD study shows that the formation of ca lcium carbos ilicate hydrate starts ITom 60 

days. The above observations indicate that CaC03 not on ly modifies the hydrat ion of 

C3S, but also reacts w ith it to form calci um carbos ilicate hydrate. 

According to Andrej Ipavec et a l. [59] in the early age of hydration of calcite 

containing Portland cement, hemicarboa luminate forms that converts into 

monocarboaluminate with the progress of hydration time. In their system, 

hemicarboalum inate formed within the first day and the content of 

hemicarboa luminate increased up to the third day of hydration. After 3 days of 

hydration, a conve rs ion into monocarboaluminate began and the intens it ies of 

hemicarboa luminate re fl ections dimin ished gradually. They were still present in a 28 

day hydrated sample, while none cou ld be detected in a 100 day hydrated sample. 

Monocarboa luminate strongest reflection first appeared in a 3-day hydrated sample 

and from the n on the intens ities of monocarboalum inate reflections increased steadily 
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up to 100 days of hydrat ion . Monocarboa luminate content of6.871.1 wt % (for a 100 

day hydrated sample) indicates that monocarbonate represents one of the major 

crysta lline phases in hydrated calcite-co ntaining Portland cement. 
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Figure: 1.7. The co mpar ison of X- ray di ffract ion patterns of carboa luminate 

phases in hydrated calc ite-containing cement at different stages of hydration [59]. 
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CHAPTER TWO 

2. Objectives of the Research 

2.1. General Objectives 

The aim of this study is to investigate the effect of different leve l of ca lcite fin eness 

and quantity as filler of Port land ce ment on physico-mechanical properties of the 

ce ment paste with respect to technical, eco nomica l, and ecolog ica l fields and to 

produce a mortar that wi ll satisfy the performance requirements under particu lar 

cond it ions of use. 

2.2. Specific Objectives 

I. Ana lyze the chem ica l & mineralogical compos itions of limestone, gypsum and 

c linker. 

2. Investigate the co mpress ive strength of mo rtar as a function of fined li mestone 

(calcite) adds percentage. 

3. In vestigate the effect of fin eness on the hydrat ion reactio ns process, standard 

cons istency, so undness (expans ion), and sening time. 
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CHAPTER THREE 

3. Materials and Methods 

3.1. Materials 

This chapter presents a study o n different materials with respect to the ir chemical and 

phys ical properties, which are the main co mpone nts in the raw mix des ign. Some o f 

the physica l invest igat ions were carried out in Construction Des ig n Share Co mpany 

(CDSE, Addis Ababa, Ethiopia) labo ratory. T he remaining invest igation were 

undertaken in Mugher ce ment Enterprise qua lity contro l assurance department. 

Cl inker was taken from Mugher cement Enterprise. First, the s ize of c linke r was 

red uced with the he lp o f ball mi lling to the surface area of 3500 cm2/g Blain value. 

T hen us ing X·ray fluorescence the chemica l and Minera logica l co mpos it io n of c lin ke r 

samp le was calcu lated as shown in Table 3.1. 

Sand, wh ich was used in the mix des ig n. CEN·NORMSAND EN 196·1 , Germany, 

was obtained ITom Mugher ce ment enterprise for quality control of ceme nt 

production. 

Calcite of high limestone (CaC03 > 90%) was co llected from Mugher cement 

Enterprise Q uarry. The raw ca lcite was first crushed, milled, ho mogen ized and dried 

in the laboratory before use. Its chemica l compositio n was examined using X·ray 

fluorescence, and is shown in Table: 3. 1. 
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Table: 3.1. Chemical composition of clinker and limestone 

Clinker Calcite 

Chemical components % Chemical components % 

Ca lcium oxide (CaO) 64.50 Calcium ox ide (CaO) 52.95 

Ferric ox ide (Fe,O,) 2.76 Ferric oxide (Fe,O,) 0.39 

Aluminium oxide (AI,O,) 3.68 Aluminium oxide (AJ,O,) 0.68 

Si licon d iox ide (S iO,) 21.50 Silicon dioxide (S iO,) 1.76 

Magnes ium oxide (MgO) 0.98 Magnesium oxide (MgO) 0.88 

Su lphate oxide (SO,) 1.82 Sulphate oxide (SO,) 0.02 

Sod ium oxide (Na,O) 0. 12 Sod iu m ox ide (Na,O) 0. 26 

Potassium oxide (K,O) 0.95 Potassium oxide (K,O) 0.29 

Chlorine (CI) 0.10 Chlorine (CI) 0.01 

LOI 1.35 LOI 0.60 

F-CaO(free ca lcium) 0.70 

Minera logical compos ition % Chemica l characteristics % 

C,S 56.20 CaCO, 94.54 

C,S 19.70 TOC < 0.20 

C,A 5.10 

C,AF 840 

By XRF 

Dist illed water was used throughout the exper iment to reduce the effect o f minera l 

water in the physical and chem ical propert ies of the test. 

