
Effect of Chemical Composition and Network of Fly Ash
Glass on the Hydration Process and Properties

of Portland-Fly Ash Cement
Ewelina Tkaczewska

Submitted: 20 November 2020 / Revised: 18 June 2021 / Accepted: 2 August 2021 / Published online: 23 August 2021

In the experiment, the aluminosilicate glasses with aluminum saturation index (ASI), defined as the Al2O3/
(Na2O+K2O+2CaO), equal to 0.74, 1.72. 2.52, or 4.05 were synthesized. The spectroscopy tests (MIR and
27Al MAS-NMR) confirm that in glass with ASI < 1, the aluminum ions occur in the [AlO4]

5- only. In
glasses with ASI > 1, the aluminum ions create mainly [AlO4]

5-, but part of them occurs in the form of
[AlO6]

9-. The content of [AlO6]
9- octahedrons increases successively for ASI from 1.72 to 4.05. Glass with

ASI equal to 4.05 demonstrates the highest content of pozzolanic active Al2O3. Model ashes were prepared
by mixing 70 wt.% of glass, 20 wt.% of synthetic mullite and 10 wt.% of SiO2 as an equivalent of quartz.
Then Portland cement CEM I 42.5R was milled together with 20 wt.% of each of model ashes to Blaine�s
specific surface area of 4,200±50 cm2 g-1. It was found that the addition of ash with higher content of
[AlO6]

9- octahedrons in the structure of glass accelerates the hydration process of cement blend, which, in
turn, positively affects its usable features (heat of hydration, initial setting time and compressive strength).
According to the requirements of PN-EN 197-1:2012 standard, the introduction of ash with ASI coefficient
equal to 4.05 gives cement blend of strength class of 52.5N. Cement blends with the ash of ASI value equal
to 1.72 and 2.52 correspond to strength class of 32.5R, whereas the cement blend with the ash of ASI value
equal to 0.74 does not achieve the minimum value of strength for any cement strength class. Results show
that the change in chemical composition of fly ash glass and resulting from this diversified structure are
essential from the point of view of hydration and properties of cement containing fly ashes in its compo-
sition.
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1. Introduction

Fly ashes constitute basic by-products which are formed in
process of coal dust combustion in furnaces of power and heat
and power generating stations. For many years, they have been
a valuable mineral additive used in the production of cement,
multicomponent binding agents and concrete.

Previous studies indicate that the properties of fly ashes
depend on many factors such as fineness (especially the
contribution of grain size below 10 lm), chemical composition
(silica and alumina contents), and mineralogy and amorphous-
ness of fly ashes (Ref 1-4). These parameters influence the
pozzolanic reactivity of fly ashes and finally the hydration
process of cement blend with fly ashes.

Pozzolanic reactivity of siliceous fly ashes increases with an
increase in their fineness. This is because fine-grain fractions of
fly ashes are characterized by a higher content of glassy
constituent, while a portion of crystalline phases is lower (Ref

1, 3). An increase in the content of glass at the cost of the drop
in the content of crystalline phases is the decisive factor that
determines the high pozzolanic reactivity of fly ashes. Thus, an
increase in the reactivity of fly ashes leads to a higher increment
in the amount of pozzolanic reaction products which, in turn,
produces a fly ash cement blend characterized by high strength
properties (Ref 4-8).

Małolepszy and Tkaczewska (Ref 5) investigated the
pozzolanic reactivity of siliceous fly ash fractions of the same
grain size from the different electrostatic precipitator (ESP)
zones. Their results showed that the content of reactive silica
and alumina of the same grain size in fly ash, i.e., the fraction of
SiO2 and Al2O3 contained in fly ash glass, changes depending
on where, i.e., in which ESP zone, the aforesaid ash fraction has
precipitated from the gas stream flowing through the ESP.
Tkaczewska (Ref 9) found that the difference in the content of
pozzolanic reactive constituents in the same ash fraction, but
precipitated in the next ESP zone, results from the differences
in the content of glass and some properties of glass.

Direct glass-forming ions contained in fly ash glass are the
silicon ions and the indirect ones are the ions of aluminum (Ref
10, 11). Silicon ions demonstrate their typical tetrahedral
coordination. [SiO4]

4- tetrahedrons are combined in a disor-
dered manner through Si-O-Si bridge bonds, and this is the
reason why they form an irregular network.

Amphoteric properties of aluminum ions allow them to act
as glass-forming agents when they occur in tetrahedral
coordination and as modifying ions when they occur in
octahedral coordination. Tkaczewska and Sitarz (Ref 12)
confirmed that the existence of aluminum ions occurring in
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both coordination 4 and coordination 6 leads to an increase in
the content of pozzolanic reactive Al2O3 in fly ash. This is
because the Al-O bond in [AlO6]

9- octahedrons is weaker than
the one in [AlO4]

5- tetrahedrons.
Yamane and Okuyama (Ref 13) showed that if the ratio

Al2O3/M2O is lower than 1 (where M stands for modifying
ion), the aluminum ions occupy in the glass structure mainly
tetrahedral positions and, additionally, their redundant part
occurs in the form of [AlO6]

9- octahedrons.
The content of [AlO4]

5- and [AlO6]
9- in aluminosilicate

glass is determined by the aluminum saturation index (ASI),
proposed by S. J. Shand (Ref 14), and expressed as the
following ratio: Al2O3/(Na2O+K2O+2CaO). Aluminum ions
act in aluminosilicate glass as glass-forming ions, if ASI < 1,
or simultaneously as glass-forming ions and modifying ions, if
ASI > 1. Bumrongjaroen et al. (Ref 15) examined the
reactivity of synthetic aluminosilicate glasses and confirmed the
validity and applicability of the above-mentioned ASI coeffi-
cient for fly ashes in condition when the fineness and mineral
composition of fly ashes are comparable.

Tkaczewska and Sitarz (Ref 12) found that higher content of
SiO2 in fly ash glass generates a high amount of pozzolanic
active SiO2 in the ash which, in consequence, gives a high
increment in calcium silicate hydrate phase (C-S-H in cement
notation) in fly ash pozzolanic reaction. An increase in the
content of [AlO6]

9- causes a rise in pozzolanic reactive Al2O3, a
consequence of which is a higher content of calcium aluminate
hydrate phase (C-A-H in cement notation).

There are many reports on influence of fly ashes on
hydration process and properties of cement (e.g., Ref 4, 8, 15-
17). Results presenting how the chemical composition and
structure of glass effect on pozzolanic reactivity of fly ashes can
be found only in works (e.g., Ref 12, 18-23).

This study aimed to confirm a previous conclusion saying
that there is a relation between chemical composition and
structure of aluminosilicate glasses contained in fly ashes and,
in consequence, the pozzolanic reactivity of fly ashes. This fact
motivates to undertake the detailed investigation needed for
better understanding of the effect of chemical composition and
structure and properties of glass in fly ashes. It can be supposed
that the changeable structure of glass in fly ash can substantially
affect the course of pozzolanic reaction over time, i.e., speed it
up or slow it down, and, as a consequence, can modify both the
hydration process and properties of cement containing fly
ashes. This is very important from the scientific point of view
and creates a real chance for broadening the knowledge on fly
ashes and, especially for cement and concrete applications.

In this study, the aluminosilicate glasses of chemical
composition comparable to that of glass in siliceous fly ashes
were synthesized and next used to prepare the samples of model
ashes. Cement blends made by mixing the Portland cement type
CEM I 42.5R and each of model ashes were studied to
determine whether the various properties of fly ash glass affect
the hydration process and properties of cement blend.

2. Experimental Procedure

2.1 Preparation of Glasses

Four aluminosilicate glasses from the SiO2-Al2O3-CaO-
K2O-Na2O-Fe2O3-MgO system were synthesized (Table 1).

Choice of this research area was not accidental since it
corresponded to the chemical composition of glass contained in
commercial siliceous fly ashes from the combustion of
bituminous coal (Ref 19, 24, 25).

Two essential assumptions were made to prepare the
synthetic aluminosilicate glasses. Firstly, the direct glass-
forming ions in glasses will be the silicon ions and the indirect
ones—the ions of aluminum. Secondly, the aluminum ions, due
to their amphoteric properties, will act as glass-forming ions
only or, additionally, as glass modifying ions. Function of
aluminum ions in glasses will be determined by the value of the
ASI coefficient of glasses (Ref 15). In the structure of G1 glass
with ASI < 1, the aluminum ions will assume to form [AlO4]

5-

only. In the case of G2, G3 and G4 glasses with ASI > 1, the
aluminum ions will create mainly [AlO4]

5-, but part of them
will migrate into [AlO6]

9-. The content of octahedral aluminum
ions will increase successively with a higher value of glass ASI
coefficient.

