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ABSTRACT
The properties of high-calcium oil shale fly ash and low-calcium coal fly ash,
which are produced in Israeli power stations, were investigated. High-calcium
oil shale fly ash was found to contain a great amount of {zg@nd SQ in
the form of lime and anhydrite. Mixtures of high-calcium oil shale fly ash and
low-calcium coal fly ash, termed fly ash binder, were shown to cure and have
improved strength. The influence of the composition and curing conditions on
the compressive strength of fly ash binders was examined. The microstructure
and the composition of fly ash binder after curing and long-term exposure in
moist air, water and open air conditions were studied. It was determined that
ettringite is the main variable in the strength and durability of cured systems.
The positive effect of calcium silicate hydrates, CSH, which are formed by
interaction of high-calcium oil shale fly ash and low-calcium coal fly ash
components, on the carbonation and dehydration resistance of fly ash binder
in open air is pronounced. It was concluded that high-calcium oil shale fly ash
with high CaQ.. and SQ content can be used as a binder for building
products. © 1998 Elsevier Science Ltd

Introduction

High-calcium oil shale fly ashes (HCOSFA) from Spain, Greece, Turkey, France, Estonia,
Israel, and other countries contain up to 43—60% CaO (1-3). Some of them contain free CaO
and SQ in the form of lime and anhydrite. In addition to pozzolanic properties, they can have
hydraulic activity with just the ash itself. These ashes can form, with water, relatively strong
materials without the need for an activator.

Extensive studies of HCOSFA have previously been conducted in Israel (3-5). It has been
found that fly ash of oil shales from Tzefa Efee (Israel) consisted mainly of clinker minerals
(B-C,S, GA, C,AF), anhydrite (CaSg), calcite (CaCQ), lime (CaQ,.o and quartz (SiQ).
Investigations indicated that the hydration of HCOSFA includes mainly two reactions:
interaction of aluminate phases with GaQand CaSQ and reaction of3-C,S with water
to form C-S-H having surface area similar to that of Portland cement gel (4,5). The first
reaction proceeds quickly at ordinary temperatures, and HCOSFA forms ettringite as a stable
product of hydration. Ettringite is stable in an aqueous solution at temperatures up to 90°C
and higher (6—8). However, it behaves differently in air. Ettringite dehydration and carbon-
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FIG. 1.
XRD patterns of high-calcium oil shale fly ash binder pastes. A, Anhydrite; Ap, Apatite; C,
Calcite; G, Gypsum; Lm, Lime; Q, Quartd) Full XRD of 28-day moist curing specimen.
B) Evaluation of the 9.74-9.75 A peak of ettringite with time of exposure to air.

ation processes that take place in air diminish its amount, and gypsum, calcium carbonate,
and alumina gel form in its place (9,10). In such a situation the cured ettringite-containing
system can decompose and lose its strength (11).

Our preliminary examinations, which were performed on Israeli HCOSFA pastes that
contained 30% water (from weight of fly ash) and on a mortar (called Mortar 2) consisting
of 60% HCOSFA+ 40% sand and 30% water (from weight of solid components), have
confirmed these known facts. (The chemical and mineralogical composition of HCOSFA and
methods of experimental procedure are described below in the section “Experimental.”)

Figure 1 shows by XRD what happens to ettringite after a long-time exposure of cured
HCOSFA paste specimens to the open air.

The small portion of the XRD patterns on the right in Figure 1 is concerned with ettringite
only. A marked reduction can be seen in the intensity of the ettringite peaks in region of
9.73-9.75 A. This suggests that the amount of ettringite in open air is decreased. These
phenomena are evidently conditioned by the processes of dehydration and carbonation of
ettringite, which were noted in (9,10). As a result, hardened HCOSFA binder can lose its
strength.

This can be seen from the curves in Figure 2. The compressive strength of mortar
specimens began to decrease significantly starting at 1-3 months of exposure in open air.
Reduction in strength continued during the whole period of the experiment. The sharpest
drop in strength occurred after 3 to 6—-12 months of exposure. A leveling of strength did not
occur even after 36 months in spite of the fact that the shrinkage of specimens stopped after
6—12 months.

