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Abstract 

The infrastructural development is an important aspect for the overall development of country. In all construction works concrete 

is an important and costly issue, this governs the total cost of project. To reduce cement consumption for environmental and 

economical concern, use of supplementary materials is required. In this work fly ash and metakaolin were used to decrease the 

cement contents and increase the strength as well as durability of cement. The main objective of this research work is to know the 

cement hydration mechanism, its strength with different ratio of fly ash and metakaolin. All mixes were made with water-to-binder 

ratio of 0.40. The results are evidences by chemical analysis, XRD, SEM, DSC, etc. 

 

Keywords: OPC (Ordinary Portland cement); Mk (Metakaolin); FA (Fly ash), Blended cement; C-S-H(Calcium 

silicate hydrates) ; SEM,  XRD;  DSC. 

--------------------------------------------------------------------***------------------------------------------------------------------ 

1. INTRODUCTION 

Now a day
,
s whole word suffering from economical and 

environmental problems. For the economical growth we are 

ignoring the environmental problem but it is necessary to 

make a balance between them. There is a strong need to 

explore the possibility to reduce the use of naturally 

occurring pozzolonic materials and it can be done by the  

reuse of  the by product (waste materials) which also reduce 

the CO2 produced during the processing of materials in 

order to human welfare concrete (1). For the production of 1 

tone cement about 1 tone CO2 is produced. Per year about 

250-260 million tones cement produced thus same amount 

of CO2 also produced (2-4). Now a day
,
s some amount of 

cement is replaced by industrial, agricultural and chemical 

wastes which have pozzolonic or hydraulic properties (5-9). 

It reduces the use of primary materials and also CO2 

emission which becomes environmental friendly. 

 

Fly ash is a waste material of thermal power station. In our 

country disposal of fly ash is a huge problem. Recycle of fly 

ash geopolymer in OPC is very attractive as OPC is a 

common commodity in construction industry (10). In India, 

fly ash was used in Rihand dam construction replacing 

cement upto 15 percent is a best example of use of waste 

material in construction purpose to increase strength and 

quality of cement. There are two ways that the fly ash can be 

used: first way is to intergrind certain percentage of fly ash 

with cement clinker at factory to produce Portland 

pozzolana cement (PPC) and the second way is to use the fly 

ash as an admixture at time of making concrete at the site of 

work. The latter method gives freedom and flexibility to the 

researcher regarding the percentage addition of fly ash in 

order to improve the quality of cement. 

The use of supplementary cementitious materials (SCMS) is 

fundamental part for the  production of low cost 

construction materials for developing countries (11).From 

last two decades, there has been a growing interest in the use 

of metekaolin (MK) as supplementary cementitious material 

to impart an additional performance and good quality to 

concrete (12-16). Metekaolin is a thermally activated 

aluminosilicate material obtained by calcining or 

dehydroxylation of kaolin clay within the temperature range 

750-800
0
C (17, 18). In the case where insufficient or poor 

curing concrete structures like seashore, underground 

structures which undergo severe loss of compressive 

strength and permeability interconnected and durability.The 

use of metakaolin proves to be very useful to modify the 

properties of concrete. 

 

Anhydrous cement does not bind fine and coarse aggregate. 

It acquires adhesive property only when mixed with water. 

The chemical reactions that take place between cement and 

water is referred as hydration of cement. So in this work 

hydration behavior were studied of blended OPC with fly 

ash in different percent i.e. 10, 15, 20 and then metakaolin 

10 and 15% add. Different experimental work carried out 

like free lime test, non evaporable water content, setting 

time, Standard consistency, heat of hydration, compressive 

strength, soundness with different percentage of blended 

OPC with fly ash in presence of metakaolin. The 

advancement made in the various spheres of Science and 

Technology has helped us to recognize and understand the 

micro structure of cement compounds before and after 

hydration .XRD, SEM, DSC, studies helped to reveal the 

crystalline or amorphous structure of the unhydrated or 

hydrated Cement. Both fly ash and metakaolin increases the 

compressive strength of OPC (19). 
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2. EXPERIMENTAL PROCEDURE 

2.1 Raw Material 

Ordinary Portland Cement: The cement used in this study 

was 43 grades from Jaypee Cement agency, Varanasi and 

properties are given in table-1 

 

Fly ash:  The fly ash used in this study was from Dadri 

power plant Its chemical composition and main physical 

properties are  in table 2 & 3 

 

Metakaolin: The metakaolin used in this study was from 

Kryton Build tech.Its chemical compositions are in table 4 

 

Mix details: The fly ash proportion added to cement is 

studied by different literature. In practice optimal cement 

replacement ratios around 10-20 wt% are more frequently 

reported {19-21} but higher replacement ratios from 30 upto 

55 wt% have also been found suitable for application{22-

23}. So in this work 10, 15, 20 wt% Fly ash used and 

metakaolin 10 and 15 wt% according to Ordinary Portland 

cement was studied. 

