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Abstract

The effect of two kinds of Spanish fly ashes ASTM (class F) on the mechanical and microstructure parameters of fly ash±belite cement

(FABC) mortars was studied for up to 200 days from mixing. Pore-size distribution analyses were carried out by mercury intrusion

porosimetry, and microstructure was investigated by scanning electron microscopy (SEM). The pore solution was expressed and analyzed at

different periods of hydration. The results showed that the alkali and iron content of the starting fly ash strongly influenced the kinetics of

hydration of the FABC cements. If the time factor is deleted, general correlation is obtained between the mechanical and microstructure

parameters studied, irrespective of both the starting fly ash characteristics and the calcination temperature. D 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

This paper is the continuation of an extensive investiga-

tion on the use of fly ash as raw material for synthesizing

reactive belite cements according to Jiang and Roy's meth-

od [1]. The process involves two sequential steps. The first

step consists of the hydrothermal treatment of fly ash

(ASTM class F), CaO, and de-mineralized water to form

calcium silicate and aluminate hydrates. After the hydro-

thermal treatment, the hydrates are calcined between 7008C
and 9008C.

Two Spanish fly ashes (ASTM class F) called FA-A and

FA-B in this paper, of different alkali content and granulo-

metry, are being used in our laboratory as raw materials.

During the first step of the cement synthesis, the fly ash

pozzolanic reaction is strongly activated mainly in the case

of the fly ash of higher alkali content, FA-A [2]. Besides,

some differences were found for the hydrated phases formed

as a function of the kind of fly ash.

In the case of the FA-A, the main hydrated compounds

were: a-C2SH, CSH gel, katoite (C3ASH4) and Fe-substi-

tuted katoite (C3A0.5F0.5SH4); calcite (CaCO3) and portlan-

dite (Ca(OH)2). The two latter compounds indicate that the

pozzolanic reaction was not completed during the first step

of the synthesis process. The iron from the FA-B is

combined as a mixed oxide: CaFe2O4.

During the second step of the fly ash±belite cement

(FABC) synthesis, the hydrated materials produced in the

first step were calcined at temperatures ranging from 7008C
to 9008C. The main crystalline phases formed for the

starting FA-A were: a0- and b-C2S polymorphs (whose

crystallinities increased progressively with the temperature);

gehlenite (C2AS), which was only formed at 9008C; calcite

(CaCO3); and C3AS3 and mayenite (C12A7), which appeared

at 7008C, decreasing at higher temperature. A decrease of

the BET±N2 surface areas with temperature was noted.

Measured surface areas were: 6.85, 4.37, and 4.06 m2/g

for 7008C, 8008C, and 9008C, respectively. Studies of

hydraulicity, microstructure, and mechanical properties car-

ried out on the FABC synthesized from the FA-A [3,4]

revealed that the optimum FABC was obtained at a calcina-

tion temperature of 8008C.

In the case of the FABC synthesized from FA-B,

preliminary investigations made in paste [2] (combined

water, IR, and X-ray diffraction (XRD) analyses) showed

that the best hydraulicity among the three calcination
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temperatures was also obtained at 8008C. At 7008C, the

cement only combined 3.6% of water; and at 9008C, it

needed an induction period of about 60 days. In all

cases, the hydraulicity of FABC synthesized from FA-B

was considerably lower than that of FABC synthesized

from FA-A.

On the basis of those preliminary results, we decide to

extend the microstructure and mechanical investigations

only for the FABC synthesized at 8008C, which are pre-

sented in the present paper.

The mechanical properties, pore-size distribution, and

extracted pore solution were analyzed in mortar specimens

during a period of 200 days from mixing. The microstruc-

ture study was carried out in paste specimens at the age of

200 days from mixing. All the results were compared with

those obtained from equivalent FABC made with FA-A.

Fig. 1. XRD patterns of the starting FABCs.

Fig. 2. Mechanical strength, combined water, and heat evolution of FABC.
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2. Experimental

The chemical composition of the starting fly ash FA-B

and the XRD analyses of the cement synthesized at 8008C
(called FABC-B) are given in Table 1 and Fig. 1, respec-

tively. The chemical composition of the FA-A and the XRD

pattern of the equivalent cement (called FABC-A) are

included for comparison in Table 1 and Fig. 1.

Several series of six mortar specimens were prepared

using (a-quartz) sand. The sand-to-FABC ratio was 3.0; the

de-mineralized water-to-FABC ratio was 0.75. After mixing,

different portions were molded into 1 � 1 � 6 cm prism

specimens and compacted by vibration. The specimens were

demolded after 2 days at >90% relative humidity (rh).