Gypsu m was a lso taken from the so urce ofMCE. Before it was ble nd w ith c linker and 

limesto ne, it was first crushed , dried a nd milled to the s ize o f 3500cm'/g. The 

c hem ica l compos ition of gypsum calcu lated with the help o f X-ray fl uorescence are 

presented in Table : 3.2. 
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Table: 3.2. Chemical composition of Gypsum 

C hemica l compollents % 

Ca lcium oxide (CaO) 37.06 

Ferric ox ide (Fe,0 3) 0. 17 

Alu minium ox ide (A I,0 3) 0.34 

S il ico n d iox ide (S iO, ) 2.09 

Magnes ium oxide (MgO) 0.22 

Su lphate oxide (S03) 39.06 

Sod ium oxide (Na, O) 0.30 

Potass ium oxide (K,O) 0.01 

Chlorine (CI) 0.07 

Ca lcium carbonate(CaC03) 66.1 8 

LO I 8.00 

3.2. Methods 

In this chapter detail descriptions of experimenta l procedures used in the 

investigations are presented. 

3.2.1. Preparation of Test Samples 

The interest of this research is to investigate the effect of fi ned ca lc ite on the phys ica l 

propelties of Portland cement. Therefore, in order to get the des ired phys ica l 

properties c linker and limestone were se lected based on the chem ica l and 

mineralogical properties as we mentioned in the above. 
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The first ta rget was to prepare Portland limestone cement (PLC) samples w ith 

different va lues of ca lc ite fineness but the limestone has uni fo rm in chemica l 

compositio n and other paramete rs. It was planned to manufact ure PLC samples of 

four-se lected batch w ith d ifferent fin eness values in the laboratory. 

The fo llow ing steps were taken in this regard: 

I . More than 50 kg o f cement c linker of the same chemical co mposition was 

co llected from MCE while the plant was running smoothly. T he c linker was 

c rushed into se mi-po wdered by passing thro ugh a Jaw crusher of larger s ize in 

the laborato ry and the crushed c linker was further turned into powdered form 

us ing an industria l ball mill to the surface area of 3500cm1/g Blain value. The 

clinker was then stored temporarily in Alum inum co ntainer. 

2. Grindin g of limesto ne at different leve l of fin eness is o ne of the bas ic 

preparation of this research. Therefore, Limesto ne was co llected from MCE 

Quarry and gr inded with different round and retent ion time (m illing t ime) and 

the resu lt (the fineness of limestone) was checked by Bla ine 's a ir permeabi lity 

apparatus and g rindin g sto pped at different des ired leve ls in MCE. And also 

(aga in) measured the particle size of the powdered li mestone (Calcite) us ing 

hydrometer analysis in Co nstruction Des ign Share Company (CDSC), Addis 

Ababa, Ethiopia, based o n AAS HTO T88 and ASTM Standard D 422-63, 

"Standard Test Method for Pa,t ic le-Size Ana lys is o f Soils," procedure. Both 

results and there co rre lat ion listed as fo llows in Tab le: 3.3 . 
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Table: 3.3. Partic le s ize diameter and Blaine va lu e of limestone 

Sample code Palticle diameter (11m) Bla ine Value (cm' /g) 

F6 6 5400 

FI 2 12 4840 

FI8 18 4200 

F24 24 357 1 

In addition to the above point chemical result of the samp le must satisfy the 

following three points (CaCO» 75'!o, C lay< 1.20g/J DOg, TOC ~0.2D'!o (so 

ca lled -LL) or TOC~0.5'!o (so ca lled -L)).Thus the used li mestone sat is fied 

this entire req uirement. 

3. Gypsum was a lso crushed into semi -powdered and again milled into powder 

fo rm by pass ing through the same small sized jaw crusher. 

4. The resu lt ing clinker !Tom step (I) with Gypsum !Tom step (4) and ca lcite at 

different amount and fineness leve ls step (2) was mixed and homogenized 

with a spatula for 4 min in MCE laboratory. The Prepared raw-mix (the so-

ca lled PLC) in this way was then sea led in small Aluminum container and 

listed in different batches as shown in Table: 3.4, 3.5 , 3.6, and 3. 7. 

Table: 3.4. Raw mix-des ign Batch-I for PLC. 

Mixed Code Preparation of mixes (amount) 450g 

Clinker ('!o) Limestone ('!o) Gyps um ('!o) 

AD - FD 95 - 5 

A5 -F6 90 5 5 

A ID-F6 85 10 5 

AwF6 80 15 5 

A'D-F6 75 20 5 

A25-F6 70 25 5 
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Table: 3.5. Raw mix-des ign Batch-2 for PLC. 

Mixed Code Preparat ion of mixes (amo unt) 450g 

Clinker (%) Limesto ne (%) Gypsum (%) 

Ao - Fo 95 - 5 

A5-FI2 90 5 5 

AIO-F I2 85 10 5 

A,,-F 12 80 15 5 

A20-F12 75 20 5 

A25- FI2 70 25 5 

Table: 3.6. Raw mix-des ign Batch-3 for PLC. 

M ixed Code Preparation of mixes (amount) 450g 

C lin ker (%) Limestone (%) Gypsum (%) 

Ao - Fo 95 - 5 

A5 - F18 90 5 5 

Alo-F" 85 10 5 

A,,-F 18 80 IS 5 

A20- F18 75 20 5 

Aw F" 70 25 5 

Table: 3.7. Raw mix-design Batch-4 for PLC. 

