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� Incorporating ceramics in foamed concrete reduces slump properties.
� Lower amount of Portlandite aids higher strength properties of foamed concrete.
� Ceramics exhibits adequate packing, which is good for ensuring compactness of a cementitious mixture.
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Different microstructural changes occur in cement based materials as a result of the interaction between
the aggregate particles and paste matrix, during mixing, compaction and placement. Such intrinsic mod-
ifications, in terms of paste density, interfacial transition zone, permeability and others, tend to improve
or lessen the strength properties of concrete. This study evaluates the microstructure, mineralogy, phase
change and strength characteristics of foamed concrete containing fly ash and pulverized ceramics.
Portion of ceramics, which were generated from floor and wall tile wastes, and finer than 4.75 mm sieve,
along with fly ash, were used as a partial replacement of river sand and cement, respectively. The foaming
agent used was aluminum powder. However, other constituents were kept constant. Samples of 150 mm
concrete cubes and 100 � 100 � 500 mm prisms were prepared, and cured in water for 3, 7, and 28 days,
for compressive strength and flexural strength determination at the stipulated days. The microstructure,
mineralogy and phase change of selected samples were determined using Scanning electron microscope,
X-ray diffraction, and Thermogravimetric Analyzer-Differential Scanning Calorimeter, respectively. The
ceramics based foamed concrete exhibited lower slump compared to conventional mixture, mainly
due to its aggregate higher water absorption capacity. A 100% ceramics based mix gave strength in some-
what closeness to that of conventional mixture, and it was evidently shown by a lower amount of
Portlandite (Ca(OH)2) dehydroxylated between 420 and 550 �C burner temperature for this mixture.
The study demonstrates the possibility of incorporating ceramics along with mineral admixtures such
as fly ash and aluminum powder for production of foamed concrete.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction useful for construction in regions covered by problematic soil,
Foamed concrete is a known building technology that aids the
design and construction of lightweight concrete structures. Given
that coarse aggregate is completely eliminated from the foamed
concrete mixtures, this thus allows the development of highly
workable lightweight mixtures. Foamed concrete has a high degree
of fluidity, created by mixing cement into a paste (the slurry or
mortar), with a pre-formed foam. Such concrete mixtures can be
where building foundation load is often minimized. However, fac-
tors such as environmental degradation through release of harmful
substances, and sustainability concern, which are associated with
the exploration of natural aggregates could limit the expansion
of foamed concrete technology. In a way, a considerable number
of alternatives have been found in reusing routine industrial rejects
and construction wastes for concrete production.

During construction activities, it is known that while about 50%
of rawmaterials and 40% of energy are consumed, about 50%wastes
are mostly generated [1]. However, it is noteworthy that through
the continuous development of construction and demolition
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Fig. 1. Distribution of aggregate particles.

Table 1
Aggregates physical properties.

Properties Pulverized ceramics River sand

Specific gravity 2.19 2.61
Water absorption (%) 2.52 2.24
Fineness modulus 3.26 3.22
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wastes, some developed countries now have systems in place for its
utilization, such as in the production of nonstructural concrete [2–
4]. Examples could be found in Spain, China and India, among
others, where ceramic and glass are processed for applications in
recycled concrete [5,6].

Numerous studies have covered the application of construction
and demolition wastes in concrete [7–11], with larger part focusing
on ceramics as aggregates. In recent years, application of ceramic
wastes for production of normal weight concrete and lightweight
mortars have been explored [12,13]. Overall, ceramics was found
suitable for concrete making, owning to its sound physical and
strength characteristics. However, it is uncertain if construction
and demolition (C & D) wastes can be used for making foamed con-
crete, considering its limitations in terms of high water absorption
and presence of air voids [14–16]. Thus, in this study, an attempt is
made to evaluate several properties of foamed concrete containing
ceramics aggregate and fly ash.