Raw materials used for the preparation of glass samples
were high-purity chemical reagents such as SiO2, Al2O3,
Na2CO3, K2CO3, CaCO3, MgO, and Fe2O3. Required quantity
of each reagent was calculated based on its loss on ignition
which was determined by heating the tested material up to 1100
�C. The following volatilities: Na2O - 3.5 wt.% and K2O - 3.5
wt.% were assumed while selecting the glasses� compositions.

Raw materials were mixed in a ball mill with rubber balls
for 24 hours, and then they were melted in an electric furnace to
reach a fully amorphous state. Melts were held at the maximum
temperature for 1 hour and then they were rapidly cooled down
by pouring them into the water at a temperature of 20 �C.

Traditionally, fly ashes are produced during the combustion
of coal in power and heat and power generating stations.
According to data, the temperature of coal combustion in the
pulverized-coal-fired furnace is in the rage of 1200 �C to 1500
�C. G1 synthetic glass was fully amorphous after sintering in
temperature of 1,500 �C (Fig. 1), which is in accordance with
the industrial production of fly ashes. G2, G3 and G4 glasses
needed at a temperature of 1,600 �C to be fully amorphous
(Fig. 2). This is due to the lower content of alkaline oxides
Na2O and K2O in G2, G3 and G4 glasses (Table 1).

All synthesized glasses were ground to powder with a
comparable specific surface area of 4,200±50 cm2 g-1 on the
Blaine scale to eliminate the influence of fineness of glasses on
their pozzolanic reactivity and, in consequence, on the prop-
erties of Portland-fly ash cements composed with these glasses.

Because the consumption of energy during grinding oper-
ation of G1-G4 synthetic glasses to such a high Blaine�s
specific surface area is significant, it must be taken into account
that the cost of production of Portland-fly ash cements
containing one of these synthetic glasses will increase signif-
icantly. However, as mentioned hereinabove, the scope of the
presented study is modelling the interaction between chemical
composition and structure of fly ash glass and the influence of
this interaction on pozzolanic reactivity of fly ash concerning
useful properties of Portland-fly ash cements. Therefore, in this
aspect, the increase in energy consumption during grinding the
G1-G4 glasses can be ignored.

2.2 Preparation of Model Ash Samples

Model ashes were prepared by mixing 70 wt.% of glass, 20
wt.% of mullite and 10 wt.% of quartz. Synthetic mullite of
molecular formula Al6O13Si2 was obtained by roasting Al2O3
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and SiO2 mixture in presence of 10 wt.% MgO (used as a flux).
Method of synthesis of mullite is described in detail in the
paper (Ref 26). An equivalent for quartz in ashes was the
analytically pure chemical reagent SiO2. Samples of ashes were
named: A1 ash - G1 glass, A2 ash - G2 glass, …, A4 ash - G4
glass.

2.3 Preparation of Portland-Fly Ash Cement Samples

Portland-fly ash cements type CEM II/A-V used for the tests
were prepared by mixing 80 wt.% of Portland cement type
CEM I 42.5R and 20 wt.% of each of model ashes. Samples of
Portland-fly ash cement are named: CEM-20A1, CEM-20A2,
…, CEM-20A4. Sample of control Portland cement was
designed as CEM I.

2.4 Testing Methods

2.4.1 Properties of Synthetic Glasses. 2.4.1.1 Chemical
Composition of Glasses. Chemical composition of glasses, i.e.,
the content of SiO2, Al2O3, CaO, Na2O, K2O, Fe2O3 and MgO,
was determined according to the method described in PN-EN
196-2:2013 standard (Ref 27). Results were rounded to 0.1%.

2.4.1.2 Fineness of Glasses. Specific surface area of
glasses was measured by the Blaine method according to PN-
EN 196-6:2011 standard (Ref 28). Particle size distribution of
these glasses was controlled with a Malvern Mastersizer 3000
particle size analyzer (laser diffraction technology, dry disper-
sion, particle size range of 0.01 lm to 1000 lm).

2.4.1.3 Amorpohous Nature of Glasses. Amorphous char-
acter of glasses was evaluated by x-ray powder diffraction
(XRD) technique using a PANalytical X�Pert PRO diffrac-

Table 1 Composition of synthetic glasses G1-G4 and, for comparison, the composition of glass in selected commercial
siliceous fly ashes CSFA-1 and CSFA-2

Parameter G1 G2 G3 G4 CSFA-1 CSFA-2

Chemical component (wt.%) SiO2 57.0 56.0 57.1 52.9 57.3 59.4
Al2O3 18.4 19.0 20.9 30.0 18.1 18.4
CaO 6.5 2.6 3.2 3.1 4.7 6.0
Na2O 4.3 2.0 0.4 0.3 1.9 1.9
K2O 7.5 3.5 1.5 0.9 4.4 2.0
Na2Oeq

1 9.2 4.3 1.4 0.9 4.8 3.2
Fe2O3 + MgO 6.3 16.9 16.9 12.8 14.7 11.2

Index (-) SiO2/Al2O3 3.00 3.04 2.73 1.76 3.16 3.22
CaO/(Na2O+K2O) 0.55 0.47 1.68 2.58 0.75 1.54
ASI2 0.74 1.72 2.52 4.05 1.15 1.16
PPI3 3.95 1.90 0.66 0.31 2.43 1.09

1Na2Oeq - equivalent sodium oxide expressed as ratio of Na2O+0.658K2O.
2ASI - aluminum saturation index expressed as a ratio of Al2O3/(Na2O+K2O+2CaO).
3PPI - pozzolanic potential index expressed as a ratio of 10K2O/Al2O3.

Fig. 1 XRD pattern of G1 glass synthesized at a temperature of 1500 �C
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tometer (graphite monochromator using Cu Ka1 line mono-
chomatized by Ge(111) monochromator, 0.008� step size, range
2h = 10�–60�).

2.4.1.4 Structural Characterization of Glasses. Structure
of glasses was examined by the following methods:

– Mid-Infrared (MIR) spectroscopy,
– 27Al Magic Angle Spinning Nuclear Magnetic Resonance

(MAS-NMR) spectroscopy.

MIR measurements were carried out using a Bio-Rad FTS 60V
spectrometer in transmission with KBr pellets. All spectra were
collected after 256 scans at 4 cm-1 resolution.

27Al MAS-NMR spectra were performed on an APOLLO
console (Tecmag) with a magnetic field of 7Æ05 T produced by
the 300 MHz/89mm superconducting magnet (Magnex). A
Bruker HP-WB high-speed MAS probe equipped with a 4-mm
zirconia rotor and KEL-F cap was used to spin the sample at 8
kHz. Frequency scale in ppm was referenced to Al(NO3)3.

2.4.1.5 Pozzolanic Properties of Glasses. Pozzolanic prop-
erties of glasses were tested by the following methods:

– Chemical method—the content of pozzolanic reactive com-
ponents in glass (SiO2 and Al2O3),

– Physical method—the impact of glass on the compressive
strength of cement mortar and lime mortar.

According to PN-EN 196-2:2013 standard (Ref 27), the
reactive SiO2 content was calculated by subtracting from the
total content of SiO2 in glass fraction which was contained in
residue insoluble in hydrochloric acid and potassium hydrox-
ide. Results were rounded to 0.01%.

Using the ASTM C379-65T standard (Ref 29), it was
possible to determine the content of reactive SiO2 and reactive
Al2O3 in glasses. For this purpose, 1 g of glass was mixed with
100 ml of 1 M NaOH solution for 1.5 h at a temperature of 80
�C. Results were rounded to 0.01%.

Impact of glasses on the compressive strength of cement
mortar was investigated according to PN-EN 450-1:2012
standard (Ref 30). This standard specifies the strength activity
index (SAI), which is defined as the ratio of compressive
strength of cement mortar mixed with 25 wt.% of glass to the
compressive strength of control Portland mortar (without
glass). Compressive strength tests were conducted after 28
and 90 days of hydration according to procedure described in
PN-EN 196-1:2016 standard (Ref 31). Obtained SAI values
were rounded to 1%.