Mixed Preparation of mixes (amount) 450g 

Code Clinker (%) Limestone (%) Gypsum (%) 

Ao- Fo 95 - 5 

A5 - F24 90 5 5 

Alo-F24 85 10 5 

A,,-F24 80 IS 5 

A20-F24 75 20 5 

A25- F24 70 25 5 

The second target was to investigate the physica l effect of the above-prepared PLC, 

using the mix-des ign batches . The test spec imens for strength tests were then cast in 

stee l mo ld w ith 40 x 40 x 160 mm) prism in co mpliance wit h the EN 196-1:1994 and 

compacted on jolting apparatus with 60 jo lts for the first layer. All spec imens were 
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prepared with one part cement to three parts of standard sand prop0l1ioned by weight 

with sufficient water (I :3:0.44). 

After casting, primarily a ll mortar blocks were placed in a s he lf with relative humidity 

of above 65% and roo m temperature of between 20-220c to enab le the mortars 

achieve eno ugh strength for water curing by ensuring that moistu re is reta ined and not 

lost rap idly. Then all the mortar blocks were immersed in a water-curing pond unt il 

testing period. Each of the blocks were marked us ing permanent ink marker in eac h 

case to clearly show the code, date and time of production and testing. 

3.2.2. Testing for Chemical Composition of Cement 

XRF is a systemat ic method to find out the chemica l compos ition of all kind s of 

materials. The materia l can be so lid, liquid, powder, filt ered or other form. T he 

method is fast, exact and non-destructive, and usually requires only a minimum of 

spec imen preparation. Chemical composition of a ll samples was determined by XRF 

Cement Spectrometer in MCE labrato ry. 

3.2.3. Testing for Physical Properties of PLC 

Consistency 

The standard cons iste ncy of fresh ce ment pas te was determined in accordance with 

BS 4550 PART 3 using the Vicat apparatus. The procedure used is described below. 

I. 125 g ram of water was added to 500 g of cement (PLC) in a mix ing bow l, 

wh ile taking care to avoid leakage of water or cement. 

II. Mixing was stal1ed without delay and the time was noted to the nearest minute 

as ·zero time '. 
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III. The mixer was stopped after 90 seco nds for 30 seconds during which the paste 

sticking to the wa ll and bottom part of the bowl was separated by means o f a 

suitable rubber or plastics scraper and was put in the middle of the bow l. 

IV. The mixer was then restarted and was run for a further 90 seco nds. In this 

way, the mixing was done fo r a total duration of3 min utes. 

v. The plunger of the Vicat apparatus was lowered to rest on the base-plate and 

the po inter was fixed for the scale to read zero. Then the plunge r was ra ised to 

the upho ld pos ition. 

vi. The mould of the apparatus was packed with the paste. Just after Ievc lling the 

cement paste, the mould and the base-plate were shi fted to the Vicat apparatus 

and positioned centrally under the plunger. 

VII. The plunger was lowered smoothly until it was in contact with the paste. 

viii. In that posi tion it was kept fo r betwee n I seco nd and 2 seconds in o rder to 

keep away fro m init ia l ve loc ity o r forced acce leration of the mov ing parts. 

ix. The plunger was then allowed to pierce vertically into the centre of the paste. 

x. The sca le was read at least 5 second after penetratio n had slowed down or 30 

second after the re lease of the plu nger, whichever was earlie r. 

xi. The sca le reading was noted, which ind icates the space between the bottom 

face of the plunger and the base-plate, together with the water content of the 

paste expressed as a perce ntage by mass of the ce ment. 

X II. The test was repeated with cement pastes of different water contents until one 

was found to produce a distance between plunger and base-plate of6 (±2) mill. 

The water content of that paste was noted to the nearest 0.5% as the water 

co ntent fo r standard cons istency. 
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Setting time 

T he setting times of ITesh ce ment paste were recorded co mply ing BS EN 196-3:2005 

us ing the V icat apparatus. The procedure adopted is described be low. 

I nifilll seffing fillies 

I . The quantity o f water required for standard co ns is tence was added to 500 g of 

cement and this was p laced in the bowl of the mixer. 

2. Steps (ii) to ( iv) described in the prev ious section were repeated. 

3. Fo r initia l setting t ime, needle of the Vicat apparatus was lowered to touch the 

base p late and the po inter was fixed o n the sca le to read zero. Then the need le 

was raised to the upho ld position. 

4. The mou ld o f the Vicat apparatus was packed w ith the cement paste. After 

leve ling the cement paste, the mo uld and the base-plate were shi fted to the 

Vicar apparatus and pos itioned under the needle. 

5. T he needle was lowered s low ly until it to uched the paste . 

6. Steps (v iii) and ( ix) expla ined in the prev io us sectio n we re repeated. 

7. The sca le was read when penetration had nearly stopped, or 30 seconds after 

the re lease of the needle whichever was earlie r. 

8. The scale reading was record ed, which indicates the space betwee n the end o f 

the needle and the base-plate, together w ith the t ime fro m ze ro. 

9. The penetration was repeated on the sa me spec imen at conve niently spaced 

positions, not less than 8 mm fro m the r im of the mo uld or 5 mm fro m eac h 

othe r and at least 10 mm ITo m the last penetratio n positio n, at co nveniently 

spaced interva ls of time, e.g. at 10 min utes interva ls. 
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10. The time beyond 'zero time' and the time at which the distance between the 

need le and the base-p late was 6 (±3) mm, recorded to the nearest minute, was 

the initial sett ing time. 

I I. The specime n was reserved for the determination of the final setting times. 

Filial settillg times 

I. Steps ( I) and (2) for the determination of init ial setting ti mes were repeated. 

2. The need le w ith attac hment for final setting was lowered to touch the base­

plate and the pointer was adjusted fo r the sca le to read zero. T hen thc needle 

was raised to the uphold pos it ion. 