Foamed concrete as a lightweight material depends largely on
the foam-to-slurry proportions, and its density can range within
300 and 1600 kg/m3. The use of sand, pulverized fuel ash (PFA),
and quarry residue has been reported as suitable for foamed con-
crete production [17,18]. In foamed concrete, there are at least 20%
(by volume) mechanically entrained foam in a plastic mortar [19].

While there is an advancement in the use of foamed concrete,
but its development using ceramics product along with fly ash
has not been well treated. Ceramics currently constitutes about
40% of C & D wastes, and about 30% of its content end-up as wastes
during production [20–22]. Thus, it would be beneficial to have
ceramics incorporated as lightweight aggregate in foamed concrete.
Therefore, in this study, attempt has been made to determine
microstructure,mineralogy, phase change and strength characteris-
tics of foamed concrete containing fly ash and pulverized ceramics.
Fig. 2. Oxide composition of cement, fly ash and aluminum powder.
2. Materials and methods

The constituent materials used in this study include: grade 42.5 Ordinary Port-
land cement, having 30% consistency limit, specific gravity of 3.15, and conforming
to specifications [23,24], river sand of sizes under 4.75 mm, aluminum powder (as a
foaming agent), and ceramics.

The broken ceramics were cleansed with water (to remove its surface debris),
and sun dried before it was crushed into smaller particle sizes with the aid of a
metal hammer. But, the portion of ceramics that passed through the 4.75 mm BS
standard aperture size was used as a partial replacement of natural sand. During
grading of the ceramics, it was ensured that it reflects river sand properties, for a
uniform blending. Moreover, because the material fineness could contribute to its
pozzolanic reaction with parent binding agent [25]. Fig. 1 presents the particle size
gradation for river sand and ceramic aggregate. As shown, ceramics is slightly finer
than the river sand, but overall, the curves fall within the BS 1200 [26] envelope of
sand for general purpose mortars. Based on the physical evaluation, it is clear that
the ceramic aggregate have promising properties as an artificial material [27].
Table 1 shows the physical properties of the aggregates, which also agrees with
the recommended values for a fine aggregate [28,29]. As shown in Table 1, ceramics
possessed higher water absorption capacity than river sand, but in effect, this may a
have more significant effect on the workability of the mixture, and it may also
slightly influence the duration of hydration in the cementitious matrix, as ceramics
will provide additional water.

The oxides composition of OPC, fly ash and aluminum used in this study are pre-
sented in Fig. 2. Calcium oxide, CaO (74. 2%), silica oxide, SiO2 (70.6%) and aluminum
oxide, Al2O3 (85.4%) are the dominant oxides in cement, fly ash and aluminum,
respectively. The hydration mechanism of cementitious material is known to be
triggered by the dominancy of CaO, and whereas, silica oxides is responsible for
pozzolanic reaction process in supplementary cementitious material. Also, having a
huge content of aluminum in the mixtures could slightly influence the tensile prop-
erties of the concrete. Following the pozzolanicity assessment procedures for fly ash
based on ASTM C618 [30] technique, in that, compositional summation of silica
(SiO2), aluminate (Al2O3) and ferrite (Fe2O3) should not be less than 70 wt%, it is clear
from Fig. 2 that the fly ash used satisfies this condition.

The particle distribution for cement, fly ash and aluminum is shown in Fig. 3. A
more homogeneous gradation was exhibited by fly ash and aluminum powder, hav-
ing values oscillating from 1 to 17 lm, and highest peaks at 5 lm size. The OPC
shows a bimodal particle distribution, with one peak between 1 and 3 lm and sec-
ond at 4–8 lm.
Figure 4 shows the SEMmorphology of cement, ceramics, fly ash and aluminum
powder, which was determined using the secondary mode. The cement is com-
prised of angular crystalline particles (Fig. 4a). Ceramics exhibited more of spherical
particles (Fig. 4b), while fly ash (Fig. 4c) and aluminum (Fig. 4d) showmore of plate-
like elements.