Groups of six mortar specimens for each age studied were

stored at the temperature of 21 � 28C and >90% rh for 200

days. Equivalent pastes were prepared at a de-mineralized

water-to-cement ratio of 0.75 and were kept at >90% rh and

21 � 28C during 200 days.

The XRD patterns were recorded using Cu Ka1 radiation

on a Philips PW-1730 diffractometer, equipped with a

graphite monochromator. Porosity and pore-size distribution

of pastes were investigated by mercury intrusion porosime-

try carried out with a Micromeritics Pore Size 9310. The

pore solution was expressed by applying high mechanical

pressure (500 MPa) [5]. The sodium, potassium, calcium,

and aluminum concentrations of the pore solution were

determined by atomic absorption spectroscopy, using a

Model 1100B A.A.S., Perkin Elmer, Eden Prairie, MN.

The pH was measured with a combined electrode designed

for measurement over the pH range 0 to 14. SEM analyses

were made with a JEOL 5400 scanning electron microscope

with an Oxford EDS microanalysis ISIS model. The sam-

ples were coated with gold by sputtering.

3. Results and discussion

3.1. Mechanical properties and pore-size distribution

analysis

The changes of the flexural and compressive mechanical

strength of mortars with hydration time are presented in Fig.

2. Each value represents the average of six measurements,

and the bars represent the standard deviation of the mean

value. After the flexural strength of specimens was deter-

mined, the compressive was carried out on the two halves of

each specimen, according to the Spanish standard UNE EN

196-1 or UNE 80-101. In Fig. 2, we have included the

previously published [4] strength data obtained from

equivalent FABC calcined at 8008C from the starting fly

ash FABC-A.

As shown, FABC-B gains strength at a slower rate

compared with FABC-A. FABC-A cement mortars practi-

cally reach the maximum value after 28 days, whereas

FABC-B mortars keep gaining strength progressively. After

60 days of hydration, the differences decreased. These

Fig. 3. Porosity and pore-size distribution changes of mortars with

hydration time.

Table 1

Chemical composition of the two starting fly ashes and cements (% by weight)

LOI = Loss on ignition, IR = insoluble residue.

(%) LOI IR

CaO

(total) SiO2

CaO

(free) Fe2O3 Al2O3 MgO SO3 Na2O K2O

SiO2

(reactive)

FA-A 5.6 0.3 4.6 48.8 0.25 7.4 26.8 1.9 0 0.67 3.6 35.8

FA-B 8 0.2 6.7 45.2 0.14 9.1 25.3 1.7 0 0.48 3.2 35.3

FABC-A 1.6 2.3 49.3 26.8 1.2 3.6 14.7 1.3 0.6 0.3 1.1

FABC-B 2 2.5 47.4 26.7 1.0 4.6 16.4 1.3 0.6 0.2 0.98
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mechanical behaviors are in acceptable accordance with the

gain of combined water content (determined from TG

analyses carried out in equivalent paste samples). The heat

evolution of the FABC-B paste stabilizes after 27 h at about

35 kJ/kg, whereas that of FABC-A paste increases progres-

sively, reaching after 40 h with a value of 80 kJ/kg (2.3

times higher).

As a result of the gain of combined water, the porosity

of both mortar samples decreased (see Fig. 3). For the

FABC-B, the total porosity decreased from 14.3% (by

weight) to 11.7% between 7 and 200 days, respectively,

which represent a relative decrease of 18%. However, for

comparison for FABC-A, at the end of the experiment,

the porosity decreased 42% from the initial value.

Fig. 4. Mortar pore solution analyses.
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The pore-size distribution of FABC-B mortar experimen-

ted major changes; the pores of the diameter range >0.05 mm

decreased 59% and those <0.05 mm increased 58%. This

pore-size distribution change toward smallest pores pro-

duces a microstructure that is denser, and consequently, an

increase of the mechanical strength.

Several factors could influence the different FABC-A

and FABC-B hydration behaviors. From the XRD results

of Fig. 1, two significant differences can be observed in

FABC-A as compared to FABC-B: (i) the virtual absence

of gehlenite (C2AS) reflections (of low hydraulicity), and

(ii) more amorphous character of XRD patterns. For

example, in the 32±34 2q angular zone, where the more

intense reflections of the two a0- and b-C2S polymorphs

appear, the reflections located at 32.5 and 33.2 are not

well-resolved for FABC-A. All of these suggest that the

potential reactivity will be higher in the case of FABC-A,

as the mechanical properties and microstructure para-

meters confirmed (see Figs. 2 and 3). In addition, the

lower reactivity of FABC-B could be attributed to the

lower alkali content and the higher iron content of

starting FA-B fly ash (see Table 1). It is well-established

that the alkali-substituted-C2S [6] promotes a higher

reactivity, mainly for potassium, whereas Fe-substitution

stabilizes the crystal lattice, as in the case of brownmil-

lerite in Portland cements.

