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Abstract

Physico-chemical properties and mechanical behaviour of ternary cements made by Portland cement, fly ash and limestone are studied.

The mixtures at various compositions of clinker, gypsum fly ash and limestone are intimately ground and compared to other compositions

without fly ash. Blended fly ash cements are also studied. The results show that fly ash acts as grinding agent by reducing the required time to

obtain the same percentage of particles retained on a 80-mm sieve as the standard cement. Fly ash cements lead to an important extension of

setting time than limestone cements. The replacement of clinker by limestone gives better mechanical strengths than the mixtures containing

fly ash at early days; after 28 days, the cements prepared by incorporation of fly ash gain an important strength. From mechanical point of

view, an optima dosage was obtained at 77% clinker, 2% gypsum, 7.5% fly ash and 13% limestone composition.

D 2002 Published by Elsevier Science Ltd.
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1. Introduction

The use of limestone and fly ash to produce different

types of cement is a common practice in developed coun-

tries. The European standards (UNE-EN 197-1) [1] permits

the incorporation of up to 65% and 35% for fly ash and

limestone, respectively.

The effect of limestone on the hydration of cement is

discussed in many investigations [2–5]. It is known that its

major constituent, calcium carbonate (CaCO3), modifies the

vigorous initial reaction of C3A, accelerates the C3S hydra-

tion and improve the lubricating effects between the grains

of clinker [6,7].

Many investigations have studied the use of fly ash in the

cement production. In general, this requires the use of fly ash

of fine particle size, low carbon content and effective pozzo-

lanic reactivity with clinker. Fly ash with such characteristics

is usually found to improve workability and contribute to

strength development at a sufficiently early age to be an

effective cementitious component of concrete.

The objective of this paper is to study the combined

effect of limestone and fly ash on Moroccan Portland

cement. Physico-chemical properties of ternary cements

made by Portland cement, fly ash and limestone are deter-

mined using laser granulometer, Vicat probe and needle,

scanning electronic microscopy, X-ray fluorescence and

diffraction. The compressive and flexion strength are meas-

ured on the corresponding mortars.

2. Experimental

2.1. Materials

The chemical composition of the materials was carried

out by X-ray fluorescence spectrometer. The mineralogical

composition was determined by X-ray diffraction. The

chemical composition of used materials, clinker, limestone
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and fly ash, are listed in Table 1. All these materials are from

Morocco. The mineralogical composition of clinker calcu-

lated by Bogue’s formula is listed in Table 2.

From Table 1, it can be seen that fly ash contains a large

amount of SiO2, Al2O3, Fe2O3 and a low content of CaO. It

allows classifying it into F class according to ASTM

specification [8]. The purity of used gypsum is around

84.52% with 39.31% SO3 consistence and 0.075% chlorine

traces.

The X-ray diffractogram of limestone (Fig. 1) shows that

the major crystalline components of limestone are calcite

(CaCO3) and quartz (SiO2). The fly ash diffractogram (Fig.

2) shows that the crystalline phases present are quartz

(SiO2), mullite (Al6Si2O13), magnetite (Fe3O4) and hematite

(Fe2O3).

2.2. Samples preparation

A ball mill is used to produce different types of cements.

All materials in each type of cements were ground together,

up to 2.5% retained at 80 mm. The standard specimens used

are as follows:

Ordinary Portland cement (OPC) obtained by intergrind-

ing clinker and gypsum, respectively, in the proportion of

97 and 3 wt.%.

Two limestone cements CL and CL1 prepared by

intergrinding clinker, gypsum and limestone, respec-

tively, in the proportions of 85, 2, 13 wt.% (CL) and 80,

2, 18 wt.% (CL1).

The first series of samples were prepared by replacing the

clinker by fly ash before grinding stage. Six blended

cements were selected and noted KFx in the case of

clinker–fly ash–gypsum mixtures, and KLFx in the case

of clinker– fly ash–gypsum–limestone mixtures. These

samples were tested and compared to standard cements

OPC, CL and CL1.

The second series of samples were made by substitution

of standard cements by fly ash. The used designations of

these blended cements were CFx in the case of OPC–fly ash

mixtures, and CLFx in the case of CL–fly ash mixtures.

Table 3 gives all names and compositions of prepared

samples.

2.3. Test carried out

The analysis of individual particle shape and morphology

of fly ash are carried out by a scanning electron microscope

(SEM). The particle size distribution data are obtained by a

laser granulometer and by sieving.