2.1. Foamed concrete mixture proportions and preparation

The mixture design method adopted in this study was in alignment with stan-
dard specifications [31,32]. Overall, the criteria include the choice of aggregate for
foamed concrete, to ensure optimal passing ability, compressive strength, and
water/cement ratio.

Based on the mixture design and material proportioning, four selected mix-
tures, shown in Table 2, were studied. The mixtures were designed for an M30
grade of concrete, with water/binder ratio, (w/b), constantly at 0.4, and the slump
values ranging between 100 and 115 mm.

The mixing of concrete followed the criteria of ASTM C685, using a potable
water. The foaming agent used was aluminum powder. The workability of each
mixture was determined using slump, prior to concrete placement. In each batch,
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Fig. 3. Distribution of particles of cement, fly ash and aluminum powder.
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6 samples of 150 mm concrete cubes, and 2 numbers of 100 � 100 � 500 mm3

prisms were produced. Thus, there were overall 24 concrete cubes and 8 prisms
produced, which were cured in water for 3, 7, and 28 days, for compressive strength
and flexural strength determination at the stipulated regimes. The curing process
occurred at a room temperature of 20 ± 1 �C. The prisms were reinforced with
12 mm main bars and 6 mm stirrup bars.

2.2. Experimental programme

The concrete cubes strength was determined after curing had completed, using
an ELE compression machine of 2000 kN capacity. An average of 3 cube strength
was taken as the compressive strength for a mixture. For the prisms, flexural
strength was determined at 28 –day curing regime using a Universal Testing
machine. The ultimate failure load was used to determine the flexural strength of
Fig. 4. SEM micrographs (a) cement (b) cera
beam. The values were obtained via a load cell which was connected to load indi-
cator. Also, the deflection values were measured by the digital dial gauge having
a magnetic base. The hardened beam was marked 100 mm from both ends of beam
and centre of beam was marked for fixing the centre point load, where the failure
load in the reinforced beam was measured.

The flexural strength of beam was determined using the expression:

Flexural strength;
Fct ¼ P � L

BD2

where Fct = Flexural strength of beam specimens, P = ultimate load applied to beam
(kN), L = clear length of beam between supports (mm), B = width of the specimen
(mm), D = depth of beam (mm)

Concrete crumbs, taken at the centre of the cubes during 28-day compression
tests, were used for the microstructural analysis. In this wise, the chemistry of
the strength development can be understood. SEM micrograph of selected mixtures
were obtained in the secondary electron mode, after the samples were prepared for
SEM analysis following the procedures in [33]. The early age mechanism of hydra-
tion in blended ceramic – cement paste has been studied [15]. The structural devel-
opment commenced from hexagonal Portlandite crystals that were linked by
ettringite at one day, to calcium silicate hydrate (CSH) and unhydrated alite and
belite grains at 7 days.

This study also determined the mineralogy of selected mixtures using X-ray
diffractometer. The mineral peaks resulting from the hydration of the concrete were
identified. Lastly, Thermogravimetric analysis (TGA)was performed on the hardened
samples, taken from the crushed concrete cubes. This was used to determine the
quantity of Portlandite Ca(OH)2 formed in the matrix. The test was performed using
a Q600 thermogravimetric and differential scanning calorimeter analyser (Fig. 5).

The mortar fragments taken were pulverised and passed through the 75-mm
sieve. The analyser was set to heat up the sample up to a final temperature of
600 �C at a rate of 30 �C per minute up to 300 �C and 20 �C per minute thereafter.
This test was performed in a nitrogen atmosphere with a purge rate of 20 mL/min-
ute, so as to cut off the effects of degradation and avoid any misleading oxidation
reactions from affecting the data.

The test temperature is adequate, owing to the fact that the dehydroxylation of
calcium hydroxide occurs at temperature between 420 and 550 �C [34]. Therefore,
the maximum peak occurring at this temperature range represents weight loss
caused by the dehyroxylation of Ca(OH)2. Thus, the percent dehydroxylation of
CH (calcium hydroxide) was calculated using Eq. (1) [35]:
mics (c) fly ash (d) aluminum powder.