3. The mo uld of the Vicat apparatus was fi lled with the paste . After leve ling the 

cement paste, the mould and the base-p late were sh ifted to the Vicat apparatus 

and pos itioned under the need le. 

4. The t ime at which the needle first penetrates only 0.5 mm into the spec ime n 

was noted as the final setting time. This time was that at which the ring 

attachment first fa iled to mark the specimens. 

Soundness 

So und ness/Expans io n o f the samples was carried o ut as per BS 4550 PART 3. The 

' Le Chate lier Apparatus' cons isting of a s mall brass cy linder split a lo ng its generatix 

was used. In this apparatus, two ind icators with pointed ends are attached to the 

cyl inder on either side of the sp lit. In this manner, the widening of the sp lit , caused by 

the expansion of cement is great ly magnified and can be easily measured. A neat 

cement paste ofstandard cons istency was prepared and filled in the cylinder placed on 

g lass plate. The cy linder was covered after fillin g by anot her glass plate. The who le 

assembly was then immersed in water at 20 (+ 1) °C for 24 hours. After 24 hours, the 
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distance between indicators was measured. The mou ld was then immersed in water 

aga in and brought to boi ling in 25 to 30 minutes. After boiling for one hour the 

assembly was taken out. After coo ling, the distance between the indicators was agai n 

measured. The increase in this distance represented the expansion of ceme nt i.e. 

soundness . 

Compressive and Flexural Strength 

The co mpress ive and Flexural strength test were conducted in accordance with EN 

196-1 on mOliar with the help of a compression-testing machine . Just before the test, 

the mortar was taken out of the water tank and the surface was dried us ing a dry c lot h. 

This was to make certain that the sample was tested at a Saturated Surface Dry (SSD) 

state. The spec imen was first placed under flexural strength test and the two broken 

half parts were tested for compress ive strength, Reported va lues are the average, 

satisry ing that the standard deviation is less than 5% of the average va lue. 

Figure: 3.2. Specimens soaked in water lank. 
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CHAPTER 4 

4. Experimental Results and Discussions 

In this chapter, the results are discussed under two sections, viz. variation of phys ical 

properties of cement (PLC) due to different amount as we ll as fineness of the fill er 

and the effect of these variations on mechanica l properties of mortar. 

4.1. Consistency 

Consistency indicates the degree of density or st iffness of cement. It is the amou nt of 

water content required for a given quantity of cement to get a cement paste of 

standard cons istency. 

The results of Standard consistency test for various amount of fined ca lcite filled 

cement were conducted and plotted in Fig: 4.1. using Table: (4.1), (4.2), (4.3), and 

(4.4). 
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Figure: 4.01. Consistency of the PLC paste. 
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The graph (4. 1) shows as the amount of limestone increases, the water of co nsistency 

decreases slight ly. However, with the increase of fineness (F6 and F1 2) more surface 

area is ava ilable for hydratio n fro m the same weight of cement. Thus, more water will 

be req uired to prod uce the cement paste of the standard consistency. 

Table: 4.1. Consistency and setting time Table: 4.2. Consistency and setting time 

Sample Standard Setting Time Sample Standard Setting Time 

Code Cons iste (min) Code Co nsiste (min) 
0 0 
t: ncy t: ncy .c .c 
u Initia l Fina l u In itia l Fina l ~ ~ 

"' (%) "' (%) 
CD CD 

Ao - Fo 24.6 96 150 Ao - Fo 24.6 96 150 

As-F, 25. 6 90 145 As - FI2 25 94 148 
1 

AIO-F6 25.2 95 150 
2 

A,.-F12 24.8 98 154 

AWF6 24.8 89 144 AwFI2 24.6 93 146 

A20-F6 24.6 86 139 A20-FI2 24.2 90 141 

Azs-F6 24.2 85 135 Azs-FI2 24 87 137 

Table: 4.3. Consistency and setting time Table: 4.4. Consistency and setting time 

Sample Standard Setting Time 
0 Code Consiste (min) 
t: 

Sample Standard Sett ing T ime 
0 Code Co nsiste (m in) t: 
.c 

.c 
u ncy 
~ 

"' (%) Init ia l Final CD 

u ncy 
~ 

"' CD (%) In it ia l Fina l 

Ao - Fo 24.6 96 150 Ao - Fo 24.6 96 150 

As-FI8 24.4 95 150 As-F" 24 98 154 
3 

AIO-FI8 24.2 99 155 4 A,.-F24 24 102 156 

AwFI8 24.2 93 149 AW F24 23. 8 96 151 

A20-FI8 23.8 92 145 A20-F24 23.6 96 146 

Azs-FI8 23.6 89 140 Azs-F24 23.4 92 144 
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4.2. Setting Time 

The genera l conse nsus is that the finen ess of li mestone (calc iu m carbonate) is a factor 

influencing setting time of cement pastes. Ho wever, the magn itude of this effect 

differs among various stud ies [60). 

