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Abstract: This research aims to combine the effects of nanosilica and glass powder on the properties
of self-compacting mortar at normal and at higher temperatures. The fine aggregate was replaced by
waste glass powder at various percentage levels of 10%, 20%, 30%, 40% and 50%. The mechanical
properties of self-compacting glass mortar (SGCM) were studied at elevated temperatures of 200,
400, 600 and 800 ◦ C. Furthermore the effect of sudden and gradual cooling technique on the residual
strength of glass mortar was also investigated In order to enhance the behavior of SCGM the nanosilica
of 3% by weight of cement was added. From the results it was obtained that the glass powder
replacement effectively contributed towards the thermal performance while the addition of nanosilica
enhanced the mechanical performance. The enhanced physical properties were obtained mainly at
the glass transition temperature thus showing the active participation of glass powders during high
temperatures. Moreover the gradually cooled specimens exhibited improved strength characteristics
than the suddenly cooled specimens.
Keywords: Self compacting mortar; sand replacement; waste glass powder nanosilica;
elevated temperature

1. Introduction
Today’s world is moving towards the phase of sustainable construction. The attempts to utilize
the waste materials in construction are being extensively carried out not only from the economic point
of view but also from the social and ecological view [1]. Waste glass is being generated in millions of
tons every year thereby causing a serious environmental threat due to their bio-degradable nature [2].
The chemical composition of the glass powder offers several advantages by improving the properties
of the concrete when used as a supplementary cementitious material [3]. Waste glass powder is not
an unconventional material to concrete construction. Several studies have also shown that the partial
replacement of fine aggregate by glass powder proves to be an economical and feasible solution for the
production of concrete and mortars due to the high environmental impacts associated the aggregate
extraction [4–6]. Glass powders as replacements for binder has also revealed that glass powders can
effectively function as a pozzolanic material and can be used in combination with nanomaterials to
provide enhanced properties [7]. However the strength of the mortar and concrete was found to
decrease due to the incorporation of glass powder [8,9]. Studies also showed improved workability
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due to glass powder substitution [10–12] whereas the workability was also found to decrease with
increasing glass powder proportion in the concrete [13]. The improvement in the workability was
attributed due to the surface glassy texture and the hydrophobic tendency of the glass powders
whereas the reduction in the workability may be due to the angular surface and high specific surface
area of the glass powders.
Though concrete structures are highly resistant to temperatures they suffer from a serious threat
due to fire [14,15]. The concrete structures when exposed to fire suffer from severe degradation
in its strength parameters [16] and it undergoes explosive spalling and disruption causing severe
damage to life and property [17]. Hence the study of physical transformations in the concrete
after being exposed to higher temperatures becomes important. Self-compacting concrete usage
has increased multifold in the past few decades due to its higher strength variations than conventional
concrete [18]. Recent decades focused on the temperature studies on self-compacting concrete [19–22]
and mortar due to the significance of mortar properties of self-compacting concrete since it contains
less aggregate [23,24].
Nano-technology is also emerging as a popular field in the construction industry [25] and has
been found to increase the strength of concrete [26] and cement mortars [27,28]. Nano materials have
created a profound impact on the concrete production due to the novel physical effects caused on the
properties of concrete [29]. The supplementary cementitious materials have been found to increase the
fire resistant property of concrete [30] and showed significant effects when used in combination with
nanomaterials [31,32]. The nanomaterials are a significant hydrating agent and an active by filling the
thereby forming compact microstructure [33]. The inclusion of nanomaterials can reduce the porosity
of concrete which is a crucial parameter that affects strength of concrete by keeping the moisture intact
and thus maintaining the concrete structure and integrity after exposure to high temperatures [34].
Nano-silica has been found to be an effective replacement of cement products and have also exhibited
positive results [35]. These strength variations due to nanomaterials are mainly imparted due to the
filler effect of these nanoparticles and they also increase the rate of hydration [26]. Even the micro
scale additions of nanosilica have found to increase the mechanical and physiological characteristics of
cement mortar and concrete as obtained from previous literatures [27].
Numerous research works have already been done by the replacements of waste glass powder and
also as partial substitutes for fine aggregates in normal and self-compacting concrete at normal [1–9]
and higher temperatures [10,11]. This research work mainly aims at utilization of waste glass powder
in self compacting mortar with the combined effect of Nano-silica as partial replacement for cement.
Despite several studies on glass powder concrete no study has been attempted to characterize the
temperature effect on glass powder self-compacting glass mortar. The effect of adding nanomaterials
on the self-compacting glass mortars have also not been studied so far.
The effect of elevated temperatures by using recycled glass powder on the self-compacting
concrete was already done by Poon et.al [36]. This research work was also conducted similarly but the
mortar properties were discussed briefly as well as the effect of nanosilica in modifying the properties
of self-compacting glass mortar was investigated. Furthermore the types of cooling technique on the
mechanical strength of the SCGM were also examined.
2. Materials and Proportioning
2.1. Cement
Ordinary Portland cement of grade 43 conforming to BS EN197-1 [37] is used. The brand name is
Coromandel Cements. Tests were carried out on various physical properties of cement and the results
are shown in Table 1.
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Table 1. Properties of Cement.
Grade