Compressive strength of mortars containing 180 g of
hydrated lime, 360 g of each of tested glasses and 1480 g of
sand was determined according to ASTM C593-06(2011)
standard (Ref 32). Each mixture was molded into six cubical
samples with 50 mm long sides. Molded samples are then
stored for 7 days in a high-moisture atmosphere and at a
temperature of 54 ºC. After cooling them down to a temperature
of 23 ºC, the samples are taken out from the molds and then
stored for the next subsequent 21 days in a high-moisture
atmosphere. Strength values were rounded to 0.01 MPa.

2.4.2 Properties of Portland-fly Ash Cement
Blends. 2.4.2.1 Rate of Hydration Heat Evolution. Mi-
crocalorimetric measurements were carried out using a BMR
microcalorimeter (differential microcalorimeter, made by Insti-
tute of Physical Chemistry, Polish Academy of Sciences).
Cement pastes were prepared with a water to cement ratio of
0.5 and were hydrated in a microcalorimeter at a temperature of
20 �C. Rate of hydration heat evolution was measured over
time up to 72 hours. Accumulated heat after 24 hours and 72
hours of hydration period were analyzed and the heat values
were rounded to 1 J kg-1.

2.4.2.2 Course of Hydration Reaction of Cement Blends
with Potential Occurrence of Pozzolanic Reaction Effect of
Model Ashes. Differential thermal analysis (DTA) and thermo-
gravimetric analysis (TG) were performed using an OD 102
thermoanalyzer (temperature up to 1100 �C in air atmosphere,
heating rate of 10 �C min-1). Cement pastes were prepared with
a water to cement ratio of 0.5. Endothermic effects were
observed in DTA curves of pastes after 2, 28, and 90 days of
hydration. Mass losses in the TG curve connected with these
effects were determined. Results of mass losses were rounded
to 0.01 wt.%.

XRD tests of cement pastes were carried out using a
PANalytical X�Pert PRO diffractometer equipped with a
graphite monochromator using CuKa. Measuring range was
5�2h to 70�2h, and the counter shift was 2�/min. Water to
cement ratio of cement paste was 0.5. Changes in intensity of
diffraction peaks from the C-S-H and C-A-H phases, Ca(OH)2
(also called Portlandite) and alite (C3SiO5, C3S, in cement
notation) after 2, 28 and 90 days of hydration were observed.
Values of the intensity of these peaks recorded as ‘‘counts’’
were rounded to 1.

Fig. 2 XRD pattern of G2-G4 glasses synthesized at a temperature
of 1500 �C
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2.4.2.3 Initial Setting Time of Cement Blends. Initial setting
time was determined according to PN-EN 196-3:2011 standard
(Ref 33). First, the standard consistency of each cement paste,
expressed as a percentage of water added to the cement
(rounded to 0.01%), was determined. Measurements of initial
setting time were made on cement pastes of standard consis-
tency and the results were rounded to the nearest 5 minutes.

2.4.2.4 Compressive Strength of Cement Blends. Compres-
sive strength was performed on standard cement mortars (500 g
of cement blend, 225 g of water and 1350 g of standard sand)
according to PN-EN 196-1:2016 standard (Ref 31). Three
standard mortar prisms of 40 9 40 9 160 mm were made.
Results of compressive strength, after 2 days, 28 days and 90
days of hydration, were rounded to 0.1 MPa.

3. Results and Discussion

3.1 Chemical Composition of Synthetic Glasses

Four glass samples were synthesized in the experiment.
Their chemical compositions and, additionally, their reactivity
indexes are shown in Table 1. For comparison, the chemical
compositions of the glassy constituents in two commercial
siliceous fly ashes, i.e., CSFA-1 and CSFA-2, are also
presented.

According to Table 1, the synthetic glasses show a
comparable amount of SiO2, in the range of 52-57 wt.%,
which means a comparable amount of [SiO4]

4- tetrahedrons in
their structure. The content of Al2O3, Na2O, K2O and CaO
varies within a wide range dependently on the assumed
coordination of aluminum ions in synthetic glasses. Low
percentage of Al2O3 and, additionally, the high percentage of
Na2O, K2O and CaO in G1 glass results from the lowest
assumed ASI coefficient, giving the [AlO4]

4- tetrahedrons in the
structure of G1 glass only (Ref 13, 14). Sodium, potassium and
calcium ions neutralize non-saturated oxygen charges that come
from the substitution of silicon ions for aluminum ions in
tetrahedrons (Ref 34-36). A consequence of that is the highest
amount of breaking bridged bonds Si-O-Si and the lowest
degree of polymerization of [SiO4]

4- tetrahedrons in G1 glass.
In contrast, the G4 glass with the highest value of ASI
coefficient will represent the most [AlO6]

9- octahedrons in its
structure, whereas the content of [AlO4]

5- tetrahedrons will be
very low.

High values of SiO2/Al2O3 ratio in G1 and G2 glasses, equal
to 3.00 and 3.04, respectively (Table 1), also mean the high
degree of polymerization of [SiO4]

4- tetrahedrons in their
structure (Ref 31, 32). This interpretation is confirmed by the
high concentration of Na2O and K2O in these glasses.

For G1 glass, the alkali oxides content expressed as a
sodium oxide equivalent Na2Oe rises to 9.2 wt.%. Such a high
value of Na2Oe has never been observed in glassy constituents
in commercial siliceous fly ashes, i.e., in CSFA-1 and CSFA-2
fly ashes. High-alkali fly ashes are not effective in mitigating
alkali-aggregate expansion reactions in concrete containing
aggregates with a high proportion of reactive silica. Amounts of
Na2O and K2O oxides in G1 glass have been pushed beyond
the boundaries characteristic of fly ashes (the permissible value
of Na2Oe is 5 wt.%) to more clearly assess the effect of ASI
value on coordination of aluminum ions in structure of fly ash

glass. For G2, G3 and G4 glasses, the Na2Oe value is 4.3 wt.%,
1.39 wt.% and 0.89 wt.%.

According to Table 1, the value of CaO/(Na2O+K2O) ratio
in G1 and G2 glasses is comparable and distinctly lower than
the one given by G3 and G4 glasses. This is an indication that
G1 and G2 glasses represent similar and higher solubility in an
aqueous solution of calcium hydroxide (Ref 37-39). Pozzolanic
reaction of G1 and G2 glasses is faster in a shorter time.

Hubbard et al. (Ref 40) have demonstrated that the
pozzolanic reactivity of fly ashes is determined by pozzolanic
potential index (PPI), which is expressed as the following
quotient: 10K2O/Al2O3. PPI makes allowance for fixing
calcium ions by the fly ashes during their pozzolanic reaction
and the influence of fly ashes on the cement strength after a
longer period of time. When the PPI takes a value more than 1,
the fly ash demonstrates high reactivity. When, in turn, its value
is less than 0.5, the fly ash demonstrates very low reactivity.
According to Table 1, the pozzolanic potential indexes of G1
and G2 glasses reach 3.95 and 1.90, respectively, whereas the
ones of G3 and G4 glasses are 0.66 and 0.31, respectively. Very
low values of PPI of G3 and G4 glasses mean that these glasses
demonstrate low reactivity, which stands in contradiction to
high reactivity of these glasses based on the ASI value
(especially in case of G4 glass with ASI equal to 4.05).
However, the pozzolanic potential index does not take into
account the changeable coordination of aluminum ions in
glassy constituent in fly ash.

3.2 Amorphous Nature of Synthetic Glasses

XRD pattern of G1 glass is presented in Fig. 1. G1 glass
undergoes full synthesis at a temperature of 1500 �C, which is
confirmed by a broad background signal at 14-37�2h without

Fig. 3 XRD pattern of G2-G4 glasses synthesized at a temperature
of 1600 �C
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any XRD peaks from the crystalline phases. In contrast, the
melting temperature of 1500 �C is not sufficient to obtain G2,
G3 and G4 glasses of fully amorphous character. As follows
from Fig. 2, the applied melting temperature of 1500 �C gives
G2, G3 and G4 glasses of low percent crystallinity, i.e., below
10, 12 and 15%, respectively. When the melting temperature is
raised to 1600 �C, the G2, G3, and G4 glasses show an
amorphous nature, which means that the background signal
appears in their XRD patterns at 18-40�2h (Fig. 3).

