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Abstract 

The properties of mortars containing waste glass powder (WGP) as a cement substitute for sustainable construction 
at various high temperatures were investigated. For this purpose, specimens from four mixtures with WGP at various 
percentage levels of 0, 5, 10 and 15% were prepared and exposed to the specified temperatures. After that, the com-
pressive and flexural strength were determined at high temperatures. The mass loss was also measured by weighing 
the samples before and after exposing to the high temperatures. The microstructure of mortars was analyzed by pet-
rographic examination. Based on the obtained results, incorporation of WGP as partial replacement of cement could 
improve strength characteristics of the mortars at the elevated temperatures up to 17%. Also, the optimum ratio of 
cement replacement level was found to be 10%. In addition, the petrographic images of the mortars showed that at 
the same time with the strength loss of specimens, the red discoloration of WGP occurred that is attributed to the 
oxidation of iron compounds that starts at temperatures above 200 °C.
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1  Introduction
As is well known, concrete is one of the most consumed 
engineering material in the  construction industry such 
as buildings, bridges and dams. High concrete consump-
tion is due to its high strength, high  resistance  to fire, 
low cost and flexibility (Kodur 2014, Lee et  al. 2018). 
Besides these advantages, the use of concrete also causes 
environmental issues that need to be taken under con-
sideration. Manufacturing of concrete needs extensive 
natural resources and emits high volumes of carbon diox-
ide (CO2) into the atmosphere during cement production 
(Bui et al. 2018, Gartner and Hirao 2015).

Generally, substances such as glass that can be reused 
without changing or melting repeatedly, without 

significant alteration of its properties, have found a spe-
cial place in the recycling industry (Shayan and Xu 2004, 
Federico and Chidiac 2009). But in some countries, the 
use of non-recyclable glass waste is not possible on con-
dition that the recycling costs are expensive (Omran and 
Tagnit-Hamou 2016, Jin et  al. 2000). The environmen-
tal problems caused by disposal of unrecycled glass in 
landfills are very serious (Soliman and Tagnit-Hamou 
2016, Khan et  al. 2019, He et  al. 2019). In such cases, 
the researchers use the glass waste to make composite 
materials such as concrete (Shao et  al. 2000, Idir 2009). 
The waste glass be utilized as aggregate or cement substi-
tute in concrete (Aliabdo et al. 2016, Ammash et al. 2009, 
Tittarelli et  al. 2018, Sharifi et  al. 2016). The utilization 
of glass powder as a cement substitute could decrease 
cement consumption and greenhouse gas issues belong-
ing to the production of the global cement industry 
(Matte et al. 2000, Ramasamy 2011). On the other hand, 
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proper waste management is one of the most important 
environmental goals.

In addition to the environmental benefits, the applica-
tion of waste glass powder (WGP) in concrete improves 
its mechanical properties and resistance to chloride 
ions attack (Kumarappan 2013, Khatib 2012). Tang et al. 
(2019) investigated the sulfate attack resistance of con-
crete incorporating various industrial solid wastes and 
reported that replacing Portland cement by solid waste 
materials has a positive effect on the durability of con-
crete exposed to sodium sulfate solution and under the 
same replacement ratio, WGP appears to be the most 
effective in offsetting the destructive effect of sulfate 
attack on concrete. Generally, the adoption of WGP 
as cement substitute can improve the strength of the 
concrete due to the high pozzolanic activity and filling 
effect of WGP grains (Patel et  al. 2019, Ramdani et  al. 
2019). Shao et al. (Shao et al. 2000) studied the effect of 
adopting finely ground waste glass as cement substitute 
in concrete and reported that the strength of the speci-
men made with 30% glass powder with a 38-µm particle 
size was 8% higher than the control specimen. Shuhua 
et  al. (2015) analyzed the microstructure of cement 
pastes containing glass powder by replacing the cement 
up to 40% by weight. They reported that the strength of 
cement pastes containing glass powder was higher than 
that of control mortar and glass powder can control the 
ASR expansion of mortars. Tamanna et al. (2016) investi-
gated the pozzolanic reactions of glass powder in cement 
mortar. They reported that the pozzolanic reaction in 
the mortars made with glass powder causes formation 
of calcium silicate hydrate (C–S–H) and leads in an 
increase in the strength of the mortar. Patel et al. (2019) 
also proposed that would be effective to fill up the voids 
of hydrated cement matrix. Kumarappan (2013) investi-
gated the behavior of concrete made with glass powder as 
cement replacement up to 40% by weight. They reported 
that that the optimum strength obtained by applying 10% 
glass powder in concrete. Also, Vandhiyan et  al. (2013) 
studied the replacement of cement by glass powder at 
5%, 10% and 15% level of replacement. They reported 
that glass powder improves the mechanical properties of 
concrete. Also, the optimum amount of glass powder was 
found to be 10%.