OPC-43 Grade

Consistency

30%

Initial Setting Time

39 min

Final Setting Time

220 min

Fineness

5%
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2.3. Nano Silica
2.3. Nano Silica
Nano silica was added 3% by weight of the cement for all the self-compacting mortar mixes.
Nano silica was added 3% by weight of the cement for all the self-compacting mortar mixes.
This range was chosen as established in previous works that at this level the properties of cement was
This range was chosen as established in previous works that at this level the properties of cement
very much enhanced [26].
was very much enhanced. [26]
2.4. Fine Aggregate
2.4. Fine Aggregate
Natural river sand was used as fine aggregate confirming to EN 12620-2002 [38]. The results
Natural river sand was used as fine aggregate confirming to EN 12620-2002 [38]. The results
obtained from sieve analysis indicate that the sand conforms to Zone III and the particle size
obtained from sieve analysis indicate that the sand conforms to Zone III and the particle size
distribution graph of the fine aggregates used is shown in Figure 2. The fineness modulus of sand was
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2.49. The specific gravity was 2.58.
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2.5. Super Plasticizer
2.5. Super Plasticizer
Super plasticizer which is a naphthalene based under the trade name of Enfiiq
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The self-compacting mortar was prepared by CEM method [39] as followed in several other
previous works [40,41]. The water to cement ratio was maintained constant as 0.4. The superplasticizer
dosage was also kept constant to determine the effect of glass powder on the workability of each mix.
The proportion of the self-compacting mortar is shown in Table 3.
Table 3. Mortar mix proportion.
Constituent
Cement

SCM

(kg/m3 )

700

Sand

(kg/m3 )

1372.4

Water

(kg/m3 )

276

Superplasticizer (SP)

(kg/m3 )

W/B (water/binder)

10.6
0.4

The self-compacting glass mortar was then prepared by substituting the sand by glass powder at
various dosages (10, 20, 30, 40 and 50%) by the weight of fine aggregate. Nano silica was added 3% by
weight of the cement in the glass powder replaced mixes.
3. Methodology
3.1. Tests for SCGM in Fresh State
The fluidity of the SCGM was evaluated using the mini-cone test and the V funnel flow time test
immediately within 5 min mixing of the mortar as shown in Figure 3.
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The fluidity of the SCGM was evaluated using the mini-cone test and the V funnel flow time
test immediately within 5 minutes mixing of the mortar as shown in Figure 3.

Figure
3. Fresh state behavior of the SCGM. (a) Mini slump cone test; (b) Mini V funnel test.
Figure 3.Fresh state behavior of the SCGM. (a) Mini slump cone test; (b) Mini V funnel test.