3.3 Fineness of Synthetic Glasses

Glasses were pre-ground in an agate mortar to the grain size
of about 1 lm and then they were milled to Blaine�s
specific surface area of 4,200±50 cm2 g-1. Their grain size
distributions of glasses are shown in Fig. 4. Contents of
selected grain size fractions in glasses are presented in Table 2.
Total amount of grains under 10 lm changes from 33 vol.% in
G1 glass to 46 vol.% in G4 glass. Total amount of grains below
45 lm is within the range of 76 to 85 vol.%. Fraction with
graining above 100 lm in all glasses does not exceed 6 vol.%.

3.4 Spectroscopy Test of Synthetic Glasses

In MIR spectra of G1 and G2 glasses (Fig. 5 and 6,
respectively), there are the same absorption bands as in MIR
spectra of vitreous SiO2 (Ref 41). However, in comparison to
MIR spectra of vitreous SiO2, the main band associated with
asymmetric stretching vibrations of Si-O(Si) bridge joining two
adjacent [SiO4]

4- tetrahedrons shifts from 1100 cm-1 to a lower
wavenumber at 1,033 cm-1 (G1 glass) and 1,018 cm-1 (G2
glass). Band attributed with symmetric stretching vibrations of
Si-O-Si also moves in direction of lower wavenumber. It is
shifted to 732 cm-1 (G1 glass) and 718 cm-1 (G2 glass), while in
MIR spectra of vitreous SiO2 this band occurs between 800 cm

-

1 and 600 cm-1. Changes in the position of the above-mentioned
vibrational bands confirm the substitution of silicon ion for
aluminum ion in the tetrahedrons and, in consequence, the
formation of [AlO4]

5- units in structure of G1 and G2 glasses
(Ref 42). Larger displacement of these bands in MIR spectra of
G2 glass (Fig. 6) indicates a lower content of aluminum ions in

the form of [AlO4]
5-, which conforms to a conception of the

study. Band at about 460 cm-1 corresponds to bending
vibrations of Si-O(Si).

A small and poorly visible band in the range of 650 cm-1 to
550 cm-1 in the MIR spectra of G1 and G2 glasses (Fig. 5 and
6, respectively) suggests the presence of [AlO6]

9- units in the
structure of these glasses (Ref 43). However, this denies the
second assumption of study (see section 2.1) that in the
structure of G1 glass with ASI coefficient equal to 0.74 the
aluminum ions form only [AlO4]

5- units. However, in the same
wavenumber range, the band associated with vibrations of
aluminosilicate rings also occurs (Ref 11, 43).

More detailed information on changes occurring in structure
of G1 and G2 glasses were obtained by resolving their MIR
spectra into constituent bands (Fig. 5 and 6, respectively).
Analysis of constituent bands confirms that these glasses are
characterized by a high content of Si-O-Si and Si-O-Al bridges
in their structure (bands in range of 1,010-990 cm-1, 800-700
cm-1, about 455-465 cm-1), defects of Si=O type (bands at
1,150-1,090 cm-1) and broken off Si-O- bonds (band about 910
cm-1). However, even by resolving the MIR spectra into
constituent bands, it is not possible to distinguish the bands
from the stretching vibrations of Al-O and Si-O bonds.
Therefore the occurrence of coupled (Si, Al)-O vibrations has
been assumed.

In MIR spectra of G2 glass (Fig. 6), the intensity of band in
the range of 580-560 cm-1 is much higher than that in MIR
spectra of G1 glass (Fig. 5). This suggests that in the structure
of G2 glass, the aluminum ions exist mainly in [AlO4]

5-

tetrahedrons, but their redundant part forms [AlO6]
9- octahe-

drons. This conforms to a conception of the study that G2 glass
with ASI coefficient equal to 1.72 includes the aluminum ions
both in tetrahedral coordination and octahedral one.

Figure 7(a) and (b) present the MIR spectra of G3 and G4
glasses, respectively. For these glasses, the band associated
with asymmetric stretching vibrations of Si-O(Si) is located at
higher wavenumbers compared to G1 and G2 glasses, i.e., at
1,078 cm-1 (G3 glass) and at 1,055 cm-1 (G4 glass). Also, the
band comes from the symmetric stretching vibrations of Si-
O(Si) is located at higher wavenumbers compared to G1 and

Fig. 4 Grain size distributions of G1-G4 glasses
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G2 glasses, i.e., at 790 cm-1 (G3 glass) and at 781 cm-1 (G4
glass). Larger displacement of the above-mentioned bands
confirms that in the structure of G3 and G4 glasses, the
aluminum ions form to a lesser extent [AlO4]

5- units. This is
consistent with an underlying assumption (see section 2.1).

It should be pointed that in MIR spectra of G3 and G4
glasses (Fig. 7a and 7b, respectively), the vibrational band in
the range of 680-500 cm-1 is observed. P. Tarte (Ref 43)
examined inorganic aluminate and found that occurring of this
band indicates that aluminum ions really occupy octahedral
positions in the structure of G3 and G4 glasses. Moreover, from
the standpoint of octahedral coordination of aluminum ions, the
band at about 900 cm-1 is also very important, especially when
OH- groups are present in the structure of glass structure. From
Fig. 7(b), the increase in the intensity of the band at 938 cm-1 in
MIR spectra of G4 glass suggests a higher content of [AlO6]

9-

octahedrons in this glass.
To precise determine the coordination of aluminum ions in

synthetic glasses, the 27Al MAS-NMR tests were performed.
Measurements were made for two extreme cases, i.e., for G1
and G4 glasses. Results are shown in Fig. 8(a) and (b),
respectively. In 27Al MAS-NMR spectra of both glasses, one

main band at about +50 ppm is presented. This band is linked
with aluminum ions in tetrahedral coordination (Ref 44). In the
case of G1 glass characterized by ASI coefficient equal to
0.74), only a band at +52 ppm occurs (Fig. 8a). This indicates
that aluminum ions in G1 glass form only [AlO4]

5- units. In the
case of G4 glass with ASI equal to 4.05, besides the main band
at +49 ppm, a weak band at about +5 ppm is also observed
(Fig. 8b). This band confirms the presence of [AlO6]

9- groups
in G4 glass (Ref 44, 45).

3.5 Pozzolanic Properties of Synthetic Glasses

Results of pozzolanic properties of G1-G4 glasses are given
in Table 3.

Examinations carried out by the method described in PN-EN
196-2:2013 standard (Ref 27) demonstrate that the content of
reactive SiO2, i.e., the silica reacting under normal conditions
with Ca(OH)2, decreases successively in glasses with a higher
ASI coefficient (Table 3). G1 glass contains 31.24 wt.% of
reactive SiO2, which is a consequence of the substitution of
more [SiO4]

4- for [AlO4]
5- in its structure. An increase in the

quantity of [AlO4]
5- leads to a lower degree of polymerization

Table 2 Fineness of synthetic glasses G1-G4

Parameter G1 G2 G3 G4

Blaine�s specific surface area, cm2 g-1 4,200±50
Grain size fraction, vol.% Below 10 lm 33.1 39.1 38.1 45.5

Below 45 lm 77.2 76.1 76.2 84.3
45 lm - 100 lm 19.8 18.0 17.6 12.2
Above 100 lm 3.1 5.9 6.2 3.5

Fig. 5 Initial MIR spectra and its decomposition into constituent bands for G1 glass
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of [SiO4]
4- units and a higher content of active (non-bridged)

oxygen atoms. In the case of G4 glass, the reactive SiO2

reaches 29.16 wt.% and the difference is only 7% as compared
to G1 glass.

Results of pozzolanic properties tests carried out according
to ASTM C379-65T standard (Ref 29) confirm that G1 glass
presents the largest amount of reactive SiO2 (Table 3). Content
of reactive Al2O3 increases for glasses with a higher value of
ASI coefficient, which is due to the increasing content of
aluminum ions in octahedral coordination in the glass. Al-O
bond in octahedral coordination is weaker than the one in
tetrahedral coordination, and therefore the octahedral aluminum
ions are the first ones to penetrate into the solution. G4 glass
contains 5.36 wt.% of reactive Al2O3 and the difference
approaches 80% in comparison to G1 glass.