The pozzolanicity test is determined according to Euro-

pean standard EN196-5 [9]. The physical properties as water

requirement and setting time are determined on the fresh

paste of prepared cements. The normal consistency and

setting time are determined by Vicat probe and Vicat needle

apparatus, respectively.

The mortars are made by the mixing of cement, sand

and water in the proportions 1/3/0.5. The water and

binder are introduced into the mixture and mixed for

Table 1

Chemical compositions of used materials (wt.%)

Oxide Clinker Limestone Fly ash

SiO2 21.14 19.96 47.26

Al2O3 4.98 1.97 27.63

Fe2O3 3.67 3.64 4.35

CaO 64.52 39.37 8.11

MgO 1.22 0.61 2.19

SO3 1.86 0.31 –

K2O 0.53 0.34 0.83

TiO2 0.47 1.02 1.45

MnO 0.09 0.04 0.14

Na2O 0.01 0.02 0.01

P2O5 0.6 0.72 0.93

CaOfree 0.48 – 0.00

CaCO3 – 70.31 –

LOI 0.71 31.78 4.58

Table 2

Mineralogical composition of used clinker (Bogue calculation) (wt.%)

Phase C2S C3S C3A C4AF

19.71 54.2 7 11.16

Fig. 1. X-ray diffraction of limestone. *: Calcium carbonate (CaCO3), &:

quartz (SiO2).

Fig. 2. X-ray diffraction of fly ash. Mu: Mullite (Al6Si2O13), Q: quartz

(SiO2), He: hematite (Fe2O3), Ma: magnetite (Fe3O4).
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few seconds for having a good homogeneity; afterwards,

the quartz standard sand is incorporated to the mixing

and all the constituents are mixed for 3 min with a slow

speed (140 rd/min) and 2 min with fast speed (280 rd/

min). At the end of mixing period, each mortar mixture

is cast in the oiled moulds (40� 40� 160 mm) and

packed with the shock apparatus. On the completion of

casting, the specimens are transferred to the moisture

room (20 ± 1 �C and 96% relative humidity); after 24 h,

the mortar specimens are demoulded and then cured for

2, 7, 28 and 90 days under water. The compressive and

flexion strengths are performed at those times.

3. Results

3.1. Morphology and particle distribution of fly ash

Fly ash particles are generally spherical in shape and

very small in size (from < 1 to 20 mm). Fig. 3 shows

SEM images of this fly ash. It seems that most of these

particles are solid glass spheres, with the existence of

some angular particles. Table 4 indicates the particle size

distribution data, expressed as weight fraction in the

range >45 to >100 mm. Fig. 4 shows the cumulative

data of particle size distribution of fly ash obtained by

Laser granulometry.

3.2. Pozzolanic test

Fig. 5 exhibits the result of Frattini pozzolanic test, which

explains the reaction between Ca(OH)2 liberated from

clinker hydration and glassy phases of fly ash. It can be

seen that, when we added fly ash to cement, the concentra-

tion of OH � ions in the aqueous solution in contact with

hydrated cement decreased and became under the concen-

tration curve of those ions in the saturated solution at 40 �C
after 8 days. This result means that the used fly ash has a

pozzolanic activity.

Table 3

Compositions of cement mixtures samples (wt.%)

Standard cement samples

Mixtures Clinker Gypsum Fly ash Limestone Above 80 mm
sieve

OPC 97 3 0 0 2.5

CL 85 2 0 13 2.5

CL1 80 2 0 18 2.5

Substitution clinker– fly ash in OPC

KF10 87 3 10 0 2.5

KF20 77 3 20 0 2.5

KF30 67 3 30 0 2.5

Substitution clinker– fly ash in CL

KLF5 80 2 5 13 2.5

KLF7.5 77.5 2 7.5 13 2.5

KLF10 75 2 10 13 2.5

Substitution OPC–fly ash

Cement OPC Fly ash

OPC 100 0 2.5

CF10 90 10 3.2

CF20 80 20 4.1

CF30 70 30 5.5

Substitution CL–Fly ash

CL 100 0 2.5

CLF5 95 5 3.3

CLF7.5 92.5 7.5 3.6

CLF10 90 10 3.7

Table 4

Particle size distribution of fly ash (wt.%)

Range dimension > 45 mm >63 mm >80 mm >100 mm

Observed, % 38.29 20.35 13.35 8.45

Fig. 3. Morphology of fly ash. 1: Irregular form, 2: spherical form.

I. Elkhadiri et al. / Cement and Concrete Research 32 (2002) 1597–1603 1599



3.3. Grinding time

Fig. 6 shows the evolution of grinding time as a function

of added fly ash percentage. It appears clearly that the

introduction of fly ash in the preparation of the composite

cements, KF10, KF20, KF30, KLF5, KLF7.5 and KLF10,

reduces considerably the grinding time for the same retained

sieve at 80 mm.