3.2. Casting and Curing
3.2.Casting and Curing
The self-compacting mortars after conducting the fresh state tests were then cast into cubic
The self-compacting mortars after conducting the fresh state tests were then cast into cubic 3
specimens of size 50 × 50 ×50 mm3 3 and for compression testing and prisms of size 160 × 40 × 40 mm
specimens of size 50 × 50 ×50 mm and for compression testing and prisms of size 160 × 40 × 40 mm3
for
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heating rate of 20 ◦ C per minute. The heating of the specimens were done at a range of 200 ◦ C to
800 ◦ C in increments of 200 ◦ C. The inbuilt thermostat in the muffle furnace automatically regulates the
temperature and rate of heating of the specimens. After the oven has reached the target temperature
the specimens were left to remain in the oven for about 1 hour and so that the specimens may undergo
stabilized heating throughout their cross section The heated samples were then subjected to two types
of cooling regimes in which a part of the specimens were cooled in air and the other part were suddenly
cooled by immersing in water. For each test three specimens were casted and the results were reported
as the average of the three specimens. The produced self-compacting glass mortar specimens are
shown in Figure 4 and the heating and cooling regimes for air and water cooling adopted in the present
study are shown in Figure 5.

temperature the specimens were left to remain in the oven for about 1 hour and so that the
specimens may undergo stabilized heating throughout their cross section The heated samples were
then subjected to two types of cooling regimes in which a part of the specimens were cooled in air
and the other part were suddenly cooled by immersing in water. For each test three specimens were
casted and the results were reported as the average of the three specimens. The produced
self-compacting
glass mortar specimens are shown in Figure 4 and the heating and cooling regimes
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Figure 5. Heating and cooling regimes for Air and water cooling.
Figure 5.Heating and cooling regimes for Air and water cooling.

3.4. Bulk Density
The bulk densities of self-compacting mortar with and without the glass powder replacements
were determined after 28 days water curing of the samples. The variation of the bulk density was
determined for all mortars with and without the partial replacement of sand by glass powder after
subjected to various elevated temperatures of 200 °C, 400 °C, 600 °C and 800 °C.
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3.4. Bulk Density
The bulk densities of self-compacting mortar with and without the glass powder replacements
were determined after 28 days water curing of the samples. The variation of the bulk density was
determined for all mortars with and without the partial replacement of sand by glass powder after
subjected to various elevated temperatures of 200 ◦ C, 400 ◦ C, 600 ◦ C and 800 ◦ C.
3.5. Porosity
The porosity was also determined knowing the saturated mass of the samples and mass of cubic
samples which were oven dried. The dried mass was obtained after drying saturated samples in an
oven at 60 ◦ C until the specimens achieved constant weight. The apparent volumes of the samples
were determined using pycnometric method.
Porosity (%) =

(Void volume occupied by water)
× 100
(Apparent volume of the specimen)

(1)

3.6. Cube Compression Test
The cube compression tests were conducted as per EN 1015 -11: 1999 [42] in which the water
cured samples after 7, 14 and 28 days were tested 400 ton capacity compression testing machine.
The compressive strength tests were also done on the specimens after subjecting to the elevated
temperatures. The water cooled and the air cooled specimens were tested after respective cooling
periods. The load was applied uniformly until the specimens were failed to sustain further loading.
The compressive strength was calculated from the relation

Compressive strength

N
mm2



=

(Maximum load at failure)
(Cross sectional area)

(2)

3.7. Flexural Strength
The flexural strengths were done on the prisms of size 160 × 40 × 40 mm3 according to ASTM
standards C 348-14 [43]. The flexural strengths were done after 28 days of curing for both the
glass replaced and unmodified self-compacting mortar. The effect of elevated temperatures on the
flexural strength were also done on the specimens after subjected to various heating regimes and
cooling methods like rapid cooling by water and gradual cooling by air until the room temperature
was reached.
3.8. Mass Loss
The mass losses of the specimens after exposure to various temperatures were measure accurately
using a weighing balance. The mass loss was recorded as a percentage of initial mass of the specimen
before exposure to temperature. The porosity studies indicate that the porosity values decreased for
the specimen with the glass powder replacement. However the porosity values were increasing for the
specimens prepared with glass powder with smaller proportions. This may be due to the fact that the
lesser cement glass powder caused a perfect bending of the cement and glass powders whereas the
mortars with the greater glass powder proportion caused a negative influence on the porosity values
as shown in Figure 5. Moreover the porosity studies were done only to evaluate the pores in between
the cement and glass powders and hence is only a measure of open porosity.
4. Results and Discussion
4.1. Fresh State Properties
Figure 6 shows the fresh state properties of self-compacting glass mortar modified using nanosilica
plotted as a function of replacement levels of glass powder. The observed results were simply to