3.2. Pore solution analysis

Results of the mortar pore solution analyses from FABC-

A and FABC-B appear in Fig. 4. The concentration of alkali

ions (Na+ and K+) and the pH of the FABC-B pore solution

are lower than those of FABC-A, especially after 200 days

of hydration. Calcium and aluminate concentrations are

markedly lower than those of alkalis.

As was mentioned previously [4], the alkalinity of this

kind of cements is comparable to that of ordinary Port-

land cements (OPC) of low alkali content. Portlandite

(Ca(OH)2) is not formed during hydration of FABC, and

therefore, the alkalinity is attributable entirely to sodium

and potassium from the starting fly ashes. In accordance,

the lower alkalinity of the FABC-B mortar pore solution

is consistent with the lower alkali content of the FA-B

fly ash (3.1% and 2.6% Na2O equivalent for FA-A and

FA-B, respectively).

3.3. Scanning electron microscopy (SEM) analyses

SEM analyses were carried out in paste samples after

200 days of hydration. The composition of the more

representative area is represented in Fig. 5 as a plot of

Al/Ca atom ratio against Si/Ca atom ratio. The lines on the

graph are the theoretical composition of the main crystal-

line hydrated compounds determined from XRD: ver-

tumnite (C4A2S4H15), carbonated-katoite (C3AS3C3H1.5),

and C2SH0.35.

In the microstructure of the FABC-B paste (Fig. 6a±e),

numerous thin plates appeared (Fig. 6a±c), which could be

consistent with the vertumnite (C4A2S4H15) composition;

the Al/Ca, Si/Ca values are located in the vertumnite line of

Fig. 5. The more compact plaques have a composition

consistent with C2SH0.35, and the smallest and rounded

particles could correspond to the cubic carbonated-katoite

(C3AS3C3H1.5), since their Al/Ca and Si/Ca ratios are located

near the theoretical C3AS3C3H1.5 line. Zones of Fig. 6d±e

are very rich in Ca, perhaps due to calcite (CaCO3), because

no portlandite (Ca(OH)2) is detected in the sample. The very

low Al/Ca and Si/Ca ratios are located in the C2SH0.35 line.

3.4. Mechanical strength, porosity, and combined water

correlation

It appears that for the different microstructure para-

meters studied for these cements, the main variations are

related to the kinetics of hydration. Nevertheless, if the time

factor is deleted, a general tendency can be established

among them, as observed in Fig. 7. A correlation among

porosity, mechanical strength, and combined water is drawn

in this figure.

When total porosity and combined water results are

compared, an inverse linear correlation is obtained. The

small value of the slope (ÿ0.27) is due to the fact that

during hydration the bigger pores become smaller, almost

symmetrically, as shown in Fig. 3. When the compressive

strength is compared with combined water, these results

suggest that a minimum of about 7% of combined water is

necessary for the specimens to start to gain strength. The

dispersion of data is considerable and no regression equa-

tion is given.

Porosity and the mechanical strength parameters have an

inverse linear correlation with a slope value about nine times

higher for the compressive strength. This indicates that the

compressive strength is nine times more sensitive to the

porosity changes than is the flexural strength.

Fig. 5. Al/Ca atom ratio against Si/Ca atom ratio of the more representative

crystals.
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The results for FABC-B±8008C correlations are located

on the linear regression obtained for FABC-A. This fact

suggests that if the hydration time factor is deleted, the two

cements have similar general behavior, irrespective of the

starting fly ash characteristics and calcination temperature.

4. Conclusions

The characteristics of the starting fly ash strongly influ-

ence the kinetics of hydration, and, consequently, the rate of

mechanical strength development.

Fig. 6. SEM images of FABC paste after 200 days of hydration.

A. Guerrero et al. / Cement and Concrete Research 30 (2000) 553±559558



The mechanical properties of mortar prepared with

FABC-B cement synthesized at 8008C, are markedly worse

than those of equivalent FABC-A mortars. However, the

differences tend to decrease after 200 days of hydration.

The difference in mechanical behavior is attributed to

both the lower alkali content and higher iron content of

FA-B starting fly ash, which promote formation of a0 and

b-C2S polymorphs of lower reactivity. In addition, the

formation of gehlenite (C2AS) of low hydraulicity also

influences the rate of development of mechanical proper-

ties of mortars made with FABC-B. As a result, the

alkalinity of FABC-B mortar pore solution is lower than

that of FABC-A mortar pore solution.

If the time factor is deleted, a general correlation is

obtained among the microstructure and mechanical para-

meters for pastes and mortars for all the FABC cements

synthesized, irrespective of the starting fly ash and calcina-

tion temperature.
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