3.4. Water requirement and setting time

The water requirement and setting time, determined by

Vicat probe and Vicat needle apparatus, are reported in

Table 5. It indicates the initial and final setting times of the

cements obtained after clinker–fly ash substitutions. The

obtained values show that the incorporation of fly ash in the

OPC or in the cement containing limestone has a low effect

on water content for standard consistency, but the setting

time is generally prolonged with increased fly ash content.

3.5. Mechanical measurements

The mortars of studied samples are tested at compressive

and flexural strengths after 2, 7, 28 and 90 days of curing.

The obtained results are reported in Table 6.

The mortars containing cements with fly ash (KF10,

KF20, KF30, CF10, CF20 and CF30) show a decrease of the

mechanical strengths at all ages. There is no difference

between the value of compressive and flexural strength for

Fig. 4. The cumulative data of particle size distribution of fly ash.

Fig. 5. Curve of pozzolanicity test. .: Before adding fly ash, *: after adding

fly ash.

Table 5

Water requirement and setting times of substituted clinker– fly ash cements

Samples Water (wt.%) Setting time (h:min)

Initial Final

Substitution clinker– fly ash in OPC

OPC 24 2:40 6:40

KF10 25 3:15 7:20

KF20 25.5 4:00 8:15

KF30 26 4:40 9:15

Substitution clinker– fly ash in CL

CL 24 3:50 5:55

CL1 24 4:00 6:10

KLF5 24 3:15 5:45

KLF7.5 25 4:10 6:55

KLF10 25.5 4:25 7:30

Fig. 6. Effect of fly ash on grinding time. (a) Replacement of clinker by fly

ash in CL, (b) replacement of clinker by fly ash in OPC.
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the cements prepared by intergrinding clinker, gypsum and

fly ash together and those obtained by the substitution of

OPC by unground fly ash.

The tested mortars made by substitution of clinker in

cement containing limestone (samples KLF5, KLF7.5 and

KLF10) show that the compressive and flexural strength

passes through maximum values for KLF7.5 composition.

The compressive strength values of this sample reach 63

MPa at 90 days.

In the case of mortars composed by limestone cement

and unground fly ash (CLF5, CLF7.5 and CLF10), the

compressive and flexural strength values are preserved in

spite of added fly ash, compared to cement obtained by

intergrinding clinker, limestone and fly ash.

4. Discussion

In this study, the effects of added fly ash in OPC cement

and in composite limestone cement CL, at grinding stage

and at cement mixing stage, will be discuss.

In the grinding stage, the results show that increasing the

amount of added fly ash in the blended cement significantly

reduces the grinding time. This result is available in two

types of studied cements, OPC and CL (Fig. 6). This

indicates that fly ash acts as grinding agent. So, intergrind-

ing clinker and fly ash yields an even faster increase in

fineness and a less grinding energy is consumed, conse-

quently, an energy saving is obtained. Many authors [10,11]

have indicated that, for the blended cements when the fly

ashes were ground together with the clinker, the time

required to obtain the same Blaine fineness as the laboratory

produced Portland cement was reduced. This reduction of

grinding time is probably due to the high content of SiO2 in

the fly ash, and this suggestion was also proposed by

Bombled [12].

The water requirement is an important factor, which is

directly linked to setting stage. From Table 5, it seems that

the introduction of limestone has no effect on water

requirement (cements CL and CL1) compared to OPC.

However, the two types of cements obtained by intergrind-

ing clinker, gypsum and fly ash with or without presence of

limestone (KF10, KF20, KF30, KFL5, KFL7.5 and KLF10),

show a low increase of water content required to achieve

standard consistence. This effect is due to the high specific

surface area of fly ash particles. Also, the intergrinding of

fly ash with clinker separates the agglomerates of spheres

and increase broken coarse ashes. Consequently, the level

of fine particles increases to higher specific surface area,

which requires much water according to the results men-

tioned by Barker [13]. However, the low increase of water

requirement can be attributed to the effects of loss on

ignition of fly ash (adsorption of water by porous carbon

particles) [14,15].

The cements obtained by mixing clinker, gypsum and fly

ash (mixtures noted KF10, KF20 and KF30) present more

important extension of setting time than the cement con-

taining only limestone (CL and CL1) or the joint addition of

fly ash and limestone (KLF5, KLF7.5 and KLF10) (Table 5).