In our opinion, the negative consequences of ettringite collapse can be moderated or
prevented by the forming of an additional quantity of more stable binder phases in the initial
stage of HCOSFA curing. This effect can be obtained by a combined hydration of HCOSFA
and low-calcium coal fly ash (LCCFA). The CaQof HCOSFA and active SiQof LCCFA
would give secondary high-strength and more stable calcium silicate hydrates (CSH), which
should improve the durability of the hardened system in open air.
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FIG. 2.
Development of compressive strength of mortar 2 in open air conditions. Mortar 2 Compo-
sition: 60% high-calcium oil shale fly ash 40% sand plus 30% mixing water (from weight
of solid).

In the present paper the development of strength and hydration of fly ash binder (FAB)
based on HCOSFA and LCCFA is demonstrated.

Experimental

Materials

The HCOSFA was obtained from the Pama plant, located in the Negev (Developing Energy
Resources LTD, lIsrael), which burns local oil shales. Israeli oil shales are a fossil fuel
containing 12-15% of organic matter in a matrix of calcite, quartz, apatitg,(©a,)sF.]
and minor amounts of other crystalline and amorphous matters (12). Before being burned, the
oil shale is ground by special equipment. Sieve analysis, which is carried out by the plant
laboratory on a regular basis, shows that ground oil shale consists of particles equal to and
smaller than 4—6 mm in diameter. Moist particles (55—-60%) measure less than 0.8 mm, and
20-25% measure less than1k in diameter. Ground oil shale is combusted in a fluidized
bed combustor at temperatures in the range from 850 to 900°C. Fuel particles remain in
fluidized bed combustion process for an average of a few minutes. Anhydrite, calcite, lime,
quartz, apatite, and clinker minergdsC,S, C,A and GAF) are the main crystalline phases
found in HCOSFA by XRD (Fig. 3). These minerals were also discovered in HCOSFA by
other researchers (5,12,13). It is necessary to point to the existence (and especially the
co-existence) of three high-temperature clinker phases mentioned with calcite in HCOSFA.
The formation of clinker minerals can be explained as follows: Although the nominal
combustion temperature is around 850-900°C, much hotter zones (“*hot spots”) with tem-
perature well in excess of 1200°C exist. This should also have produced melt and left glass
in the combustion ash. In its liquid phase, clinker mineral compound reactions are possible.
The presence of calcite in fly ash is conditioned by the parameters of oil shale combustion-
fluidized bed combustion. Low combustion temperature (850—900°C) and excess pressure
don’t allow the calcite to calcine completely to lime. As a result, both calcite and lime are
present in HCOSFA.

In Figure 3, the XRD of HCOSFA and LCCFA used in the research are presented.

The LCCFA was obtained from a coal-burning power station in Hadera (Israel). It consists
of glassy spherical particles which incorporate mullite and quartz crystals recognized by



832 C. Freidin Vol. 28, No. 6

Oil Shale Fly Ash A

/ A

Coal FlyAshU\/J\
26(Cu 2K,)
FIG. 3.

XRD of high-calcium oil shale fly ash (HCOSFA) and low-calcium coal fly ash (LCCFA):
A, Anhydrite; Ap, Apatite; C, Calcite; Lm, Lime; M, Mullite; Q, Quartg-C,S, 2CaCSiO,;
CSA, 3C&OA| 203; C4AF, 4C&OA| 203'F8203.

XRD (Fig. 3). Results of chemical and physical tests on HCOSFA and LCCFA as defined in
ASTM C 618 are given in Tables 1 and 2.

Natural quartz sand was used for the preparation of mortar test specimens. The sand had
the fineness modulus of 2.83, a specific gravity of 2.61 §/@nd the bulk specific gravity
of 1470 kg/n?.

TABLE 1
Chemical analysis of fly ashes
% (by weight) [ASTM 618].

Oxides HCOSFA  LCCFA

sio, 16.3 45.6
Al,O, 5.6 33.5
Fe,0, 3.6 3.5
CaQum 52.3 5.4
CaQ,.. 10.1 —

MgO 0.8 1.6
SO, 10.7 0.4
P,0s 2.5 1.6
Na,O 0.3 0.5
K,0 0.4 0.3

Loss on IgnitioRgg.c 51 5.9
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TABLE 2
Physical properties of fly ashes [ASTM 618].