In th is paper, the effect of powdered Calc ite on setting time of ce ment was carefid ly 

in vest igated .The result of initial and final setting time of ce ment pas te are tabulated 

in Table (4. I ), (4.2), (4.3), and (4.4) and plot1ed in Fig. (4.2) and (4.3), respectively. 
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Vuk et al [61] invest igated cement pastes of different fineness and C]S contents at 

so me percent of limestone rep lacements. Initial and fin a l se t t imes were fo und to 

decrease as fin eness increased. The decrease was more pronounced in cements with 

low C]S. Ts ivilis et a l [62] fo und that limestone affected both initial and final set to a 

minor degree ge nera lly decreas ing as fin eness increased. Guemmadi et al [63] found 

that the setting time of pastes varied w ith the fin eness, but no c lear trend was 

observed. 

In th is research, Figure (4.2) and (4.3) show the initial and final setting tim e of PLC 

pastes at di ffe rent amount and fineness leve l of Ca lc it e. The result indicates that bot h 

initia l and fi nal setting t ime of the PLC paste at the same leve l of ca lc ite more red uced 

for more fined limesto ne. 

EN 197-1 :2000 limits the initial setting time for composite Portland cement not to be 

less than 45 minutes. ASTM C 150 lim its sett ing time to be between 45 to 375 

minutes [64] 

• 
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4.3. Souudness 

Soundness is the abi li ty of hardened cement paste to retain its vo lu me aft er sett ing. 

Sound ness issues genera lly result fro m the delayed or slow hydrat ion of magnes ium 

ox ide (MgO) and/or ca lcium oxide (CaO free li me). It is essentia l that cement paste, 

once it has set, does not undergo a large change in vo lume; in part icular there must be 

no apprec iable expans ion. Acco rding to the Ethiopian standard, the expansion o f 

Portland cement shall not exceed 10 mm [65]. 

Table: 4.5. Soundness (expansion) of PLC paste. 

Samp le Expan Sample Expan Sample Expan Samp le Expan 

Code sion 
Code sion Code sion Code sion 

Aa' Fa Imm Aa' Fa Imm Aa' Fa 101m Aa' Fa Imm 

A,· F. Imrn As- F12 101m As· F 18 I mm As· F24 Im m 

A IO-F6 I mm A IO-F I2 Imm A IO-F 18 101m AIO-F24 Imm 

....&,:F. I mm AI S- F 12 101m A 1S·F I8 Imm A W F24 Imm 

A",· F. Imm A",· F" I mm A20·F lg Imm A 20- F 24 Imm 

A2S-F6 I mm A2S-F I2 lmm A2s-F 18 Imm A 2S- F 24 Imm 

Due to the abo ve mentioned specification, the results of this study shown in Tab le 4.5 

indicate that there is no noticeable difference between the controlled PC and blended 

PLC. In addition, a ll test results are we ll below 10mm. Therefo re, all Ca lcite fill ed 

and contro lled spec imens are acceptable in terms of sound ness/expansion from the 

viewpoint of Ethiopian standard. 
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4.4. Compressive Strength 

Compress ive strength is the most important cr iterion for assess ing Cement quality. 

Virtually all cements testing spec ification stipu lates minimum strength requirements 

at certain ages. The strengt h development of a ce ment itious system is influenced by 

the PLC type or, more specifica lly, the mineralogical and physical properties of the 

PLC. 

ASTM C465 states that mortar compressive strengths (ASTM C I 09) of blend s with 

partial replace ment of PC shall not be less than 95% of the control PC at all ages. 

Therefore, 95% of PC compress ive strength at the same age is considered an adequate 

leve l to assess perfo rmance of the Calcite-PC blends. 

In this research the compress ive strength of a ll mortars were determined at 2, 7, and 

28days in acco rdance w ith EN 196-1. The compress ive strength of a ll batches was 

determined using an average of 126 speci men's measurements at a co nstant w/b ratio 

of 0.44. 

The average compressive strengths for each coded mortar co ntrol and blended are 

presented in Figure (4.4), (4.5), (4.6) and (4.7) and tabulated in Table (4.6),(4.7),(4.8), 

and (4.9). 
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Table: 4.6. Co mpress ive Strength of 

PLC-Mortar Batch no.l. 

0 Compressive Strength Z Sample 
..t: Code 2-Day 7-Day 28-Day u 
~ 

Strength Strengt h Strength '" CD 
(MPa) (MPa) (MPa) 

A,-F, 26.20 37.15 47.07 

A,-F, 29.44 41.64 51.59 

I AIO-F6 28.41 40.17 48.78 

AJs-F6 27.28 39.18 47.72 

A,o-F, 26.56 38.27 46.99 

A,,-F, 25.28 36.38 44.05 

Table: 4.8. Co mpress ive Strength of 

PLC- Mo rtar Batch no.3 . 

0 Compressive Strength Z Sample 
..t: Code 2-Day 7-Day 28-Day 
~ Strength Strength Strength 
CD 

(MPa) (MPa) (M ra) 

Ao-F, 26.20 37.15 47.07 

As-FI 8 27.96 39.97 48.27 

AIO-FI B 27.18 37.89 47.02 
3 

A1S-F18 26.34 36.90 44.48 

A20-F18 25.7 1 35.52 43.01 

A1S-F\8 23.88 32.67 41.13 
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Table: 4.7. Co mpress ive Strength o f 

PLC-M ortar Batch no.2. 