The delay in the time of setting can be attributed to the

dilution effects resulting from clinker replacement, or to the

change of the paste rheology, which can be affected by the

existence of elementary carbon. Many investigations have

been shown that aluminosilicate fly ashes retard the setting

of cement for several reasons. Skalny and Young [16] and

Plowman and Cabrera [17] have reported that fly ash retards

the hydration of C3A, and the degree of this retardation

mainly depends on the amount of dissolved alkalis and to

the sulphate from fly ash, which retards the hydration more

than the equivalent amount of added gypsum. But other

studies reported the extension of setting time to the fineness

of fly ash [18,19]: the particles of fly ash fill between the

clinker grain and act as nuclei for crystallisation of cement

hydration products like C–S–H. If we take into account the

time between the initial and final setting times (Table 5), we

can classify the duration of setting as follows: KFx>OPC>

KLFx>(CL, CL1).

From the examination of mechanical behaviour of the

mortars (Table 6), we can see that, in the first 28 days, the

mortars prepared with the cement obtained by the replace-

ment of clinker by limestone (cement CL and CL1) decrease

the mechanical strengths than the replacement of clinker by

Table 6

Compressive and flexion strengths (MPa) of tested composite cements

Samples Compressive strength (MPa) Flexion strength (MPa)

2

days

7

days

28

days

90

days

2

days

7

days

28

days

90

days

Standard cement samples

OPC 24 38.3 53.8 61.2 4.9 6.4 9.2 9.8

CL 24.1 37 50 59 4.8 6.8 7.7 8.6

CL1 19.6 33.1 45.5 55.7 4.3 6.1 7.4 8

Substitution clinker– fly ash in OPC

OPC 24 38.3 53.8 61.2 4.9 6.4 9.2 9.8

KF10 14.4 30.8 43.2 58 3 5.6 7.8 9.3

KF20 11 23.1 36.5 53 2.5 4.1 6.2 8.8

KF30 7.2 17 30.7 48 1.5 3.1 6 8.2

Substitution clinker– fly ash in CL

CL 24.1 37 50 59 4.8 6.8 7.7 8.6

KLF5 21.4 35.5 50.4 61 4.8 7.2 8.2 9.2

KLF7.5 20.6 34.9 53.5 63 4.3 7 8.5 9.3

KLF10 17.8 31.6 45.9 59 3.9 6.5 8.1 8.7

Substitution OPC–fly ash

OPC 24 38.3 53.8 61.2 4.9 6.4 9.2 9.8

CF10 19.9 33.6 46.55 57 3.7 5.9 7.9 9.4

CF20 16.4 26.2 38.2 52 3.4 5.3 7.5 9.2

CF30 12.7 21.5 33.4 47 2.6 4 6.3 8.7

Substitution CL–fly ash

CL 24.1 37 50 59 4.8 6.8 7.7 8.6

CLF5 22.8 36.8 50 58.8 4.6 7.1 7.5 8.2

FLF7.5 22.2 36.4 49.5 58 4.4 7.1 7.2 8

CLF10 21.4 35.9 48 57 4.2 6.2 6.8 7.9
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fly ash (cement KF10, KF20 and KF30) in the same period.

This result is probably due to the hydration enhancement

of C3A and C3S by the presence of CaCO3 leading to

the formation of hydration products such as monocarboalu-

minate, monosulfoaluminate and carbosilicate hydrates

[20–23].

The cement mortars prepared by substitution clinker

by fly ash (samples KFx) show a low rate of strength

development at early ages compared to standard mortars.

After 28 days, the compressive strength values increase

rapidly. The strength gain between 28 and 90 days

reaches 14.8, 16.5 and 17.3 MPa, respectively, for

KF10, KF20 and KF30. Whereas this evolution do not

succeed 7.4, 9 and 10 MPa, respectively, for standard

samples OPC, CL and CL1. This result predicts a good

evolution of compressive strength, at long-term, in

cements composed by substitution of clinker by fly ash

at grinding stage. The accelerating effect of mechanical

properties, observed in KFx samples, may be attributed to

an evident acceleration of pozzolanic activity between the

glassy phases of fly ash and Ca(OH)2 liberated by C3S

hydration, consequently, the size of pores becomes

smaller and the strength increases.