HCOSFA LCCFA

Fineness: passing 45k, % 18.7 12.1
Specific Gravity, g/cr 2.3 25
Bulk Specific Gravity, kg/m 690 810
Soundness: Autoclave Expansion, % 0.1 0.03

Experimental Procedure

The pressed test specimens were prepared in two different batches. The first batch was used
for determining the effect of HCOSFA content and amount of mixing water (W) on
compressive strength, and for the development of FAB compressive strength in moist-air
conditions, water conditions, and open-air conditions. Cylindrical specimens of 5.70 cm in
height and diameter were in this batch. They were made from fly ash-sand mortars, contain-
ing 60% mix of HCOSFA+ LCCFA and 40% sand.

To study the effect of HCOSFA content on FAB strength, the ratios of HCOSFA and
LCCFA in fly ash mix were varied from 20:80% to 60:40%, resulting in HCOSFA contents
from 12 to 36% in mortars. W amount was in the range of 15-25%. The examination of the
influence of amount of mixing water (W) on fly ash binder strength was performed on the
mortar containing 36% HCOSFA, 24% LCCFA, and 40% sand (Mortar 1). W amount was
varied from 10 to 30% of mortar solid component weight. The lower limit of W was set by
the necessity of obtaining homogeneous mortars from the constituent raw materials. The
upper limit of W was defined by the possibility producing mortar test specimens that would
not lose free water during pressing using as the method of their molding.

The development of compressive strength of fly ash binder in air and water was investi-
gated using the mortar specimens prepared from 36% HCOSFA, 24% LCCFA, 40% sand,
and 25% W (Mortar 1). This composition was considered to be representative of the other
mortar compositions.

For comparison, the same experiments were done on mortar with 60% HCO® 36
sand and 30% W (Mortar 2) without LCCFA.

The second batch of specimens was designed for examinations of hydration of FAB and
products of its curing. Specimen-discs of 15 mm in height and 57 mm in diameter were
molded from the mix of 60% HCOSFA and 40% LCCFA (by weight), plus 30% water of
solid weight.

The first batch mortar specimens were produced by preparing HCOSFA and LCCFA
mixtures by hand. Sand and water were then added to the ash mixture and the mixing
continued until the paste was homogeneous. Test specimens were molded by pressing on a
Carver laboratory hand press at the compaction pressure of 4 MPa. The second batch paste
specimens were made in the same way.

Exposure and Curing Conditions of Test Specimens

After molding, test specimens of both batches were cured: (1) in a moisture chamber with a
temperature of 2% 1°C and RH> 96% (moist curing and moist air conditions); (2) in water
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FIG. 4.

28-day compressive strength of moist curing mortar specimens with various contents of
HCOSFA. Mortar composition: 60% HCOSFA and LCCFA Mix 40% sand.

at a temperature between 20—-23°C (water curing and water saturated conditions); and (3) in
open air at a temperature between 18-23°C and RH 35-60% (air curing and open air
conditions). A part of the mortar specimens that were designed for testing in water conditions

as well as in open air conditions were cured previously in the moisture curing chamber for

1, 3, and 28 days (previous moist curing). After these periods of previous moist curing they

were submerged in water (water conditions) or put in open air (open air conditions).

Testing of Specimens

After a certain period of curing and exposure in one of the above- mentioned trial environ-
ments, the mortar specimens of the first batch were tested for compressive strength. At the
same time the paste specimens of the second batch were analyzed by X-ray diffraction
analysis (XRD) and scanning electron microscopy (SEM), and a composition and structure
for new formations of the cementing matter of FAB was determined. XRD analysis and SEM
were also used for identification of the mineralogical composition of the raw materials,
HCOSFA and LCCFA.

Results and Discussion

Compressive Strength

Effect of HCOSFA Content and Amount of Mixing WatefThe dependence of the compres-
sive strength of 28-day moist cured specimens with HCOSFA content is presented in Figure
4.

From Figure 4 it can be seen that an increase of HCOSFA content raises the compressive
strength independently of W amount. In the interval of HCOSFA content of 12—-30%, the
relationship has a straight line character. The compressive strength of mortar with 36%
HCOSFA and 24% LCCFA and W of 25% was equal to 7.9 MPa and approaches that with
60% HCOSFA without LCCFA (8.8 MPa). This shows that LCFA participates actively in
curing process of FAB.
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FIG. 5.
28-day compressive strength of moist curing mortar specimens with various amounts of
mixing water (Mortar 1: 36% HCOSFA, 24% LCCFA and 40% sand).