0 z Sample 
Compress ive Strength 

..c Code 2-Day 7-Day 28-Day 
u .,. Strength Strength Strength 

en (MPa) (Mra) (M Pa) 

A,-F, 26.20 37.15 47.07 

As-FI2 28.52 40.20 49.59 

2 AIO-FI2 27.77 38.78 47.58 

A\s-F12 26.52 37.60 46.23 

A20-F I2 25.83 36.61 44.19 

A2S- FI2 24.51 34.14 43.06 

Table: 4.9. Compressive Strength o f 

PLC- Mortar Batch 110 .4 . 

0 Compressive Strength Z Sample 
..c Code 2-Day 7-Day 28-Day u 
tii Strength Strength Strength en 

(MPa) (MPa) (M Pa) 

A,-F, 26.20 37.15 47. 07 

As-F24 27.1 4 38.35 47.40 

AIO-Fz4 26.67 36.78 46.72 
4 

A IS-F24 25.46 35.12 43.29 

A20-Fz4 24.67 33.56 42.05 

A 2S-F24 22.79 31.96 40.00 



The fo llowing graphs want show that the effect of fineness and amount of ca lcite on 

cement (OPC) in re lation to mechanical properties, so ca lled compress ive strength, of 

mortar at 2 day, 7 day, and 28 days. 
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Figures (4.4), (4 .5), (4.6), (4.7), and (4.8) represents the comparison curves of 

compress ive strength of mortar versus 5%, 10%, 15%,20%, and 25% of fined Ca lcit e 

at fineness level of F6 , F12, F18, and F24 , respectively, for different spec imens at 

the same curing age of2, 7 and 28 days. 

A 5%, of calc ite rep laced PC, the so-ca lled PLC, in Fig (4.4) shows that the 

compress ive strength of PLC mortar is dependent on the particle size of the filler 

(ca lcite) in PLC. Moreover the calcite at a smaller particle size of6 11m (larger surface 

area) showed a better performance in compressive strength than the others partie Ie 

size of 12 11m, 18 11m, and 24 11m, respectively. However, ITom the result of graph 

(4.4) at age 2, 7, and 28days, 5% of calcite replaced PLC mortar at a level of fin eness 

6 11m 12 11m, 18 11m, and 24 11m has better performance than the controlled PC mortar 

compressive strength. 

As shown in the Fig.4.5 , a 10% ca lcite filled PLC with a part icle size of 6 11m, 12 11m, 

and 1811m prov ide more strength than the contro l OPC compress ive strength. In 

addition, calcite with 24 11m partic le size PLC has sim ilar compress ive strength as that 

of the controlled OPC. 

A 15% add it ion 0 f limestone, as shown in the Fig.4.6, with fineness 6 11m, and 12 11m 

on OPC offered co mpetitive strength with that of the control OPC compressive 

strength. However, ca lcite filled PLC with palticle size of 18 11m and 24 11m resulted 

in a compressive strength reduction than the contro l OPC mortar. 

Fig. 4.7 shows the compress ive strength of20% ca lcite filled PLC at 2, 7, and 28days 

of curing. It was found that the compress ive strength of PLC using 6 11m was higher 

than those using calcite 12 11m, 18 I'm, and 24 I'm, respectively. As the resuit showed 
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by the graph, 20% with fineness 6 11m calc ite filled PLC has competitive strength wit h 

the contro l Opc. 

A 25% Calc ite filled PLC w ith fin eness 6 11m, 12 11m, 18 11 m, and 24 11m as shown in 

the Fig.4.8 that there is a compress ive strength reduction as compared to the co ntrol 

OPC mortar compress ive strength . 

Fig.(4. 9), (5 .0), (5.1) shown that the compress ive strength of POitland-limestone 

cement versus ca lc ite content using different partic le s ize of limestone powder. As 

shown in the Fig. co mpress ive strength is obv ious ly re lated to the limestone content. 

It was found that OPC filled up to 5% ca lc ite increases the compress ive strength at 

age 2, 7, and 28 days of curing. The grap hs show that with the same particle s ize 

when the amount of li mestone increases more than 5% in PLC, the compress ive 

strength start to decreases at a ll age. However the result indicate that 20% ca lc ite 

rep laced OPC with fin eness 6 11m, 15% ca lc ite with fin eness 12 11m, 10% ca lc ite with 

fineness 1811m and 10% ca lcite with finen ess 24 11m have co mpetitive co mpress ive 

strength w ith the controlled OPC compressive strength (0.17%, 1.78%, 0.00%, 0.78% 

compress ive strength reductio n was observed respective ly). 

Sprung and Siebe l [48] found that the use of ine rt material as a very fin e fi ller can 

lead to an increase in strength due to improved packing of the partic les (i.e. , fillin g of 

vo ids between the cement g rains). This effect is seen at early ages, does not produce 

add it iona l increases in strength with co ntinued curing. 

A lthough there is a disagree ment in many research areas about the ro le of limesto ne in 

OPC, this experiment shows that fin ed limestone participates ac ti ve ly in hyd ration 

process rather than be ing an inert fi ller [66, 67]. This participation improves the 
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compress ive strength at all age by some degree with limited amount of calcite (u p to 

5%) fill er. Moreover, for the same amo unt of calcite rep lacement when the fin eness 

o f ca lc ite increases in OPC resulted in an increase in the co mpress ive strength. Th is 

may be attributed to surface a rea, which results to, more reactive. 

Further, due to the re lative partic le size of ca lcite with c lin ker the sma ll partic le s ize 

of ca lcite ca n fill the po re between ce ment part ic les in paste that is known as a fi ll ing 

e ffect. Thus, the fin eness of limestone powder used has influence o n the observed 

compress ive strengt h va lues [68] . 