Another important specific result of this study is

observed in mortars prepared by intergrinding clinker,

fly ash and limestone (cements KLFx). The compressive

and flexural strength on hardened moulds, at 28 and 90

days, passes through a maximum value in the region of

KLF7.5 composition (Table 6) and they reach 53.5 and 63

MPa, respectively. The explanation of this result is

difficult, but we can attribute this evolution to the

porosity effect. When intergrinding of clinker, gypsum,

limestone and fly ash in initial mixtures, there is a

mutual interaction of individual components and the

influence of the harder to grind (clinker) is reduced and

the mixture becomes rich in small clinker fractions, also

in the same time the morphology of fly ash is affected by

mechanical treatment. The glassy fly ash particles are

broken down and increase the homogeneity of the mix-

ture [24–26]. During hydration, the particles of CaCO3,

from limestone react with C3A and C3S liberating

Ca(OH)2. The basicity of the system increases and glassy

fly ash broken particles are easily combined to the

Ca(OH)2 giving more C–S–H gel. Consequently, the

porosity becomes smaller leading higher mechanical

strength. After the optimum mix KLF7.5, the compressive

and flexural strength decreases. This may be due to the

diminution of clinker amount in the cement. A supple-

mentary grinding is suitable to preserve strengths.

In the case of samples made by replacement of cements

by fly ash, the CFx series has shown a remarkable decrease

of strengths when the amount of fly ash increases in the

mixture. In cements containing limestone, the additions of

fly ash do not give important changes (series CLFx). But the

latter, compared to KLFx series, remains with low mech-

anical properties.

In sum, it seems that the intergrinding clinker and

additives give higher compressive and flexural strengths

than the cements obtained by the replacement of cement

with unground fly ash, this observation agrees with many

investigations [9,12,26,27], which have mentioned that the

intergrinding of clinker, gypsum and fly ash yields the

separation of fly ash agglomerates and promotes the forma-

tion of wider particle, and consequently the blended product

becomes more homogeneous.

5. Conclusion

The investigation on ternary cements based on clinker,

fly ash and limestone showed the following observations:

� The fly ash act as grinding agent because it reduces the

time required to obtain the same percentage of particles

retained on a 80-mm sieve as the standard cement.
� The use of fly ash like additive in the cement field leads

to an important extension of setting time than the

limestone.
� The replacement of clinker by limestone gives a good

behaviour than the mixtures containing fly ash at early

days, but after 28 days, the cements prepared by

incorporation of fly ash gain an important strength.
� The intergrinding of clinker by fly ash and limestone

shows that there is an optimal dosage around (77%

clinker, 2% gypsum, 7.5 fly ash, 13% limestone), which

gives a packing structure to mixtures and a good

mechanical properties.

References

[1] European Standard, Cement, Composition, Superfication and con-

formity criteria-common cements, EN 197-1, 1995.

[2] S. Tsivilis, E. Chaniotakis, E. Badagiannis, G. Pahoulas, A. Ilas, A

study on the parameters affecting the properties of Portland limestone

cements, Cem. Concr. Compos. 21 (1999) 107–116.

[3] V.S. Ramanchandran, C. Zhang, Hydration kinetics and microstruc-

tural development in the 3CaO�Al2O3–CaSO4�2H2O–CaCO3–H2O

system, Mater. Constr. 19 (114) (1986) 437–444.

[4] C. Vernet, G. Noworyta, Mechanisms of limestone reactions in the

system (C3A–CaSO4�H2O–CH–CaCO3–H): Competition between

calcium monocarbo- and monosulfo-aluminate hydrates formation,

Proc. Int. Congr. Chem. Cem., 9th, vol. IV, New Delhi, India, 1992,

pp. 430-436.

[5] W.A. Klemm, L.D. Adams, An investigation of the formation

of carboaluminates, in: P. Kliger, R.D. Hooton (Eds.), Carbonate

Additions to Cement, STP1064, ASTM, Philadelphia, 1990, pp.

60–72.

[6] J. Pera, S. Husson, B. Guilhot, Influence of finely ground limestone

on cement hydration, Cem. Concr. Compos. 21 (1999) 99–105.

[7] S. Husson, B. Guilhot, J. Pera, Influence of different fillers on the

hydration of C3S, Proc. Int. Congr. Chem. Cem., 9th, vol. IV, New

Delhi, India, 1992, pp. 83-89.

[8] American Society for Testing and Materials, Specification of fly ash

and raw or calcined natural pozzolan for use as a mineral admixture in

Portland cement concrete, ASTM, Philadelphia, ASTMC618-78,

1978.

I. Elkhadiri et al. / Cement and Concrete Research 32 (2002) 1597–16031602



[9] European standard, Methods of testing cement; pozzolanicity test for

pozzolanic cements, EN196-5, May 1987.

[10] E. Stoltenberg-Hanson, Experience with fly ash cement, Rock Prod-

ucts, 1984, pp. 87–89 (April).
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