Positive W influence on compressive strength is shown on Figure 5. In the range of
10-25% W there is a linear relation between increasing strength and water amount. At 30%
W the compressive strength of mortar with 36% HCOSFA and 24% LCCFA and mortar with
60% HCOSFA without LCCFA are both equal to 8.8 MPa. Thus it is apparent that for the
best use of cementitious potential of HCOSFA, and to obtain the maximal strength of fly ash
binders, a maximal amount of mixing water will be needed. This amount will be defined by
workability in fabricating building materials.

Effect of Curing and Exposure Conditions: Moist Air and Water Conditionypical curves
showing the change of compressive strength of mortars cured in moist air and water for 36
months are presented in Figure 6.

Results obtained from testing moist cured specimens (Fig. 6a) allow us to make several
conclusions. The curing of mortars is accompanied by increasing compressive strength.
Hardening progressed rapidly in the initial period up to 1-3 months and the strength of
specimens reached 60—65% of the 36-month value. Thereafter, growth of the strength is
slowed. Stabilization of the strength is noted after 18 months. To 18 months the compressive
strength of mortar composition 1 prepared from 36% HCO$F24% LCCFA is close to
that of mortar prepared with 60% HCOSFA without LCCFA: 12.4 and 12.8 MPa, respec-
tively.

Tests results for water and moist-cured mortars are alike (Fig. 6a and 6b). A continuous
growth of the compressive strength of the mortars was observed during the whole exposure
period in water. But strength growth occurs in water more than in moist air. As a result,
compressive strength in water is greater than that in moist air. It should be noted that
compressive strength of specimens that had been given 28 days previous curing reached a
stable strength after 3 months of water curing.

Effect of Curing and Exposure Conditions: Open Air Condition§he typical behavior of
FAB compressive strength in open air conditions can be seen in the example of mortar 1 (Fig.
7).

The compressive strength curves have three clear-cut portions. The first part correlates
with an increase of the compressive strength over 1 month. The second part corresponds to
a decrease in compressive strength over the period from 1 to 6 months. The third part
characterizes a stabilization of compressive strength starting at 6 months.

During the first stage, specimens dried, lost water and grew in strength. The second stage
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Development of compressive streng#): moist air conditionsB) water conditions.

is accompanied by additional drying and a drop of compressive strength. The magnitude of
this decrease depends on the duration of previous moist curing and the initial compressive
strength. The third stage of behavior indicates that the destructive processes in hardening
FAB are essentially finished in 12 months, after which the compressive strength remains
almost constant. A comparison of Figure 7 and Figure 2 shows the positive effect of the

LCCFA additions on the compressive strength of FAB based on HCOSFA in open air.
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FIG. 7.
Development of compressive strength of mortar 1 in open air conditions.
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FIG. 8.
XRD Patterns of high-calcium oil shale fly ashlow-calcium coal fly ash binder pastes (A,
Anhydrite; Ap, Apatite; C, Calcite; G, Gypsum; Lm, Lime; M, Mullite; Q, Quarta). Full
XRD of 28-day moist curing specimeB) Evaluation of the 9.74-9.75 A peak of ettringite
with time of exposure to air.

Composition and Structure of Cured Fly Ash Binder

In Figures 8 and 9, typical XRD patterns and SEM micrographs of the second batch paste
specimens after curing in moist air and open air conditions are presented.

The comparison of XRD patterns of moist curing HCOSFALCCFA paste specimens
(Fig. 8) and the same HCOSFA paste specimens (Fig. 1) shows that the crystalline phases are
identical. The differences are in reduced intensity of XRD peaks of HCOSHACCFA
specimens and in the presence of mullite, attributable to LCCFA. Evidently, the differences
are a result of special initial compositions of specimens. The direct evidence for calcium
silicate hydrates (CSH) was not noted. It is likely that this may be linked to X-ray amor-
phousness of CSH. But there is circumstantial evidence of CSH obtained in the examination
of the effect of mortar composition on the strength. For example, the compressive strength
of mortar specimens, in which HCOSFA content was decreased from 60% to 36% by

Ettringtte LowCalcium Ettringite Low Calcium Ettrinsite Low Calcium
§ Coal Fly Ash E Coal Fly Ash Coal Fly Ash

15K Ri5008,

1 month 3 months 36 months

FIG. 9.
SEM observations of ettringite in open air exposure of HCOSFACCFA binder paste.
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substitution with LCCFA, was 90—100% of that for mortars containing 60% HCOSFA (Figs.