 

2.2 Test Details 

Standard water consistency test: The water consistency of 

OPC with FA and MK were determined with the help of 

Vicat apparatus (IS: 4031 Part 4, 1988) 

 

Determination of setting time: Initial and final setting of 

OPC with fly ash and MK were determined with the help of 

Vicat apparatus (IS: 4031 Part 5, 1988) 

 

Preparation of hydrated samples:  Hydrated samples were 

prepared with W/C or W/S ratio of 0.4 of different 

composition of OPC with FA and MK in polythene bags. 

The air inside the bags was removed in order to avoid 

carbonations. The hydration reaction were allowed to 

continue at room temperature and stopped at different time 

interval (7, 15, 28, 45) with isopropyl alcohol and diethyl 

ether. The hydrated samples were heated at 105
0
C for one 

hour. The dried samples were stored in polythene bags and 

kept in desiccator. 

 

Non-evaporable water content measurement: 

Approximately one gram of OPC with different composition 

of FA and MK for different time intervals weighed in 

ceramic crucibles and heated at 105
0
C for one hour in order 

to remove adsorbed water. When removed from the oven, 

the mass of crucibles and samples were determined again 

before placing them in a furnace at 1000
0
C for an hour. 

From mass losses at 1000
0
C is the non evaporable water 

content 

. 

Free lime determination:   Free lime of samples having 

different constituents and time (days) variable was 

determined by Franke method {24-26}. About 1 g of 

hydrated cement was refluxed with 40 ml of isopropyl 

alcohol and acetoacetic ester mixture (20:3) for 1 hr. The 

solution was filtered and titrated against 0.1 N HCl using 

bromophenol blue as an indicator. The percent of free lime 

was determined by using the following equation: 

 

% CaO = 0.2804 *V/W 

 

Where V= vol of 0.1 N HCl used 

W= wt of hydrated sample used 

 

Soundness test of samples:  Cylindrical moulds of Le-

Chatellie equipment was filled             with OPC with 

different composition of FA and MK were prepared having 

consistency 0.78 times of standard consistency of relevant 

compositions. After 24 hr the cement cylinder were removed 

from water and measured the expansion then kept moulded 

samples in boiling water for 3 hr, cooled it and further 

measured the expansion. Difference in expansion is 

soundness of respective samples. 

 

Heat of hydration measurement:  Heat of hydration test is 

measured by product code of AIM-9934. The method of 

heat of hydration measurement is described in some 

literature also {27} 

 

Compressive strength determination: Compressive 

strength of cement mortor of different composition were 

measured  by the moulding of 185g of cement with different 

compositions of FA, Mk and 555g of sand and determined 

amount of water by trial and error process. 

 

3. METHOD OF ANALYSIS: 

SEM study:  SEM images of OPC, OPC with FA and MK 

for 15 days & 28 days were recorded from Birbal Sahani 

Institute of Palaeobotany, Lucknow by using model LEO 

430 

 

XRD study: XRD study of OPC, OPC with FA and MK for 

15 days & 28 days were recorded from Wockhardt Research 

Centre, Aurangabad, Maharashtra by using Cu Kα 

radiations. 

 

DSC study: DSC study of OPC, OPC with FA and MK for 

28 days was recorded from Metallurgy    Department, IIT 

BHU with NETZSCH DSC 404F3A analyser. Samples were 

heated in crucible upto 1300
0
C in an inert atmosphere (N2). 

 

4. RESULT AND DISCUSSION 

In the concrete, cement chemically reacts with water and 

produces binding gel that binds other component together 

and creates stone type of material. The reaction process is 

called 'hydration' in which water is absorbed by the cement. 

In this process apart from the binding gel, some amount of 

lime [Ca (OH)] is also liberated. The coarse and fine 

aggregates act as filler in the mass 

 

The main factors which determine the strength of concrete is 

amount of cement used and the ratio of water to cement in 

the concrete mix. However, there are some factors which 

limits the quantity of cement and ratio of water / cement to 

be used in the concrete. Hydration process of cement is 
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exothermic and large amount of heat is liberated. Higher 

will be the cement content greater will be the heat liberation 

leading in distress to concrete. 

 

Standard water consistency: The water required for 

standard consistency as a function of blended OPC with and 

without Mk are shown in [Table 5] and (Fig. 1)..Water is the 

principal constituent of the concrete mix. Once the concrete 

is hardened, the entrapped water in the mass is used by 

cement mineralogy for hydration and some water is 

evaporated, thus leaving pores in the matrix. Some part of 

these pores is filled with hydrated products of cement paste. 