Generally, in some cases, concrete may be exposed to 
higher temperatures than normal conditions (e.g., fire 
exposure, furnaces, etc.) (Naus 2006). Although attempts 
have been made to evaluate the effect of heat on mor-
tars containing glass powder, the microscopic examina-
tion of these mortars at high temperatures has not been 
done so far. The service life of concrete structures can be 
significantly shortened when concrete is exposed to high 
temperatures. At high temperatures, the cement paste 

tends to contract as a result of a moisture reduction, and 
on the other hand, it tends to expand due to increased 
temperature, while aggregates are continuously expand-
ing due to  temperature rise  within the structure. These 
contradictory behaviors lead to cracking in the concrete. 
Investigating and improving the strength of concrete is 
important in increasing the duration of fire resistance 
and increasing the load capacity before and after expo-
sure to fire. Pan et  al. (2017) studied the effect of high 
temperatures on mortars made with glass powders as a 
cement substitute. They reported that mortars containing 
glass powder allows the pozzolanic activity and increase 
the strength of mortars at elevated temperatures. They 
also demonstrates that the CO2 emissions and energy 
consumption of cement paste containing glass powder 
were 15% and 14% less than plain mortars, respectively. 
Salahuddin  et al. (2019) studied the effects of elevated 
temperature on performance of recycled coarse aggregate 
concrete and reported that incorporation of glass powder 
as binder increases the strength of recycled aggregate 
concrete. In another study, investigation established that 
application of WGP as fine aggregate improves the resid-
ual strength of self-compacting concrete at high tempera-
tures (Ling and Poon 2014).

In this paper, the effect of WGP as a cement substitute 
on the mechanical and microstructure characteristics of 
cement pastes at elevated temperatures was studied by 
using petrographical methods. In addition, the mechani-
cal properties, the mass loss performance of mortars 
containing WGP specimens after exposing to various 
high temperatures were investigated  in this study. The 
limitations of the study were that separating the glass 
from other contaminated materials such as foodstuffs 
and chemical residues and separating the glass into its 
various colors precluded efficient recycling of glass into 
new containers. Also, large glass particles are undesirable 
as a component in concrete, due to a well-known alkali–
silicate reaction (ASR) occurring between the silica of 
the glass and the alkali of other components of the con-
crete, which weakens the concrete (Louis P. Grasso 2008). 
Accordingly, it would be desirable if an efficient process 
for making high-quality, clean, dry powdered glass from 
post-consumer waste glass could be provided.

2 � Experimental Details
2.1 � Materials
In the present investigation, ordinary Portland cement 
Type II and WGP were employed for conducting studies. 
The chemical parameters of cement and WGP are pre-
sented in Table 1. In order to obtain WGP, group of glass 
cullet was crushed and heated to 710 °C. The Blain fine-
ness of WGP was 800 m2/kg and the particle size ranged 
from 50 to 75 µm. Sadiqul Islam et al. (Islam et al. 2017) 
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reported that in order to evaluate the pozzolanic effect 
more clearly, mortar strength tests should carried out by 
using superplasticizers. In addition, a polycarboxylate-
based superplasticizer with 40% solid content was used 
in this study.

2.2 � Mortar Preparation
In this study, four mortars with different levels of WGP 
replacement were prepared. The cement was replaced by 
WGP in three ratios of 5, 10 and 15% and designated as 
G5, G10 and G15, respectively. Similarly, another sam-
ple was made without the use of glass powder and was 
named G0. The mortars were prepared according to 
ASTM C305 (2014) and then cast into 50 × 50 × 50 mm 
and 40 × 40 × 160 molds for compressive and flexural 
strength test, respectively, and were left to set for 24  h 
at the room temperature. Then the specimens were 
demolded and cured by immersion in water before any 
kind of test was conducted. Table 2 indicates the mixture 
proportions for mortars.