However, fo r mo re than 5% limesto ne po wder in OPC caused a reduct ion in the 

compress ive strength that can be expla ined as a result dilutio n of C,S and C2S, which 

are respo ns ible fo r strength. 
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CHAPTER FIVE 

5. Economical and Environmental Analysis 

Cement production is one of the most energy intens ive and carbo n dioxide emilter 

industrial processes in the world. It contr ibutes approximate ly five percent of the total 

CO, emitted worldwide, emitting nearly 810 kg of CO, for every 1000 kg of ceme nt 

produced [69]. 

The c linker burning is the most important part of the process in terms of the key 

env ironmenta l issues for the manufacture ofcemen!; energy use and em iss ions to air. 

The key env ironmenta l emissions are nitrogen ox ides (NO, ), sulphur dioxide (SO, ) 

and dust. 

In order to so lve these problems and mitigate energy requirement as well as 

environmental emiss ion in cement production process, it is necessary to exp lore, find 

and implement proper methods. For example, Gabe l & Tillman [70] s imulated nin e 

scenar ios of using recovered materials and alternative fuels. S imulations results 

showed that emiss ions of CO" NOx, SO" CO, VOC, CH. and dust co uld be 

mitigated up to 80% due to use of recovered material and alternative nle!. 

As mentioned above, the use of limestone as a partial replacement o f Ordinary 

POl11and Ce ment (OPC) has several advantages like Tec hnica l, Economical and 

Env ironmental. These, Tec hnica l, Eco no mica l and Enviro nmental, advantages can be 

see n from two different perspective, one from the point of the cement factory and the 

ot her from the co nsumer part. The technical aspect of the filler was clearly present in 

chapter five. In this chapter the paper, focus on Econo mica l and Environmental part 

of the filled cement. 
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5.1. Economical Analysis 

The ce ment industry is an energy intens ive industry. The dominant use of energy in 

ce ment manufacture is fue l for the ki ln . On average, energy costs -in the form of fu e l 

and e lectricity- represe nt 50% of the total production cost involved in produc ing a 

tone ofcemen!. Electrica l energy represents approximately 20% of this overa ll energy 

requirement [71]. 

The industry 's energy consu mption is estimated to be about 2% of g lobal primary 

energy consumption and almost 5% of total industria l energy consu mption [72]. 

Fo llow ing energy price has risen, cement co mpanies have adopted and continue to 

im plement various approac hes to reduced energy use co ns id era bly through im proved 

tec hnology, inc lud ing a shift ITo m wet to dry cement process ing, introductio n of 

pre heaters, precaleiners, improved burner design, process mode ling and co ntrol [73 J. 

A lthough econom ic investigation ofa process is one of the most co mplexes, detai led 

and time consum ing part of the research, it is essentia l to perform econo mic ana lys is 

to get a perspective whether or not a feasib le process mod ificatio n is economically 

attract ive. Therefore, to assure the eco nomic advantages of proposed scenarios in 

add it ion to the ir enviro nmenta l benefits, econo mic compar ison betwee n proposed 

cases (ca lcite-replaced c linker, the so-ca lled Portland limestone ceme nt (PLC) and 

base case (Ord inary portland cement (OPC)) in te rms of fuel consumpt ion, raw-mix 

des ign and add itional facilit ies used and tabulated in table 5.1. 
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Table: 5.1. Economic Comparison between OPC a nd the pro posed PLC 

Strength 

Percentage Fuel (HFO) Electrica l C lass as per 
Cement Type Mix- by mass consumption Energy EN-1 97- 1 

Des ign (%) (I/tone) ( K W/tDne) (MPa) 

Clinker 95 
Ordinary Portland 

Cement - -
8 1 66 42 .5 

(OPC) Gypsum 5 

Clinker 75 
Portland Limestone 

Cement Limestone 20 
64.8 60 42.5 

(PLC) Gypsum 5 

Us ing the a bo ve data into acco unt , for exa mple, MCE produce 5000 to ns o f c lin ker 

per day and this prov ide S,2S 0 tons O PC ce me nt pe r day by consum ing approx imat e ly 

40S,000 li te rs liFO. However, it is poss ib le to produce the same tons of PLC ce me nt 

(S,2S0 tons/day) w ith co mpet it ive co mpress ive strength by us ing 324,000 liters o f 

furnace (o r with a reductio n of 81 ,000 liters HFO whic h is in birr 1,2 IS,000 ITom the 

control O PC). 
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5.2. Environmental Analysis 

Since two past decades and due to dramatic increase o f environmental threats, 

soc ieties have pressured the ir governments to disc uss enviro nment a l issues, and the 

accumulation ofgreenhouse gases CG HG) emiss io ns in the atmosphere is o ne of these 

co ntrove rs ial debates. The Kyoto Protocol and Copenhagen Co nference are two 

agree ments made under the United Nat ions Framework Co nvention on C limate 

Change CUNFCCC). Under these agreements, some cou ntries committed to red uce 

the ir Greenhouse Gas CGHG ) em iss ions to the celta in leve ls [74]. 