It has been observed that higher the ratio of water / cement, 

higher is the porosity resulting in increased permeability. 

The value of standard water consistency increases as the 

proportion of FA and MK increases. 

 

Setting time: The initial and final setting time of OPC and 

FA blended cement with and without Mk is shown in [Table 

6] and (Fig. 2). As the amount of FA increases both initial 

and final setting time increases. In the presence of FA the 

retardation action takes place which strongly inhibits the 

growth of hydrates, this leads to the shifting of setting time 

to longer duration. The amount of Mk increases initial and 

final setting time decreases means hydration increases in 

presence of Mk. 

 

Non evaporable water content: Non evaporable water 

content gives us idea about the extent of chemically 

bounded water during hydration {28-29}.It states that non 

evaporable value increases the extent of hydration also 

increases. So in this work it is found that moving from OPC 

to fly ash Wn value decreases but as the percentage of Mk 

increses the value of Wn increases. So Wn is more at all 

hydration periods in the presence of Mk indicating that there 

is pozzolanic reaction forming more hydration product 

responsible for enhanced compressive strength. 

 

Free lime: Normally free lime (CaO) is present in clinker 

whereas in cement major portion is present as calcium 

hydroxide. As free lime value decreases hydration rate 

decreases. It is observed that in this paper, the value of free 

lime of OPC in presence of FA and Mk is less than that of 

OPC. As the percentage of Mk increases, the free lime 

content decreases because it reacts with free lime to form 

addition C-S-H material, thereby making the cement stonger 

and durable. 

 

Soundness: Soundness test indicate the rate of volume 

change and results were presents in [Table 9] and (Fig. 5). In 

accordance to IS standard the expansion for OPC ranges in 

between 0.75 mm to 1.00 mm. The cement is said to be 

sound when the percentage of free lime and magnesia is 

within specified limits. These materials expand in structure. 

From Fig-5 it is clear that as fly ash added to OPC 

soundness decreases. These decreasing behaviors continue 

with variation of in percentage of Mk in blended OPC which 

suggests that free lime and magnesia is within limits. 

 

Heat of Hydration:  Change of heat of hydration with 

different compositions is in [Table 10] and (Fig. 6). Heat of 

hydration gives idea about the rate of hydration. As from 

graph OPC have maximum heat of hydration. By the 

addition of fly ash heat of hydration lowers means hydration 

rate decreases but as Mk increases heat of hydration 

increases that increased heat evolved corresponds to 

increase in the strength. And we also observe that 28 days 

have more heat of hydration value than 15 days i.e. 15 days 

to 28 days hydration rate increases. 

 

Compressive strength: Compressive strength gives idea 

about the strength of cement. From table-11 and Fig-6 it is 

clear that compressive strength increases as percent of fly 

ash increases in OPC. From fig it is also observed that 

compressive strength further increases due to pozzolonic 

reaction of Mk with CH. As hydration time increases 

compressive strength increases due to formation of compact 

mass. 

 

SEM analysis: The SEM photographs of hydrated OPC and 

Fly ash blend in the presence of Mk are given in Fig-

10.Hydrated product like Calcium hydroxide [CH], 

tobermorite [C-S-H] appeared, due to chemical reactions are 

found in SEM pictures. In presence of Mk hydrated grains 

are combined with CH and form continuous mass structure 

which is called C-S-H gel. The mass structure in all 

composition increases from 15 days to 28 days.The 

occurrence of C-S-H in large quantity in presence of Mk is 

responsible for compactness of cement particle and 

producing a rigid system. Thus blended OPC in presence of 

Mk give more rigidity and compactness. 

 

XRD analysis: I found that XRD spectra have suggested the 

presence of hydration product like portlandite, ettringite, 

tobermorite and also unhydrated minerals{30-31}. XRD 

(Fig-8) showsthat portlandite peak decreases in height from 

OPC to OPC with 15% FA and in presence of Mk height 

increases which evidence the setting time behavior of both 

FA and Mk. The ettringite , C3S, C2S and CH peak as such 

.From graph it is very much clear that hydration reaction is 

same in all compositions and only extent of hydration 

changes. 