2.3 � Testing Procedures
2.3.1 � Measurement at Elevated Temperatures
The 28 days cured specimens were allowed to dry under 
laboratory conditions and the mass of each specimen 
was measured. Also after exposure to the specified tem-
peratures, the samples were weighed and the mass loss of 
each specimen was measured. At the ages of 28 days, the 
compressive and flexural strength tests were performed 
according to the ASTM C109 (2016) and ASTM C348 
(2018), respectively. In order to measure the strength of 
the specimens at high temperatures, the specimens were 
first placed in an electric furnace. The heating rate of 
electric furnace was set to 5  °C/min to reach the speci-
fied temperature and exposed to the desired temperature 

for 2 h. Then the furnace is switched-off and the samples 
allowed to cool down for 24 h. The average of three tests 
was considered as the result of each experiment.

2.3.2 � Microstructure Analysis
Microstructure and microscopic analysis of mortar con-
taining WGP was performed by petrographic examina-
tion. The petrographic analysis involved production of 
thin sections according to the ASTM C856 (2018) stand-
ard to assist in identifying particular minerals or prod-
ucts of deterioration processes. For this purpose, the 
prepared sections of specimens containing WGP were 
analyzed under optical light microscope before and after 
exposure to high temperatures.

3 � Results and Discussion
3.1 � Compressive Strength
Figure 1 indicates the compressive strength results of the 
specimens before and after exposure to high temperature. 
As can be seen in this figure the compressive strength of 
specimens made with WGP at  room temperature  was 
higher than that of the control mortar. As for the case of 
23 °C, the compressive strength of G0 was 12, 15 and 10% 
lower than G5, G10 and G15, respectively. The pozzo-
lanic reactions of the glass powder particles with cement 
hydrates result in an increase in the strength of mortars. 
The pozzolanic reactions are straightly associated with 
fineness of the WGP.

By increasing the temperature up to 200  °C, an insig-
nificant growth in compressive strength of all speci-
mens was observed. This increase is primarily due to 
strong forces between gel particles caused by increasing 
temperature. Similarly, Behnood and Ziari (2008) investi-
gated the properties of high-strength concrete after expo-
sure to high temperatures and reported that the highest 

Table 1  Chemical properties of the cement and WGP.

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI

Cement 22 5 4.12 64 1.7 1.2 0.27 0.84 0.87

WGP 73 2 – 8 5 – 11 1 –

Table 2  Dry mix compositions of the mortars.

Mixes Cement (g) WGP (%) WGP (g) Sand (g) W/C Superplasticizer 
(%)

G0 500 0 0 1375 0.485 0.4

G5 475 5 25 1375 0.485 0.3

G10 450 10 50 1375 0.485 0.2

G15 425 15 75 1375 0.485 0.1
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strength was recorded at the temperature of 200 °C. From 
200 to 400 °C, severe strength losses occurred in all four 
samples, but the specimens made with WGP still had a 
higher compressive strength than plain mortars.

As the temperature increased up to 800 °C, the strength 
loss continued. At temperatures of 600 and 800  °C, the 
compressive strength of G0 was about 42 and 11% of 
its initial compressive strength at 23  °C. However, the 
compressive strength of G0 was lower than the other 
specimens at 600  °C. Meanwhile, the G10 specimen 
exhibited the highest compressive strength at tempera-
tures between 23 °C and 800 °C, compared to other sam-
ples. The compressive strength of G10 at temperatures of 
23, 200, 400, 600 and 800 °C were 15, 12, 11, 17 and 35% 
more than G0, respectively.

In accordance with observation, it was revealed that 
the mortars containing WGP exhibited a better compres-
sive performance at elevated temperatures, as compared 
to the normal mortar. It was also found that G10 has a 
better thermal resistance compared to mortars contain-
ing WGP. By increasing the content of WGP more than 
10% the compressive strength of the samples at various 
high temperatures decreases which could be due to less 
cement content and as a result less hydration products at 
15% level of replacement of WGP in comparison with the 
10% level of replacement (Pan et al. 2017).

Generally, the better fire performance of mortars 
containing WGP is related to the composition of more 
C–S–H due to the pozzolanic reaction of WGP particles. 

Besides, replacement of cement by WGP in the cement 
paste could reduce calcium  hydroxide  Ca(OH)2 content 
of the mortar. Consumption of Ca(OH)2 by the glass 
powder particles reactions leads to formation of stronger 
phases in the mortars containing WGP (Shao et al. 2000). 
Therefore, the samples containing WGP show superior 
compressive performance compared to the control mor-
tar at elevated temperature.