The c linker production system is the most important part of the manufacturing process 

in term s of main environmental issues. As mentioned above, the main use ofenergy is 

the fuel for cl in ker production. Electricity is main ly used by the mi lls and the ex hau st 

fan s. The emission to air derives from the combustion of fuel and the transfo rmation 

o f raw meal int o c link er. Apart ITom nitrogen and excess oxygen, the main 

const it uents of the kiln exhaust gas are carbon diox ide ITom the combust ion of fu el 

and the calcinat ion of limestone, water vapo ur ITom the com bustio n process. The 

exhaust gas a lso contains dust, sulphur diox ide, depending on sulphur content o f the 

raw materials, small quantities ofmelals from the raw malerial and fue l, and remnants 

of organic compounds ITom the raw material. 
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Mass Balance for 1 Kg Cement 

Raw mea l factor: 1.54 Fue l: heavy fuel o il 

C lin ker factor: 0.75 Calori fic va lue: 40000 KJ/ Kg (on a dry bas is) 

Spec ific energy: 3 .35 MJ/Kg C lin ker 10 % excess air 

Air: 10-11 Vo l. %02 

Emiss ions: 
CO2 600 g (404 g C02 from raw material, 196 g C02 from burn ing 

N2 1566 g 

O2 262 g 

H20 69 g + raw materialmo isture 

11 50 g raw materia l • 

63g fue l 
• Burning 

984 g a ir • (dry process) 
+ raw material moistutr 

i 
1050gaif 

i a ir 

750g 1000g 

Cl inker Grinding 

i i 
Gypsum alf 

filler 
250 g{ blast furnace slag 

fly ash 

Figure: 5.1. Mass balance for the production of I kg ce me nt [75) 

cement 

Acco rding to the European Co mm iss ion, the main environmental issues assoc iated 

with cement production a re emiss io ns to air and energy use [76) . The key emiss io ns 

are reported to be nitrogen ox ides, sulphur dio xid e, carbo n diox ide and dust. 

In 1999, a new type of ce ment, "building cement", was introduced on the Swedish 

market. Bui lding ce ment is a blended ce ment with about 10 % of the c linker rep laced 

with limesto ne fi ller. The environmenta l be nefits of subst it uting li mestone filler for 

c linker are a reduct ion in the amount of raw mea l that has to be transfo rmed into 
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cl inker, and consequently, less environme ntal impact from the c linker production 

process, raw material and fuel preparation. The environmental impact per ton ce ment 

has been reduced by 10 % [77]. 

Means and Work Done to Minimize Negative Environmental Impact 

T he negat ive environmental impact trom cement manufacturing and ce ment can be 

minimized in numero us ways. These ca n be grouped into four cat egories: 

I. Substituting input, raw materials, fhels and cement additives, to the process 

ii. Process deve lopment; o ptimize and de ve lop the exist ing process 

III. End-o f-pipe so lutions; adding em iss ion reductio n systems 

iv. Product deve lopment; develop new products or change ce me nt co mposit ion 

and performance 

Many o f these so lut ions have consequences o uts ide the actual ce ment manu factur ing 

plant both upstream, as we ll as downstream. 

T herefore, fo ilowing the above-suggested point and researc h resu It , the research 

ascertained that it is poss ible to reduce environmental impact up to 20% by us in g 

fined calcite as fi ller in OPC. 

67 



CHAPTER SIX 

6. Conclusions and Recommendation 

6.1. Conclusions 

The followin g conclu s ions have been drawn fi·o m the results presented and disc ussed 

in this thes is. 

I. The co ns istency of PLC paste increase with increas ing fin eness of calcite. 

However, when the amo unt of ca lc ite in PLC increases the amount of water 

required by the paste to get standard cons istency was decreased. 

II. Both initia l and final setting times were decreased with an increase the amou nt 

of limestone. Moreover setting time of the PLC paste at the same leve l o f 

ca lcite more reduced for more fin ed limestone. 

III. Fined limestone participates active ly in hydration process rather thall be ing 

inert filler. This participation im proves the co mpress ive strength at a ll age by 

some degree with limited amount of ca lc ite (up to 5%) filler. Further, due to 

the relative partic le s ize of calc ite with clinker the sma ll partic le s ize of ca lc ite 

can fill the pore between ce ment particles that is known as a fillin g effect. 

Thus, the fin eness of limestone powder used has a phys ical influence on the 

observed co mpressive strength va lues. Howeve r, for more than 5% limestone 

powder in O PC caused a red uction in the co mpress ive stre ngt h that can be 

exp lained as a resuIt dilution of C)S and C,S, which are respons ible for 

strengt h. 
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6.2. Recommendation 

Based o n the result presented in this thesis the following recomme ndat ions are 

presented for ceme nt industry: 

Fined ca lcit e as a fi ller of OPC has technica l, environmenta l and eco nomical 

advantages. 

According to the research, us ing b lended method , fin ed ca lc ite with particle size 61'm 

at amo unt of 30%, 121'm at amount of 25%, 18Jlm at amo unt o f 20% and 241' m at 

amount o f 20% by mass of c linker in OPC g ives strength at a standard class of 

42. 5Mpa PLC cement. 

The environmental impact of ce ment manufacturing wi ll be addressed in a joint 

approach between o urse lves, the ce ment industry and key stake ho Id ers, work in g 

together to improve the sector 's environmental performance. 

This study has worked to reduce the enviro nmental impact nearly to 20% by us ing 

fined calcite as fill er up to 25%. 

As far as economica l aspects, it is poss ible to reduce fuel consumpt io n by 15 - 20% 

us ing fin ed ca lcite as a filler o f Ope. 
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