 

DSC analysis: DSC thermograph of 28 days hydrated 

sample showed changes at four temperature variables (fig- 

9). First between 150-200
0
C which is due to elimination of 

adsorbed water molecule. From OPC to blended OPC peak 

broaden at that temperature shows that the standard 

consistency increases in blended OPC. Second changes 

takes between 400-500
0
C corresponds to decomposition of 

Ca(OH)2 formed during hydration. In graph at that 

temperature from OPC to blended OPC in presence of Mk 

peak area decreases which is due to pozzolonic activity and 

Ca(OH)2 consumption. Third changes between 600-800
0
C is 

due to the decomposition of CaCO3. More the CaCO3 

decomposes more free lime will be produced. In graph OPC 

have broad peak area than blended OPC with and without 

Mk. This indicates the lower value of free lime from  OPC 

to blended OPC with and without Mk. The changes from 

1250-1300
0
C takes place which is due to phase 

transformation. 
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Table – 1 chemical analysis of 43 grade OPC 

Chemical analysis Result 

obtained 

Lime saturation factor ( LSF ) 0.85 

Alumina/ Iron Oxide ratio ( % ) 1.33 

Insoluble residue ( % by mass) 0.65 

Magnesia (% by mass) 2.56 

Sulphuric anhydride (% by mass) 1.85 

Total LOI (% by mass) 0.85 

Chloride (% by mass) 0.013 

 

Table-2 Chemical composition of fly ash 

Miner

als 

Si

O

2 

Al2

O3 

Fe2

O3 

C

a

O 

M

g

O 

S

O

3 

Na2

O 

K2

O 

L

O

I 

 

%  in 

FLY 

ash 

44

.0 

23.

4 

17.

7 

3.

7 

0.

8 

0.

9 

0.8 0.8 5.

7 

 

 

Table-3 Physical property of fly ash 

Physical property Result 

Specific gravity 2.22 

Blain fineness (cm
2
/g) 2830 

Median particle size (µm) 30.6 

 

Table-4 Chemical composition of metakaolin 

chemicals Percentage ( % ) 

SiO2 62.62 

Al2O3 28.63 

Fe2O3 1.07 

MgO 0.15 

CaO 0.06 

Na2O 1.57 

K2O 3.46 

TiO2 0.36 

 

 
Fig. 1 Standard Water Consistency P=OPC, Q = OPC +15%FA, R = OPC +10%Mk, S = OPC +15%Mk, 

T=OPC+15%FA+15%Mk, U= OPC+15%FA+15%Mk 

 

 
Fig. 2 Initial and Final Setting time (minutes) (P=OPC, Q = OPC +15%FA, R = OPC +10%Mk, S = OPC +15%Mk, 

T=OPC+15%FA+15%Mk,                  U= OPC+15%FA+15%Mk) 
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Fig. 3 free lime change with hydration time 

 

 
Fig. 4 Change of Non-evaporable water content with hydration time 

 

 
Fig. 5 Soundness test of sample P=OPC, Q = OPC +15%FA, R = OPC +10%Mk, S = OPC +15%Mk, T=OPC+15%FA+15%Mk, 

U= OPC+15%FA+15%Mk 
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Fig. 6 Change of heat of hydration with hydration time P=OPC, Q = OPC +15%FA, R = OPC +10%Mk, S = OPC +15%Mk, 

T=OPC+15%FA+15%Mk, U= OPC+15%FA+15%Mk 

 

 
Fig. 7 Change of compressive strength with hydration time P=OPC, Q = OPC +15%FA, R = OPC +10%Mk, S = OPC +15%Mk, 

T=OPC+15%FA+15%Mk, U= OPC+15%FA+15%Mk 

 

 
Fig. 8 XRD of 28 days hydrated sample 
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Fig. 9 DSC of 28 days hydrated sample 

 

 
OPC 15 Days                                                                    OPC 28 Days 

 

 
OPC+15%FA 15 Days                                       OPC+15%FA 28 Days 
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OPC+15%MK 15 Days                                          OPC+15%MK 28 Days 

 

 
OPC+15% FA+15%Mk 15 Days                                OPC+15% FA+15%Mk  28 Days 

 

Fig. 10 SEM of 15 days and 28 days hydrated Sample 

 

 

5. CONCLUSION 

 The water demand for standard consistency increases 

with increase of FA and Mk content. 

 The addition of FA to OPC prolonged the initial and 

final setting time but in the presence of Mk setting time 

decreases. 

 Non evaporable water content is more in blended 

cement at all hydration periods which indicates that 

pozzolonic reaction enhances and more hydration 

product formed. 

 Free lime decreases with increase of Mk content 

because Mk reacts with free lime during hydration to 

form addition C-S-H material, thereby making the 

cement stronger and durable. 

 Compressive strength value at 28 days hydration 

period is more due to larger extent of less porous 

hydration product. 

 XRD and DSC analysis indicates that addition of Mk 

in FA blended cement does not alter the hydration 

product but only modify the rate of hydration. 

 SEM photos indicating that in presence of Mk 

hydration products are more dense and less porous 

which increase the durability of cement. 

 Finally we concluded that FA does not give early 

strength but Mk provides strength at early age of 

hydration in FA blended cement. 
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