Increase in the amount of reactive Al2O3 in synthetic glasses
ensures that they bind a higher amount of Ca(OH)2 in
pozzolanic reaction glass with forming of higher quantity of
C-A-H phase. This improves the tightness of the microstructure
of cement paste and advantageously affects the strength of
cement mortar. Table 3 presents the SAI values of glasses
calculated at the end of cure periods of 28 and 90 days. SAI
values of G1 glass do not reach the minimum of 75% after 28
days and 85% after 90 days as it is required by the PN-EN 450-
1:2012 standard (Ref 30). However, in the case of G4 glass,
SAI values amount to 83 and 95% after 28 and 90 days,
respectively.

As is shown in Table 3, none of the lime mortars containing
synthetic glasses achieve a minimum compressive strength of
4.1 MPa after 28 days as required by the ASTM C593-
06(2011) standard (Ref 32). Addition of G4 glass gives the
highest increment in compressive strength of lime mortar,
which is a consequence of the highest content of reactive
Al2O3. After 28 days, the compressive strength of lime mortar

containing G4 glass is 3.91 MPa and is about 14% higher than
the one of lime mortar with G1 glass.

3.6 Microcalorimetric Measurements of Cement Blends

Hydration process of cement containing fly ashes is more
complex than that of Portland cement due to the occurrence of
two processes, i.e., cement hydration and the pozzolanic
reaction of fly ashes (Ref 46, 47).

Two features of microcalorimetric curves were determined,
i.e., the length of the induction period and the maximum of heat
flow. Control CEM I sample and cement blends CEM-20A1
and CEM-20A4 containing model ashes A1 and A4, respec-
tively, were used. For comparison, the cement blends CEM-
20CSFA-1 and CEM-20CSFA-2 were also studied.
Microcalorimetric curves of cement blends CEM I, CEM-
20A1 and CEM-20A4 are shown in Fig. 9(a), while the ones of
blends CEM-20CSFA-1 and CEM-20CSFA-2 are given in
Fig. 9(b).

Figure 9(a) shows that the addition of A1 and A4 ashes
slows down the cement hydration process. Both ashes extend
the hydration induction period, i.e., the time of minimal
hydration activity between the initial hydration reactions upon
wetting and the later alite reaction with water. Moreover, they
impair the maximum of heat flow in the microcalorimetric
curve. This is consistent with literature data presented in (Ref
48-50). Main reason for the delay in the hydration process of
CEM-20A1 and CEM-20A4 is decreased in the content of
CEM 42.5R constituent in these blends, and, as a result, the
decrease in the content of alite phase (C3SiO5, C3S, in cement
notation). This phase is known to be the main reactive cement
phase in the early stages of cement hydration. A1 and A4 ashes
represent lower contents of CaO, i.e., 6.5 wt.% and 3.1 wt.%,

Fig. 6 Initial MIR spectra and its decomposition into constituent bands for G2 glass
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respectively. Therefore, the blends CEM-20A1 and CEM-20A4
do not exhibit higher hydraulic activity compared to CEM I.

According to Fig. 9(a), the hydration induction period of
CEM I paste is 40 minutes. Induction periods of CEM-20A1
and CEM-20A4 cement pastes extend to 65 minutes and 55
minutes, respectively. As a result of higher reactivity, the
addition of A4 ash brings a smaller extension of the induction
period in the microcalorimetric curve and the difference is only
15 minutes as compared to CEM I paste. A4 ash contains in its
glass the higher amount of aluminum ions in tetrahedral
coordination and, additionally, in octahedral coordination, so
binds more Ca(OH)2 in pozzolanic reaction in a shorter time.
Shortage of calcium ions in the liquid phase of paste forces a
rise in the quantity of alite entering into the reaction to release
further portions of calcium ions into the solution. Effect of this
is above-mentioned less extending the induction period by
incorporating into the cement the A4 ash.

Addition of A1 and A4 ashes also decreases the maximum
heat flow in the microcalorimetric curve (Fig. 9a). Main reason
is the decrease in the proportion of alite phase in CEM-20A1
and CEM-20A4 cement blends. For CEM-20A4 paste, the
maximum heat flow is slightly higher compared to the one of
CEM-20A1 paste. A4 ash binds more Ca(OH)2 in pozzolanic
reaction, a consequence of which is accelerated dissolution of
C3S with a higher hydration heat release rate (Ref 49).

Figure 9(b) shows that CEM-20CSFA-1 and CEM-20CSFA-
2 cement blends also demonstrate slowed down hydration
process. Induction periods of CEM-20CSFA-1 and CEM-
20CSFA-2 pastes are comparable to each other and is about 45
minutes. Due to higher pozzolanic reactivity, the maximum
heat flow of CEM-20CSFA-2 paste is higher compared to the
one of CEM-20CSFA-1 paste.

Values of cumulative hydration heat after 24 hours and
72 hours are presented in Table 4. After 24 hours, the hydration

Fig. 7 MIR spectra of G3 glass (a) and G4 glass (b)
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Fig. 8 27Al MAS-NMR spectra of G1 glass (a) and G4 glass (b)

Table 3 Pozzolanic properties of synthetic glasses G1-G4

Method Parameter G1 G2 G3 G4

PN-EN 196-2 Reactive SiO2, wt.% 31.24 30.16 29.58 29.16
ASTM C379-65T Reactive compounds, wt.%:

SiO2 10.96 10.78 10.49 10.31
Al2O3 3.16 4.28 4.59 5.36

PN-EN 450-1 SAI1 (%):
After 28 days 68 75 77 83
After 90 days 85 89 91 95

ASTM C593-06 Compressive strength of lime mortars, MPa:
After 7 days 2.05 Not Not 2.28
After 28 days 3.44 Examined Examined 3.91

1SAI - strength activity index defined as a ratio of a compressive strength of cement mortar mixed with glass at 25 wt.% to the control Portland
mortar.
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Fig. 9 Microcalorimetric curves of cement pastes (water to cement ratio of 0.5): (a) CEM I, CEM-20A1 and CEM-20A4 blends; (b) CEM-
20CSFA-1 and CEM-20CSFA-2 blends

Table 4 Hydration heat of control cement paste CEM I and Portland-fly ash cement pastes - microcalorimetric
measurements (water to cement ratio of 0.5; heat values studied at an exact constant temperature of 20 �C)

Cement blend

Hydration heat value, kJ kg-1

After 24 h After 72 h

Control blend CEM I 140 281
Blends containing model ashes CEM-20A1 111 235

CEM-20A2 120 240
CEM-20A3 124 242
CEM-20A4 136 247

Blends containing commercial siliceous fly ashes CEM-20CSFA-1 128 242
CEM-20CSFA-2 124 240
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heat of CEM-20A4 paste is 136 kJ kg-1 and is lower only by
3% compared to the one of CEM I paste, although the
proportion of A4 ash in CEM-20A4 blend is 20%. This
confirms the higher pozzolanic reactivity of A4 ash compared
to A1 ash. After 24 hours, the hydration heat of CEM-20A1
paste is 124 kJ kg-1 and is lower by 11% compared to the one of
CEM I paste. This means that the decrease in hydration heat of
CEM-20A1 paste results mainly from the decrease in the
content of C3S. In the case of CEM-20A2 and CEM-20A3
cement pastes, the hydration heats after 24 hours are 120 kJ kg-
1 and 124 kJ kg-1, respectively, and the average drop is about
13% as compared to CEM I paste. After 72 hours, cement
pastes containing model ash show less difference in heat of
hydration to each other, i.e., from 235 kJ kg-1 (CEM-20A1) to
247 kJ kg-1 (CEM-20A4).

Compared to CEM I paste, the hydration heats of CEM-
20CSFA-1 and CEM-20CSFA-2 pastes are lower by an average
of 18 and 10% after 24 hours and 72 hours, respectively
(Table 4). Reduction in heat of hydration of these cement pastes
is smaller than the one resulting from the reduction of CEM I
42.5R component in them. This indicates the good pozzolanic
reactivity of CSFA-1 and CSFA-2 fly ashes, resulting mainly
from the presence of aluminum ions in tetrahedral coordination
(mainly) and also in octahedral coordination in their glassy
constituent (Ref 14, 15).