porosity.
4. Results and Discussion
4.1. Fresh State Properties
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Figure 6 shows the fresh state properties of self-compacting glass mortar modified using
nanosilica plotted as a function of replacement levels of glass powder. The observed results were
confirm the workability parameters with reference to the unmodified mix. The self-compatibility of
simply to confirm the workability parameters with reference to the unmodified mix. The
the mixes increased with increase in the glass powder content. However the observed values showed
self-compatibility of the mixes increased with increase in the glass powder content. However the
minor decrease in the flow values due to the incorporation of the nanosilica particles in the glass
observed values showed minor decrease in the flow values due to the incorporation of the nanosilica
powder mixes. It has been previously established in other research works that addition of nanosilica
particles in the glass powder mixes. It has been previously established in other research works that
causes decrease in the spread and flowability of self-compacting mortar mixes [26]. This can be justified
addition of nanosilica causes decrease in the spread and flowability of self-compacting mortar mixes
by the fact that nanosilica demands more water and thereby reduces the free water availability causing
[26]. This can be justified by the fact that nanosilica demands more water and thereby reduces the
dense structure [32].
free water availability causing dense structure [32].

Figure 6. Fresh state results of self-compacting glass mortar.
Figure 6.Fresh state results of self-compacting glass mortar.

However the decrease in flowability caused by the addition of nanosilica was nullified by the
However the decrease in flowability caused by the addition of nanosilica was nullified by the
increasing glass powder content due to the weak inter molecular cohesive force between finer glass
increasing glass powder content due to the weak inter molecular cohesive force between finer glass
particles and due to their smooth surface texture [5]. Furthermore the fresh state results as examined
particles and due to their smooth surface texture [5]. Furthermore the fresh state results as examined
through visual observations as shown in Figure clearly indicated that the segregation and bleeding
through visual observations as shown in Figure clearly indicated that the segregation and bleeding
in the mixes at higher levels of glass powder replacement was very much reduced due to the effect
in the mixes at higher levels of glass powder replacement was very much reduced due to the effect of
of nanosilica. These results proved the beneficial effects of nanosilica in arresting segregation and
nanosilica. These results proved the beneficial effects of nanosilica in arresting segregation and
bleeding that were the major drawbacks observed at 40 and 50% replacement of glass powder as
bleeding that were the major drawbacks observed at 40 and 50% replacement of glass powder as
reported by Ali et al. [4]
reported by Ali et. al. [4]
4.2. Bulk Density
4.2. Bulk Density
The density of the self-compacting glass mortars decreased with increased glass content as shown
in Figure 7. This relative decrease in the density was due to the lower density of the glass powder
than the fine aggregate (sand). Furthermore the increasing temperature caused lower density of the
samples and the density variation was pronounced at the temperature above 400 ◦ C. These density
variations at higher temperatures above 600 ◦ C were almost similar for all the samples irrespective of
the content of the glass powder.

The density of the self-compacting glass mortars decreased with increased glass content as
shown in Figure 7. This relative decrease in the density was due to the lower density of the glass
powder than the fine aggregate (sand). Furthermore the increasing temperature caused lower
density of the samples and the density variation was pronounced at the temperature above 400°C.
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2019, 12,variations
437
9 of 15
These
density
at higher temperatures above 600 °C were almost similar for all the samples
irrespective of the content of the glass powder.

Figure 7. Density variations of SCGM at various temperatures.
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4.4. Compressive and Flexural Strength
Compressive strength results of all mortar samples that were prepared by the partial
replacement of fine aggregates by the glass powder are shown in Figure 9. These results were in
accordance with the previously published literature [16]. However the strength values obtained
were higher than the other research works for the same percentage of glass powder content. This
strength increase proved the filler effect of nanosilica that filled the voids created between the glass
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Figure 8.Porosity percentages of the SCGM at various temperatures.