3.2 � Flexural Strength
Assessment  and detection of the flexural behavior of 
mortars containing WGP at high temperatures, espe-
cially for unreinforced pavement slabs, is very impor-
tant. The flexural strength results of specimens before 
and after exposure to high temperature are presented in 
Fig. 2. The flexural strength of mortars follows a similar 
pattern to the compressive strength of the samples from 
23 to 800 °C. As can be seen, at temperatures of 23 °C, the 
flexural strength of the sample made with 10% WGP was 
higher than the other specimens. The flexural strength of 
G10 at the temperature of 23  °C, was about 11, 10 and 
2% more than G0, G5 and G15, respectively. At 200  °C, 
a slight increase in the flexural strength of the samples 
observed. From 200 to 800 °C, the flexural strength of all 
samples was continuously reduced. The reduction of flex-
ural strength was significantly increased in the tempera-
ture range of 400 to 600 °C.

According to the obtained results, it was revealed 
that the flexural strength of mortars made with WGP 

23 °C 200 °C 400 °C 600 °C 800 °C
G0 34.1 36.75 25.8 14.4 3.9
G5 38.2 39.15 27.25 16 4.9
G10 39.55 41.3 28.8 16.95 5.3
G15 37.85 38.9 26.6 16.95 4.5
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Fig. 1  The compressive strengths results.
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was relatively higher than plain mortars. Similar to the 
compressive strength, replacing the cement up to 10% 
improves the flexural strength of samples made with 
WGP at high temperatures. Also, the higher amount of 
WGP reduces the residual flexural strength of mortars at 
elevated temperatures.

In this case, the  replacement percent-
age of cement by WGP played a noticeable role in influ-
encing the strength losses at high temperatures. As can 
be seen, in the low percentage of replacement of cement 
with WGP, the flexural strength at various temperatures 
is less than other samples, while samples with a higher 
replacement percentage of cement with WGP exhib-
ited higher flexural strength. This is probably due to the 
microfilling effect of the WGP that could improve the 
paste to aggregate bond in the WGP containing samples 
that result in greater strength of mortars in samples with 
higher amount of WGP. Also, the pozzolanic activity of 
the WGP contribute to more hydration products such 
as C–S–H which results in a stronger paste to aggregate 
bond in the mortars containing WGP (Ke et  al. 2018). 
Therefore, the mortars containing WGP exhibited a bet-
ter flexural performance than that of control mortar at 
elevated temperatures.

3.3 � Mass Loss
Investigation of mass changes in mortars is one of the 
important tests in the study of behavior of mortar at 
high temperatures. Figure  3 presents the mass loss of 

with various WGP replacement ratios of 0, 5, 10 and 
15% after temperature exposures at the specified tem-
peratures of 200, 400, 600 and 800 °C.

As can be seen, all samples showed a similar pat-
tern in mass loss. Generally, the mass changes in mor-
tars at high temperatures are associated with physical 
and chemical evaporation of water in samples. The 
chemical evaporation of water is attributed to the rup-
ture of hydrogen bonds in mortar. The basic strength 
of  C–S–H at high temperatures depends on  the sepa-
ration  of hydrogen. The hydrogen separation usually 
occurs at temperatures above 300  °C. The pozzolanic 
activity of the glass powder particles contribute to the 
formation of strong C–S–H bond (Vandhiyan 2013). 
Besides, glass powder particles can act as a filler in the 
paste. This causes denser microstructure in the mor-
tars containing glass powder and consequently less 
mass loss. Mortars with higher densities exhibit less 
mass loss at high temperatures compared to the other 
mortars. It is probably due to the fact that the pore-
water evaporation requires more energy in denser 
microstructures.

It can be also seen that mortars containing WGP exhib-
ited less mass loss than that of control mortar at vari-
ous temperatures. At the temperatures of 200, 400, 600 
and 800 °C, the mass loss of G0 were 25, 35, 27 and 20% 
more than G10, respectively. Therefore, application of 
WGP as a cement substitute could reduce the mass loss 
of mortar at high temperatures. Also, lower mass loss of 

23 °C 200 °C 400 °C 600 °C 800 °C
G0 7.3 7.35 4.29 1.12 0.44
G5 7.4 7.6 4.95 1.2 0.61
G10 8.16 8.3 5.14 1.61 0.65
G15 8 8.1 4.55 1.2 0.58

0
1
2
3
4
5
6
7
8
9

10
Fl

ex
ur

al
 st

re
ng

th
 (M

Pa
)

Fig. 2  The flexural strengths results.