Results of microcalorimetric measurements of examined
Portland-fly ash cement pastes confirm that the coordination of
aluminum ions in glassy constituent in fly ash has a strong
influence on the degree of cement hydration. Model ash
containing in its glass structure the [AlO4]

5- tetrahedrons and,
additionally, the [AlO6]

9- octahedrons brings on a smaller
extension of induction period than addition of ash, which
contains only [AlO4]

5- tetrahedrons in its glass structure. In
comparison with reference Portland cement, the drop in
hydration heat is also smaller. Analysis of these results allows
concluding that influence of fly ash on cement properties that
the influence of fly ashes on cement hydration should not be
considered from the point of view of fineness and degree of
vitrification of fly ashes only. Changeable chemical composi-
tion and structure and pozzolanic properties of a glassy
constituent in fly ashes are very important, too. This�s why
the hydration process of cement containing the same fly ash
fraction, but selectively collected out from the individual ESP�s
zone speeds up or slows down (Ref 9). Addition of fly ash
fraction below 16 lm from the third (last) ESP�s zone causes
acceleration of cement hydration process, which is a conse-
quence of a rise in the content of aluminum ions in octahedral
coordination in the structure of glass in fly ash. Hydration
process of cement paste containing the same fly ash fraction,
but from the first ESP�s zone, becomes delayed.

3.7 DTA/TG Thermal Analysis of Cement Pastes

Due to the pozzolanic properties, the fly ashes react with
Ca(OH)2, which is a product of cement hydration, and form an
additional amount of C-S-H and C-A-H phases in cement paste
(Ref 46, 47, 49-51). Fine-grained fly ashes bind more Ca(OH)2
in a shorter time, which is a result of higher content of
pozzolanic reactive oxides SiO2 and Al2O3 (Ref 9).

DTA/TG thermal analysis was performed for CEM I, CEM-
20A1 and CEM-20A4 cement pastes. DTA and TG curves after
2, 28 and 90 days are presented in Fig. 10, 11 and 12,
respectively.

The following endothermic effects were observed in DTA
curves of cement pastes:

– Up to a temperature of about 400 ºC - an effect related to
the dehydration of C-S-H and C-A-H phases and decompo-
sition of ettringite, and

– In range of temperatures between 470 ºC and 490 ºC - an
effect related to the decomposition of Ca(OH)2.

Using TG analysis, the mass losses related to above-mentioned
endothermic effects were calculated. The results of calculations
are shown in Table 5.

Figure 12(a)-(c) shows that the CEM-20A4 paste demon-
strates the highest intensity of endothermic effect up to about
400 �C in the DTA curve. According to Table 5, the mass losses
connected with dehydration of C-S-H and C-A-H phases and
decomposition of ettringite are 11.26 wt.% after 2 days, 11.91
wt.% after 28 days and 12.08 wt.% after 90 days. The highest
mass losses in the TG curve of CEM-20A4 paste are a result of
the higher increment of pozzolanic reaction products. Due to
the best pozzolanic reactivity of glassy constituent, the A4 ash
gives the highest quantity of C-A-H phase during a pozzolanic
reaction, which, in consequence, results in the highest mass
losses connected with dehydration of this phase. Figure 11(a)-
(c) show that the intensity of endothermic effect up to about
400 �C in the DTA curve of CEM-20A1 paste is the lowest.
According to Table 5, the mass losses connected related to this
effect are 7.14 wt.% after 2 days, 11.31 wt.% after 28 days and
11.98 wt.% after 90 days. This is because the glass in A1 ash
represents lower pozzolanic reactivity and less amount of C-A-
H phase is formed during the pozzolanic reaction of A1 ash.

As is shown in Fig. 12(a)-(c), the CEM-20A4 paste gives
the lowest intensity of endothermic effect in the range of
temperatures between 420 ºC and 570 ºC. This effect is related
to the decomposition of Ca(OH)2. Due to the highest content of
aluminum ions in octahedral coordination in the structure of
glass, the A4 ash binds the highest amount of Ca(OH)2 during
pozzolanic. Results in Table 5 show that after 2 days of
hydration, the content of Portlandite in CEM-20A4 paste is
lower by about 27% compared to CEM I paste, whereas in the
case of CEM-20A1 paste the difference is about 20%. After 28
days, the contents of Portlandite in CEM-20A4 and CEM-20A1
pastes are lower related to CEM I paste and the differences are
about 26% and 22%, respectively. After 90 days, the contents
of Ca(OH)2 in CEM-20A1 and CEM-20A4 paste are compa-
rable and are about 32% lower compared to CEM I paste.

In addition to the reduction of Ca(OH)2 content, the
consumptions of Ca(OH)2 during pozzolanic reaction in
CEM-20A1 and CEM-20A4 pastes were determined. Results
are given in Table 6. After 2 days, the A1 ash does not show
pozzolanic reactivity, whereas after 28 days it binds only 0.34
wt.% of Ca(OH)2. After 2 days, the amount of Ca(OH)2
consumed by A4 ash in its pozzolanic reaction is 0.78 wt.%.
This is an effect of the presence of [AlO6]

9- units in glassy
constituent in A4 ash. Because of Al-O bond in octahedral
coordination is weaker than the one in tetrahedral coordination,
the octahedral aluminum ions easier penetrate into the solution,
where they react with calcium ions with forming a higher
quantity of C-A-H phase in a shorter time. After 28 days, the
content of Ca(OH)2 consumed by A4 ash in its pozzolanic
reaction is increase to 1.04 wt.%. After 90 days, the A1 and A4
ashes bind a comparable amounts of Ca(OH)2, which are 2.29
wt.% and 2.59 wt.%, respectively. A1 ash containing only
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Fig. 10 DTA and TG curves of cement paste CEM I (water to cement ratio of 0.5): (a) after 2 days; (b) after 28 days; (c) after 90 days
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Fig. 11 DTA and TG curves of cement paste CEM-20A1 (water to cement ratio of 0.5): (a) after 2 days; (b) after 28 days; (c) after 90 days
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Fig. 12 DTA and TG curves of cement paste CEM-20A4 (water to cement ratio of 0.5): (a) after 2 days; (b) after 28 days; (c) after 90 days

9276—Volume 30(12) December 2021 Journal of Materials Engineering and Performance



[AlO4]
5- tetrahedrons in its glassy constituent starts to bind

Ca(OH)2 at a later time because of Al-O bond in tetrahedral
coordination is stronger (Ref 15).

DTA/TG thermal analysis of CEM-20A1 and CEM-20A4
cement pastes confirms that the coordination of aluminum ions
in glass in model ashes strongly affects degree of hydration of
these cements.

3.8 XRD Measurements of Cement Pastes

XRD measurements were performed for CEM I, CEM-20A1
and CEM-20A4 cement pastes after 2, 28 and 90 days of
hydration. XRD patterns are presented in Fig. 13(a)-(c).
Relative intensities of diffraction peaks of Ca(OH)2, C-S-H,
C-A-H and C3S at �2h CuKa equal to 34.10, 29.40, 11.70 and
32.25, respectively, were analyzed. Relative intensities of these
peaks were related to their heights. Results are shown in
Table 7.

From Fig. 13(a)-(c), it can be seen that the diffraction peak
of Ca(OH)2 at 34.10�2h CuKa decrease for CEM-20A1 and
CEM-20A4 cement pastes as compared to CEM I paste. This is
a consequence of the replacement of Portland cement by A1
and A4 ashes in these cement blends. After 2 and 28 days, the
CEM-20A4 paste demonstrates a lower intensity of this
Ca(OH)2 peak compared to CEM-20A1 paste (Fig. 13a and
b, respectively). As is shown in Table 7, the relative intensity of
the Ca(OH)2 peak of CEM-20A4 paste is lower by about 12%
and 18% after 2 and 28 days, respectively, as compared to
CEM-20A1 paste. This indicates a rise in intensity of
pozzolanic reaction of A4 ash in a shorter time as a result of
the presence of octahedral aluminum ions in the structure of

glass in its ash. Octahedral aluminum ions easier go into the
solution and bind a higher quantity of Ca(OH)2 educed during
hydration of silicate phases of Portland cement. After 90 days,
the relative intensity of Ca(OH)2 peak at 34.10�2h CuKa is
comparable for CEM-20A1 and CEM-20A4 pastes and is half
as high as in paste CEM I (Fig. 13c).