4.4. Compressive and Flexural Strength
4.4. Compressive and Flexural Strength
Compressive strength results of all mortar samples that were prepared by the partial replacement
Compressive strength results of all mortar samples that were prepared by the partial
of fine aggregates by the glass powder are shown in Figure 9. These results were in accordance with the
replacement of fine aggregates by the glass powder are shown in Figure 9. These results were in
previously published literature [16]. However the strength values obtained were higher than the other
accordance with the previously published literature [16]. However the strength values obtained
research works for the same percentage of glass powder content. This strength increase proved the
were higher than the other research works for the same percentage of glass powder content. This
filler effect of nanosilica that filled the voids created between the glass powder and the fine aggregate
strength increase proved the filler effect of nanosilica that filled the voids created between the glass
(sand). Thus the increase in the compressive strength values was obtained at each mix proportion than
powder and the fine aggregate (sand). Thus the increase in the compressive strength values was
those values obtained by the other research works [12].
obtained at each mix proportion than those values obtained by the other research works. [12]
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Figure 10. Compressive strength of SCGM at high temperature subjected to air and water cooling.
Figure 10. Compressive strength of SCGM at high temperature subjected to air and water cooling.

The residual compressive strength of the self-compacting glass mortar specimens after heated
to 200 °C were higher than the reference specimens for all concentration of glass powder. This
observed increase in strength variation at this temperature was due to the addition of nanosilica
which caused an increase in the compressive strength due to the hydration of unhydrated particles
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The compressive strength values at higher temperature are also shown in Figure 10. From the
obtained values it can be predicted that the glass powder substitution caused a positive effect on
the temperature resistance of self-compacting mortar. The strength variation with the increase in
temperature was higher for the glass powder replaced mortar than the reference mortar. The reduced
strength of the glass powder replaced mortar subjected to sudden cooling may be due to the thermal
shock caused in the glass powder that had undergone a transition from the glassy state to the rubber
like structure. Moreover the cement paste shrinks at high temperatures whereas the aggregate
phase expanded due to the temperature increase which caused the strength decrement. Though the
compressive strength value reached the lowest value at the attainment of 800 ºC the performance of
the glass powder self-compacting mortar exhibited better values than the traditional self-compacting
mortars. This may be due to the chemical composition of the glass powders which is composed of
amorphous silicon dioxide which is highly thermally stable.
The residual compressive strength of the self-compacting glass mortar specimens after heated to
◦
200 C were higher than the reference specimens for all concentration of glass powder. This observed
increase in strength variation at this temperature was due to the addition of nanosilica which caused an
increase in the compressive strength due to the hydration of unhydrated particles in the cement and due
to the improvised mechanical properties of calcium silicate hydrate gel. These increased compressive
strength results obtained at 25–200 ◦ C were contrary to the results obtained by Poon et al. [19].
This showed that nanosilica added self-compacting glass mortar exhibits higher thermal stability.
The air cooled specimens exhibited a little strength variation than the water cooled specimens and
this may be due to the gradual cooling of the specimens rather than the sudden cooling which may
have caused this strength variation. The relative residual compressive strength of gradually cooled
Materials
2019, 12, x FOR PEER
REVIEW
11 of 15
self-compactingglass
mortar
at high temperature was shown in Figure 11.

Figure11.
11.Relative
Relativeresidual
residualcompressive
compressive strength
strength of
of gradually
gradually cooled
cooled SCGM
SCGM at
at high
high temperature.
temperature.
Figure

The variation of flexural strength with various amounts of glass powder was shown in Figure 12.
The variation of flexural strength with various amounts of glass powder was shown in Figure
From the results it was proved that the flexural strength decreased with increase in percentage of glass
12. From the results it was proved that the flexural strength decreased with increase in percentage of
powder in self compacting mortar mixes. According to the results, the decrease in the flexural strength
glass powder in self compacting mortar mixes. According to the results, the decrease in the flexural
compared with the reference mix was 5.1%, 8%, 16%, 21%, 22.5% for 10%, 20%, 30%, 40% and 50%
strength compared with the reference mix was 5.1%, 8%, 16%, 21%, 22.5% for 10%, 20%, 30%, 40%
replacement levels respectively. These results were better than the results obtained by Ali et al. [5],
and 50% replacement levels respectively. These results were better than the results obtained by Ali
which clearly explained the favorable effects of nanosilica in neutralizing the negative effect of glass
et.al [5], which clearly explained the favorable effects of nanosilica in neutralizing the negative effect
powder on the flexural strength of glass mortar.
of glass powder on the flexural strength of glass mortar.