4 and 5). This can be explained only by a reaction of (za®©f HCOSFA and active Si9

of LCCFA to form additional cementing matter in the manner of CSH. The CSH strength-
hardened system should improve degradation of the mortar in air. Other methods should be
employed to detect CSH.

XRD pattern segments of open-air-exposed HCOSFACCFA specimens, which focus
on ettringite only, indicate a marked lessening in the intensity of the 9.74-9.75 ettringite
peaks (Fig. 8). This is a result of a decomposition of ettringite. The same observations were
made in the case of HCOSFA pastes (Fig. 1).

In the micrographs of paste specimens kept 1, 3, and 36 months in open air, essential
alterations can be seen in their microstructure (Fig. 9).

Many needle crystals of ettringite are observed in specimen that was exposed in open air
for 1 month. After 3 months their quantity is significantly decreased. In the micrograph of the
paste specimen exposed 36 months in open air, a small amount of the individual ettringite
crystals is found.

Conclusions
The following conclusions can be drawn from present study:

1. In open air ettringite is not stable. Its amount is diminished, and gypsum, calcium
carbonate, and alumina gel are formed. Starting from a certain period this process can
decrease the strength of cured HCOSFA binder. The sharpest drop in strength occurred
after 3 to 6-12 months of air exposure. A leveling of strength did not occur even after
36 months.

2. The negative effect of ettringite degradation can be reduced by introduction of LCCFA
to HCOSFA binder. Combined hydration of HCOSFA and LCCFA, which gives an
additional amount of high-strength and more stable CSH, improves the durability of the
hardened system in open air. But after a certain period of the exposure (from 1 to 6
months) a decrease in strength is still observed.

3. The compressive strength of FAB is determined by the ratio of HCOSFA and LCCFA,
as well as by the amount of mixing water.

4. Moist air and water conditions are the most favorable conditions for the curing and
development of compressive strength of fly ash binders.

References

1. T.R. Naik and S.S. Singh, Proc. 1st Int. Conf. on Fly Ash, Silica Fume, Slag, and Natural
Pozzolans in Concrete. Supplementary papers, pp. 1—44, 1995.

2. J. Papayanni, Proc. 2nd Int. Conf. on Fly Ash, Silica Fume, Slag, and Natural Pozzolans in
Concrete, pp. 433—-448, 1986.

3. A. Bentur, M. Ish-Shalom, M. Ben-Bassat, and T. Grinberg, Proc. 2nd Int. Conf. on Fly Ash,
Silica Fume, Slag, and Natural Pozzolans in Concrete, pp. 779-802, 1986.

4. A. Bentur, M. Ish-Shalom, M. Ben-Bassat, and T. Grinberg, Cem. Concr. Res. 10, 799-807

(1980); 11, 175-182 (1981); 11, 645—-650 (1981).

A. Bentur and T. Grinberg, Am. Ceram. Soc. Bul. 63, 240-24 (1984).

W. Lieber, Zem. Kalk Gips 16, 364—-365 (1963).

o u



Vol. 28, No. 6 FLY ASH, CaO, CARBONATION, HYDRATION 839

=

13.

o ©®N

P.K. Mehta, J. Am. Ceram. Soc. 55, 55-56 (1972).

V. Satava and P. Veprek, J. Am. Ceram. Soc. 58, 357-358 (1975).

T. Grounds, H.G. Midgley, and D.V. Novell,, Termochimica Acta 135, 347-352 (1988).

T. Nashikawa, K. Suzuki, and T. Takabe, Cem. Concr. Res. 22, 6-14 (1992).

A.V. Volgensky, V. Stamboulko, and A. Ferronskay, Gipsum-Cement-Pozzolanic Binder, Con-
crete and Elements, Moscow, Stroyizdat, pp. 1-317, 1971.

L. Heller-Kallai, G. Esterson, Z. Aizenshtat, and M. Pismen, J. Anal. Appl. Pyrolys, 6, 375-389
(1984).

O. Yoffe and Y. Nathan, Proc. of 12th Conf. The Israel Association for the Advancement of
Mineral Engineering, 270-274, 1994.