Changes in height of Ca(OH)2 peak result in changes in
height of C-S-H peak at 29.40�2h CuKa after 2, 28 and 90 days
of hydration (Fig. 13a-c, respectively). Height of this C-S-H
peak of CEM-20A1 and CEM-20A4 cement pastes is lower
compared to the one of CEM I paste, which results from the
lower content of CEM I 42.5R in CEM-20A1 and CEM-20A4
blends. After 2 days, the relative intensity of the C-S-H peak of
CEM-20A1 paste is equal to the quantity of incorporated A1
ash (Table 7). In the case of CEM-20A4 paste, the C-S-H peak
is lower by only 6% compared to the one of CEM I paste,
which is a result of higher intensity of the pozzolanic reaction
of A4 ash in a shorter time. Higher shortage of calcium ions in
the liquid phase of CEM-20A4 paste forces a rise in the
quantity of alite entering into the hydration reaction with
forming an additional amount of C-S-H phase in cement paste.
This confirms the strong effect of A4 ash on Portland cement
hydration. After 90 days, the height of C-S-H peak at 34.10�2h
CuKa of CEM-20A1 and CEM-20A4 pastes is comparable and
higher by about 30% compared to CEM I paste.

After 28 days, only one small diffraction peak of the C-A-H
phase at 11.70�2h CuKa is observed for CEM I paste (Fig. 13b).
In the case of CEM-20A4 cement paste, this peak increases
significantly as a result of a higher content of pozzolanic
reactive Al2O3 in A4 ash compared to A1 ash. As is shown in

Table 5 Results of TG analysis of hardened control cement paste CEM I and Portland-fly ash cement pastes (water to
cement ratio of 0.5)

Cement blend Test data (day)

Mass losses, wt.%

Content of Ca(OH)2, wt.%HI
1 HII

2 R

Control cement blend CEM I 2 7.40 2.75 10.15 11.31
28 11.16 4.09 15.25 16.82
90 12.53 4.58 17.11 18.84

Blends containing model ashes CEM-20A1 2 7.14 2.22 9.36 9.13
28 11.31 3.19 14.50 13.12
90 11.98 3.18 15.16 12.78

CEM-20A4 2 11.26 2.01 13.27 8.27
28 11.97 3.04 15.01 12.42
90 12.08 2.97 15.05 12.48

1HI - mass loss on the TG curve related to endothermic effect up to a temperature of about 400 ºC on the DTA curve.
2HII - mass loss on the TG curve related to endothermic effect in the temperature range between 470 ºC and 490 ºC on the DTA curve.

Table 6 Amount of Ca(OH)2 bound by model ashes A1 and A4 during pozzolanic reaction based on DTA/TG thermal
analysis

Ash

Content of Ca(OH)2 bound during pozzolanic reaction, wt.%1

After 2 days After 28 days After 90 days

A1 No pozzolanic effect 0.34 2.29
A4 0.78 1.04 2.59
1Taking into account the Portland cement replacement range by ashes A1 and A4 in Portland-fly ash cement blend and the content of Ca(OH)2 in
Portland-fly ash cement blend determined by the DTA/TG analysis.
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Fig. 13 XRD patterns of cement paste CEM I and Portland-fly ash cement pastes CEM-20A1 and CEM-20A4 (water to cement ratio of 0.5)
after 2 days (a), 28 days (b) and 90 days (c); C-S-H - calcium silicate hydrate phase, C-A-H - calcium aluminate hydrate phase, C3S - remaining
(unreacted) part of alite
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Table 7, the difference in relative intensity of this C-A-H peak
is about 40%. However, after 90 days, the relative intensity of
the C-A-H peak is comparable for CEM-20A1 and CEM-20A4
pastes and two times higher compared to CEM I paste
(Fig. 13c). It should be pointed that after 28 days of hydration,
the CEM-20A1 and CEM-20A4 cement pastes demonstrate two
additional peaks of the C-A-H phase: at 23.60�2h and 26.70�2h
CuKa and 23.55�2h and 26.65�2h CuKa, respectively (Fig. 13b
and c).

According to Takemoto and Uchikawa (Ref 51), the C-A-H
phases formed during the pozzolanic reaction of A1 and A4
ashes have the following formulas: 4CaO�Al2O3�13H2O and
3CaO�Al2O3�6H2O (C4AH13 and C3AH6, respectively, in
cement notation).

A decrease in the height of diffraction peak of Ca(OH)2 also
causes in decrease in height of diffraction peak of C3S peak at
32.25�2h CuKa (Fig. 13a-c). After 2 days, the drops in relative
intensities of this C3S peak are about 13 and 25% for CEM-
20A1 and CEM-20A4 cement pastes, respectively (Table 7).
The lower relative intensity of the C3S peak of CEM-20A4
paste indicates that the pozzolanic reaction of A4 ash takes
place in CEM-20A4 paste. Due to the occurring a pozzolanic
reaction of A4 ash in a shorter time of hydration of CEM-20A4
blend, the C3S has to enter into hydration reaction to release
further portions of calcium ions into the solution. After 28 days,
the relative intensity of the C3S peak decreases by about 19 and
31% for CEM-20A1 and CEM-20A4 cement pastes, respec-
tively, which also confirms the strong influence of A4 ash on
the early stages of cement hydration. After 90 days, the drop in
relative intensity of the C3S peak is comparable for CEM-20A1
and CEM-20A4 cement pastes and is lower by an average of
23% compared to CEM I paste. It indicates that with the lapse
of time the hydration of C3S becomes more prominent as a
result of the pozzolanic reaction of A1 ash.

XRD tests confirm that the changeable coordination of
aluminum ions in the structure of glassy constituent in model
ashes decides the degree of hydration of studied CEM-20A1
and CEM-20A4 cement blends. These results are in agreement
with the results of DTA/TG thermal analysis reported in section
3.7. Increase in octahedral aluminum ions in glass in fly ashes
causes a higher quantity of Ca(OH)2 to be bounded in
pozzolanic reaction in a shorter time. This forces an increase
in the percentage of reacted (hydrated) alite after 2 days of

hydration, which, in a consequence, leads to an increase in the
content of the C-S-H phase in cement paste.

3.9 Initial Setting Time Measurements

Measurements of initial setting times were performed for
control CEM I blend and for all blends containing model ashes,
i.e., CEM-20A1, CEM-20A2, …, CEM-20A4. Additionally,
the initial setting times of CEM-20CSFA-1 and CEM-20CSFA-
2 blends containing commercial fly ashes CSFA-1 and CSFA-2,
respectively, were measured. Results are presented in Table 8.
Amount of water required to prepare cement pastes of standard
consistency was also given.

From Table 8, the CEM-20A1, CEM-20A2, CEM-20A3,
and CEM-20A4 cement blends need a little more water for
obtaining cement pastes of standard consistency. Water-to-
cement ratio of these cement pastes increases by an average of
3% compared to CEM I paste. For CEM-20CSFA-1 and CEM-
20CSFA-2 pastes, an average rise in water to cement ratio is 6%
in comparison to CEM I paste.

Initial setting time refers to the time when the cement turns
into the paste by mixing with water and begins to lose its
plasticity. According to Table 8, the CEM-20A1, CEM-20A2,
and CEM-20A3 cement blends start to lose their plasticity at a
later time than CEM I and the differences are 40, 35 and 20
minutes, respectively. Prolongation of initial setting times of
these cement blends results mainly from the partial replacement
of CEM I 42.5R by A1, A2 and A3 ashes in cement blends.
Moreover, the A1, A2, and A3 ashes do not exhibit hydraulic
properties like Portland cement. Shortening of initial setting
time successively for CEM-20A2 and CEM-20A3 blends, as
compared to CEM-20A1 blend, is a consequence of a rise in the
content of aluminum ions in octahedral coordination in glassy
constituent in A2 and A3 ashes, respectively. Initial setting time
of the CEM-20A4 cement blend is comparable to the one of
CEM I, despite the same amount of A4 ash introduced to this
blend. A decrease in initial setting time of CEM-20A4 is
influenced by the highest content of octahedral aluminum ions
in the structure of glass in A4 ash. This, in turn, gives a high
intensity of the pozzolanic reaction of A4 ash in a shorter time
compared to A1, A2, and A3 ashes. Octahedral aluminum ions
effortlessly go into the solution, where they react with calcium
ions with forming a higher amount of C-A-H phase (Ref 18,

Table 7 Comparison of the intensity of 100% peaks indicated in the XRD pattern of hardened control cement paste
CEM I and Portland-fly ash cement pastes (water to cement ratio of 0.5)

Cement blend
Test data
(day)

Intensity of 100% XRD peak1 (counts) from consistuents

C-S-H phase at
29.40�2h

C-A-H phase at
11.75�2h

Ca(OH)2 at
34.10�2h

C3S at
32.25�2h

Control blend CEM I 2 270 95 446 297
28 331 111 545 177
90 348 140 588 163

Blends containing model
ashes

CEM-20A1 2 216 58 379 258
28 281 186 498 144
90 347 272 408 129

CEM-20A4 2 254 79 345 221
28 312 261 425 122
90 356 271 396 120

1100% XRD peak - the most intense peak of phase based on the database of the Joint Committee on Powder Diffraction Standards (JCPDS) for XRD
analysis
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19). High increase in the volume of hydration reaction products
causes that CEM-20A4 paste loses its plasticity more quickly.