12. From the results it was proved that the flexural strength decreased with increase in percentage of
glass powder in self compacting mortar mixes. According to the results, the decrease in the flexural
strength compared with the reference mix was 5.1%, 8%, 16%, 21%, 22.5% for 10%, 20%, 30%, 40%
and 50% replacement levels respectively. These results were better than the results obtained by Ali
Materials
12, 437
of 15
et.al
[5],2019,
which
clearly explained the favorable effects of nanosilica in neutralizing the negative12
effect
of glass powder on the flexural strength of glass mortar.

Figure 12. Flexural strength values of SCGM at various percentages of glass powder.
Figure 12. Flexural strength values of SCGM at various percentages of glass powder.

The residual flexural strength of the self-compacting mortar with various percentage of glass
The residual flexural strength of the self-compacting
mortar with various percentage of glass
powder replacement after heating to four stages 200 ◦ C, 400 ◦ C, 600 ◦ C and 800 ◦ C were shown in
powder replacement after heating to four stages 200 °C, 400 °C, 600 °C and 800 °C were shown in
Figure 13. The flexural strength of the specimen decreased with the increase in temperature. However
Figure 13. The flexural strength of the specimen decreased with the increase in temperature.
the glass powder replacement caused a positive influence on the flexural strength at higher temperature,
However the glass powder replacement caused a positive influence on the flexural strength at
the strength reduction was linear for gradually cooled specimen in air. The water cooling caused
higher temperature, the strength reduction was linear for gradually cooled specimen in air. The
a sudden reduction in the temperature leading to decrease of flexural strength than the air cooled
water cooling caused a sudden reduction in the temperature leading to decrease of flexural strength
specimen. This may be realized that the negative influence on the flexural strength is due to the
than the air cooled specimen. This may be realized that the negative influence on the flexural
reduction in the moisture of the interstitial pore water that leads to the rapid disintegration. At 200 ◦ C
strength is due to the reduction in the moisture of the interstitial pore water that leads to the rapid
the residual strength of the self-compacting glass mortar specimen showed insignificant variation in
disintegration. At 200 °C the residual strength of the self-compacting glass mortar specimen showed
flexural performance than the unmodified self-compacting mortar. However the strength increased for
insignificant variation in ◦flexural performance
than the unmodified self-compacting mortar.
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The flexural strength decrease was almost similar to the earlier research works and proved that
nanosilica showed insignificant contribution to the self-compacting glass mortar at elevated
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However
nanosilica coupled glass powder replacement more or less balanced the negative influence caused by
glass powder on the compressive strength of self-compacting mortar.
The water absorption and porosity values shows glass powder has a positive effect on the
performance in self compacting mortar. Thus it can be concluded that the self-compacting glass mortar
can be applied in areas especially subjected to humid condition.
The temperature variations also concluded the fact that the glass powder though weak in
compression and normal temperature exhibited a greater positive effect when subjected to higher
temperature. Thus the incorporation of glass powder can be used to enhance the thermal properties of
self-compacting mortar.
The flexural strength results also showed that the flexural strengths do not increase due to glass
powder replacement but the temperature increase causes a little positive influence.
The final conclusion can also be drawn that the perfect replacement in self compacting mortar
for sand is glass powder when all the properties of fresh and hardened state were taken into account.
The observed disadvantages in the strengths due to the addition of glass powder were almost nullified
by the addition of 3% nanosilica. The air cooled specimen exhibits a greater performance than sudden
cooling by water. The further studies can be done to analyze the crystalline nature of the products
formed due to the glass powder substitution and temperature effects on the properties with the changes
in the microstructure. However these mechanical tests performed brings in the conclusion that glass
powder which is a waste product causing a great disposal problem can effectively be incorporated
into the construction industry especially to enhance the self-compacting nature of concrete and an
enhanced fire resistance property.
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