Page 6 of 9Sedaghatdoost et al. Int J Concr Struct Mater            (2021) 15:1 

200 °C 400 °C 600 °C 800 °C
G0 -0.97 -3.69 -7.22 -12.07
G5 -1 -3.56 -7.18 -11.74
G10 -0.77 -2.72 -5.68 -9.98
G15 -0.61 -3.04 -6.64 -11.2
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Fig. 3  Mass loss results of the mortars.

Fig. 4  Petrographic images of mortars at 23 °C.
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samples containing WGP at high temperatures indicates 
a stronger C–S–H bond in the mortars containing WGP.

3.4 � Petrography
The microstructure of concrete after high temperature 
exposure determines its mechanical properties. For this 
purpose, it is important to investigate the microscopic 
properties of concrete after exposing to the elevated tem-
peratures (Li and Liu 2016). Figures 4 and 6 show the pet-
rographic images of mortars containing WGP specimens 
before and after being exposed to various high tempera-
tures. Figure 4  indicates the petrographic images of G5, 
G10 and G15 specimens at the temperature of 23 °C. As 
can be seen in the petrographic images, the glass powder 
proved by rounded or sub-rounded shape. As can be seen 
in the images, there are seen a similar pattern for glass 
powder. The colorful appearance pattern is interpreted as 
WGP on petrographic observations which could be due 
to the variety of components in the WGP component of 
WGP consisting of SiO2, Na2O, CaO, MgO, Al2O3 and 
K2O.

The petrographic images of the mortars with various 
WGP replacements after the exposure to the temperature 

of 400 °C are presented in Fig. 5. As can be seen, by rais-
ing the temperature over 400  °C, the G5, G10 and G15 
glass powder particles showed red discoloration. Also, 
the bottom right image shows the magnified WGP par-
ticle under the petrological microscope in thin section. 
Generally, the red discoloration commences at around at 
300 °C, but become more visible at 400 °C. The red dis-
coloration of glass powder is attributed to the oxidation 
of iron compounds that starts at 300 °C.

The petrography images of the G5, G10 and G15 after 
exposure to 600 °C are presented in Fig. 6. By increasing 
the temperature up to 600 °C, the color of glass powder 
particles changed to black due to heating. This could be 
an indication of the maximum reached temperature in 
the heating process of mortars containing WGP. This 
discoloration of WGP particles starts at around 300  °C 
and at the same time severe strength reduction occurs. 
In addition, as could be observed in Fig.  6, rising tem-
peratures result in the crack growth in the aggregate and 
causes reduction in strength.

Fig. 5  Petrographic images of mortars at 400 °C.
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4 � Conclusion
The application of waste glass powder (WGP) as a cement 
substitute in mortars exposed to elevated temperatures 
was proposed in this study. Experiments were conducted 
to study the mechanical and microstructural properties 
of these mortars. Based on the obtained results, the fol-
lowing conclusions can be drawn:

1.	 Incorporation of WGP as partial replacement of 
cement could improve the strength of mortars at 
elevated temperatures. The compressive strengths of 
G10 at temperatures of 23, 200, 400, 600 and 800 °C 
were 15, 12, 11, 17 and 35% more than G0, respec-
tively.

2.	 Utilizing WGP in the cement mortars increases its 
flexural strength at all temperatures. Replacement 
of cement by WGP in the proportion of 10% at the 
specified temperatures of 23 to 800 °C increased the 
flexural strength of the mortars containing WGP by 
11, 12, 19, 40 and 47%.

3.	 Based on the mass loss results, mortars containing 
WGP exhibited less mass loss than that of control 
mortar at various high temperatures. This is due to 
the filling role of the WGP, which results in a higher 
density of the samples containing the WGP.

4.	 The petrographic analysis indicated that the WGP 
proved by rounded shape. It is also seen that as a 
result of heating the glass powder showed red discol-
oration at 300 °C and then the color of glass powder 
particles changed to black at around 600 °C.

5.	 The petrographic images of the mortars containing 
WGP indicated that the red discoloration of glass 
powder is attributed to the oxidation of iron com-
pounds and coincides with the severe strength loss of 
specimens at elevated temperatures.

6.	 The optimum percentage of replacement of cement 
with WGP at ambient and high temperatures was 
found to be 10%.

Fig. 6  Discoloration of WGP particles at 600 °C.
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