Table 2
Foamed concrete materials mixture proportion.

Mixture
ID

Cement
(kg/m3)

Fly ash
(kg/m3)

River sand
(kg/m3)

Pulverized ceramics
(kg/m3)

Water
(Litre)

Aluminum powder
(kg/m3)

Superplasticizer
(kg/m3)

FC0 374 45 1881 0 165 0 0
FC1 374 45 1881 0 165 1.5 1.87
FC3 374 45 941 941 165 1.5 1.87
FC4 374 45 0 1881 165 1.5 1.87

Fig. 5. SDT Q600 Thermogravimetric Analyzer (TGA) and Differential Scanning Calorimeter (DSC).
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CH%de� hydroxylation ¼ 74
18

where 74 and 18 are the molecular weights of CH and H2O respectively, and
A is the area under the derivative weight loss curve which corresponds to the

total mass lost due to the dehydroxylation of CH.
113

111

109

FC0 FC1 FC3 FC4
100

105

110

115

Sl
um

p 
(m

m
)

Mix ID

Fig. 6. Slump of tested foamed concrete mixtures.
3. Results and discussions

3.1. Workability

The slump values for the mixtures is presented in Fig. 6. Higher
slump values were obtained for mixtures FCO and FC1 (containing
river sand) than other mixtures FC3 and FC4, having ceramics.
From this result, there is tendency that part of the water meant
for ensuring flowability of the mixture was retained by ceramics,
owing to its high water absorption capacity. However, the entire
mixtures fulfilled the workability deign for this study.

3.2. Strength development

Fig. 7 presents the compressive strength of the concrete mix-
tures, as obtained after 7 and 28 days curing regimes. It was evi-
dent that rapid development in strength occurred between the
initial and final testing period, at about 46% increment rate for
all mixtures. The compressive strength generally increased with
increasing curing regime, which is owing to hydration phe-
nomenon and structural transformation in the matrix. As shown,
sample containing 100% ceramics as fine aggregate (FC4), devel-
oped strength in close range with the river sand based mixture
(FC0). Ceramics can therefore be said to have enhanced the ductil-
ity and compactness of the concrete. Also, because ceramics have
high silicate and alumina contents, it might also exhibit some
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pozzolanic properties in the mixture. Thus, there is possibility of
the high alkali in the pore solution to activate the silicate and alu-
mina ions in the ceramic thereby contributing to the strength. The
Fig. 9. Morphology of selected foamed
effect of aluminum powder was not significant in the mixtures.
However, fly ash is certainly responsible for the pozzolanic reac-
tion and filler effect, within all the tested samples. Moreover, the
water-binder ratio of 0.4 utilized helped to reduce the porosity of
the mixtures. Although, porosity might also be diminished by the
formation of CSH in the free pores of the concrete matrix (space
initial occupied of water) [36]. The result of the flexural strength,
presented along with the 28-day compressive strength is shown
in Fig. 8. The data clearly revealed a similar trend between the
two strength values. FC0 and FC4 mixtures are somewhat closely
linked.

3.3. Microscale analysis results

The SEM morphology of selected mixtures (FC0 and FC4) that
produced higher strength values are presented in Fig. 9. After 28
– days of hydration, there could be seen in FC0 mixtures
(Fig. 9a), ettringite networks surrounded by densified calcium sili-
cate hydrate (CSH). Some unhydrated minerals are also appearing
in the micrograph. For FC4 (Fig. 9b), a very large and plate-like
Portlandite minerals, which also appeared layered could be seen.
The surface profile of the two mixtures is shown in Fig. 10. A rough
surface was observed in FC0 mixture (Fig. 10a), which is a direct
implication of ettringite links and disjointed particles. On the other
hand, a fairly smooth surface was seen in the FC4 mixture
(Fig. 10b), which is obviously due to the layered spots filled by
Portlandite.