In case of CEM-20CSFA-1 and CEM-20CSFA-2 cement
pastes, the initial setting time is comparable to each other.
These pastes lose their plasticity at a later time compared to
CEM I and the differences are 49 and 26 minutes, respectively
(Table 8).

3.9.1 Compressive Strength Measurements. Measure-
ments of compressive strength were performed for control
CEM I cement mortar and for mortars prepared with the
addition of model ashes A1, A2, A3, and A4. For comparison,
the compressive strength of mortars containing commercial
siliceous fly ashes CSFA-1 and CEM-20CSFA were also
determined. Values of compressive strength of cement mortars
are given in Table 9.

According to Table 9, after 2 days, the strengths of CEM-
20A1, CEM-20A2 and CEM-20A3 blends are lower by an
average of 35% compared to CEM I. There are two factors,
which decide about decrease in the early strength of these
blends. Firstly, it is lower content of CEM I 42.5R constituent
in these blends. Secondly, the aluminum ions occur only in
[AlO4]

5- tetrahedrons in glass in ash A1. In the case of A2 and
A3 ashes, a small fraction of aluminum ions additionally
locates in [AlO6]

9- octahedrons. After 2 days, the strength of
the CEM-20A4 blend is about 10% higher compared to the
CEM I, despite the same content of the CEM I 42.5R
constituent in the CEM-20A4 blend. A4 ash contains the
highest amount of aluminum ions in the form of [AlO6]

9- in its
glassy constituent. In consequence, the A4 ash binds a higher
quantity of Ca(OH)2 in a shorter time with forming of a higher
quantity of C-A-H phase. This additional amount of C-A-H
phase from the pozzolanic reaction of A4 ash reduces the
porosity of the microstructure of CEM-20A4 mortar and
improves its strength. Since the A4 ash binds more Ca(OH)2 in
its pozzolanic reaction, more C3S has to enter into the hydration

reaction to compensate for calcium ions deficiency into the
solution. This, in turn, means the formation of a high amount of
additional C-S-H phase in CEM-20A4 mortar (Ref 49, 50, 52).

As shown in Table 9, after 28 days, the strength of the
CEM-20A1 blend is still distinctly lower than the one of CEM I
and the difference is equal to about 36%. However, after the
same time, the strength of the CEM-20A2 blend is comparable
to that of CEM I, whereas the strengths of CEM-20A3 and
CEM-20A4 blends are higher by about 12 and 16%, respec-
tively.

From Table 9, the CEM-20A1 mortar demonstrates a higher
increment in compressive strength after a longer period of
hydration, not earlier than after 90 days. This is because the
aluminum ions in glass in A1 ash occur only in [AlO4]

5-

tetrahedrons and that�s why it is more difficult for them to
penetrate into the solution. After 180 days, the strength of the
CEM-20A1 blend is higher by about 7% compared to CEM I.

According to requirements of PN-EN 197-1:2012 standard
(Ref 53), the CEM-20A4 blend can be classified as a strength
class of 52.5R, while the CEM-20A2 and CEM-20A3 blends
correspond to a strength class of 32.5R. CEM-20A1 blend does
not achieve the minimum value of strength for any cement
strength class.

After 2 days, the compressive strength of CEM-20CSFA-1
and CEM-20CSFA-2 blends decreases by an average of 15%
compared to CEM I (Table 9). This means that a drop in early
strength of CEM-20CSFA-1 and CEM-20CSFA-2 blends is
connected with a decrease in the content of CEM I 42.5R
constituent in these blends. After 28 days, the average
compressive strength of CEM-20CSFA-1 and CEM-20CSFA-
2 mortars is lower by 13%. With the time of hydration, the
increment in the strength of these cement blends is higher
compared to the one of CEM I. After 90 and 180 days, the
strengths of these blends are higher by about 10 and 8%,
respectively. According to the requirements of PN-EN 197-

Table 8 Standard consistency and initial setting time of control cement paste CEM I and Portland-fly ash cement pastes

Cement blend

Standard consistency

Initial setting time, minCement, g Water, g Water to cement ratio, %

Control blend CEM I 500 133.5 26.7 180
Blends with model ashes CEM-20A1 500 137.0 27.4 220

CEM-20A2 500 138.0 27.6 215
CEM-20A3 500 137.5 27.5 200
CEM-20A4 500 138.0 27.6 180

Blends with commercial siliceous fly ashes CEM-20CSFA-1 500 141.5 28.3 209
CEM-20CSFA-2 500 141.0 28.1 206

Table 9 Compressive strength of control cement mortar CEM I and Portland-fly ash cement mortars

Cement blend

Compressive strength, MPa

After 2 days After 28 days After 90 days After 180 days

CEM I 24.9 48.3 52.1 60.3
CEM-20A1 15.8 30.9 48.9 64.6
CEM-20A2 15.6 48.3 57.6 67.4
CEM-20A3 16.2 54.1 60.8 68.1
CEM-20A4 27.4 55.9 61.5 68.4
CEM-20CSFA-1 20.7 41.4 57.1 64.1
CEM-20CSFA-2 21.6 42.8 57.6 64.7
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1:2012 standard (Ref 53), the CEM-20CSFA-1 and CEM-
20CSFA-2 cement blends correspond to a strength class of
42.5R.

Results in Table 9 confirm that the influence of fly ashes on
the compressive strength of cement mortar should not be
considered only from the point of view of fly ash fineness and
degree of its vitrification (e.g., Ref 4, 5, 54, 55).

Experimental data broaden the previous knowledge (e.g.,
Ref 9, 14, 43) saying that there is a relation between properties
of cement blends containing fly ashes and chemical composi-
tion and structure of fly ash glass. Properties of glass cannot be
ignored from the point of view of pozzolanic reactivity of fly
ash. It is a very important scientific conclusion that can be a
very important indicator of the possibility of the use of fly ashes
as a main pozzolanic component in cement according to
specifications described in PN-EN 197-1:2012 standard (Ref
53).

4. Conclusions

Influence of coordination of aluminum ions in synthetic
aluminosilicate glasses with the chemical composition similar
to the glasses in commercial siliceous fly ashes has been
evaluated concerning the hydration process and properties of
cement blends. Coordination of aluminum ions in glasses was
assumed based on the value of the aluminum saturation index
(ASI). It was seen that in the structure of synthetic glass with
ASI < 1, the aluminum ions form [AlO4]

5- only. In the case of
glass with ASI > 1, the aluminum ions create mainly [AlO4]

5-,
but part of them occurs in the form of [AlO6]

9-. An increase in
the content of aluminum ions in octahedral coordination in
synthetic aluminosilicate glass causes the increase in the
content of pozzolanic active Al2O3 in it, which, in conse-
quence, gives a higher quantity of C-A-H phase coming from
its pozzolanic reaction. It was found that the cement blend
prepared with the addition of ash of higher content of [AlO6]

9-

octahedrons in its glass demonstrates higher heat of hydration,
shorten initial setting time and higher increment in the early
compressive strength. Addition of 20 wt.% of ash with an ASI
value equal to 4.05 allows obtaining the cement blend of a
strength class of 52.5R, while the cement blends with the same
addition of ashes of ASI values equal to 1.72 and 2.52
correspond to strength class of 32.5R. Cement with the addition
of 20 wt.% of ash with an ASI value equal to 0.77 does not
achieve the minimum value of strength for any cement strength
class.

Results presented in this paper have an essential scientific
aspect. They broaden the knowledge of the variability of the
quality of fly ashes and their influence on the properties of
Portland-fly ash cement taking into account not only fineness
and degree of vitrification of fly ashes, but also the chemical
composition and structure of their glassy constituent.
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