A TA universal analysis 2000 software was utilized for analyz-
ing weight loss-temperature change data, gotten from the ther-
mogravimetric inbuilt software. The result of the TGA analysis
for the control concrete and a sample of foamed concrete contain-
ing pulverized ceramic particles are shown in Figs. 13 and 14,
respectively. The clear peaks that occur at 25 and 123.3 oC on
the graphs represent dehydration of matrix pore water [37]. How-
ever, the emphasis is made on the third peak at 420–550 �C,
which represent the dehydroxylation of CH [34].

For the FC0 and FC4 mixture, 432.44 �C and 426.76 �C, respec-
tively, were the peaks corresponding to the CH dehydroxylation
(Figs. 13 and 14). Thus, 1.47%/min and 1.333%/min were their
resulting weight losses.

Thus, mixtures FC0 and FC4 produced 6.08% and 5.48% (using
equation 1) CH dehydroxylation, respectively. A lower amount of
CH dehydroxylation for FC4 mixture is attributable to a fairly com-
plete hydration process. Moreover, the demonstrated the develop-
ment of CSH gels, as evidently proven by the slightly higher
strength in FC4 mixture.
concrete mixtures (a) FC0 (b) FC4.



Fig. 10. Surface topography of the selected foamed concrete mixtures (a) FC0 (b) FC4 Figs. 11 and 12, respectively. Quartz can be seen on these XRD spectrums as dominant
mineral peak in the concrete, however, the detected pure quartz was not a representation of a hydration product, but it could be as a result of the presence of SiO2 in the sand
and ceramic particles. It can be deduced from the XRD data that there was a prolonged hydration in the FC4 foamed concrete containing pulverize ceramics. Hence, this
further corroborates the mechanical strength performance of the concrete samples.

Fig. 11. XRD spectra, showing the mineralogy of FC0 mixture.
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Fig. 12. Mineralogy of foamed concrete containing pulverized ceramic (FC4).

Fig. 13. Combined weight loss and derivative weight loss for FC0 mixture.
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4. Conclusion

This study investigates the microstructure, mineralogy, phase
change and strength properties of foamed concrete incorporating
fly ash and pulverized ceramic particles. The conclusions drawn
from the study are as follow;
i. the workability (slump value) of mixtures containing ceram-
ics particles were lesser than that of the river sand based
mixtures. Thus, the study showed that higher water absorp-
tion capacity of ceramics was responsible for low slump, as
part of the mixing water has been trapped-in ceramics
aggregates.



Fig. 14. Combined weight loss and derivative weight loss for foamed concrete containing ceramic particles (FC4 mixture).
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ii. the study has revealed that a 100% aggregate comprising of
pulverized ceramics as foamed concrete aggregate could
produce strength somewhat close to that of the conventional
mixture. It was deduced, based on assessment of SEMmicro-
graphs, that aggregate parking, and filler effect of fly ash
enhanced the mechanism of hydration and compactness of
the matrix microstructure. In addition, the 100% ceramics
based concrete showed a smoother contour topography,
which was an evidence that plate-like Portlandite layers
were developed.

iii. Based on the mineralogy and phase change assessment, it
was clearly shown that there was agreement between both
XRD and TGA outputs for each of 100% river sand, and
100% ceramics based foamed concrete. There was an indica-
tion that the 100% ceramics based concrete demonstrated
fairly complete hydration than the 100% river sand based
concrete. This assertion was backed by the fact that there
was a lower amount of Ca(OH)2 dehydroxylated between
420 and 550 �C burner temperature.

Overall, the study has demonstrated the possibility of incorpo-
rating ceramics along with mineral admixtures such as fly ash and
aluminum powder for production of foamed concrete. In essence, it
has been shown that ceramics exhibits adequate packing in the
tested mixtures, which is good for ensuring compactness of a
cementitious mixture.
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