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Abstract
The recent globalisation trend and infrastructure development have resulted in large-scale constructions leading to the genera-
tion of huge amounts of waste. The resource materials and the construction waste, if judiciously used, can be a step forward 
in sustainable development. Glass waste is one such product generated all over the world that can prove to be a feasible and 
environment-friendly solution by incorporating it into concrete. The current study aims to establish an optimum replacement 
quantity for fine aggregates with waste Glass Powder (WGP). The slag replaced fine aggregates by volume at 5, 10 and 15% 
to prepare WGP-concrete. Concrete samples cured for 28 days’ strength were initially heated to temperatures of 300 °C, 
500 °C, and 800 °C at the rate of 10 °C/min. The heated WGP-concrete specimens are air-cooled to ambient temperature and 
tested for their residual compressive strength. Subsequently, the samples are tested to evaluate the apparent change in weight, 
dynamic elasticity modulus, compressive strength, split-tensile strength, flexural strength and relevant non-destructive test 
parameters. Scanning Electron Microscope imaging for both control and heat-treated specimens was conducted to study their 
microstructure. The results indicate an increase in compressive strength, flexural strength and split tensile strength initially up 
to 300 °C. However, these properties tend to decrease at higher temperatures. Heating up to 600 °C leads to minor changes 
in the compressive strength values for the control mix, and 5% and 10% WGP-replaced concrete; however, a strength drop of 
29% is obtained for 15% WGP-replaced concrete. Thus, the use of the appropriate amount of WGP in concrete considering 
high-temperature effects can help in the sustainable construction of Reinforced Concrete structures.

Keywords Waste glass powder (WGP) · Elevated temperature · Non-destructive testing (NDT) · Mechanical properties · 
Concrete microstructure · SEM

1 Introduction

Concrete and supplementary cementitious materials have 
become suitable building materials that have changed 
and revolutionised the construction industry. Concrete is 
a widely used construction material for various structures 
due to its structural stability and strength. Recently, the 
study of damage in reinforced concrete structures due to 
fire hazards has gained importance as a major area of study. 

The degradation in the compressive strength of concrete has 
been studied for a long time (Malhotra 1956; Abrams 1971; 
Khoury 1992; Phan 1996; Peng 2000; Phan and Carino 
2002; Poon et al. 2004; Ghandehari et al. 2010; Demirel and 
Kelestemur 2010; Martins et al 2016; Babalola et al. 2021). 
In terms of structural performance, in the event of a fire out-
break, concrete structures usually perform well due to their 
low thermal conductivity. At elevated temperatures, the loss 
of compressive strength of concrete depends on many inter-
nal and external factors, such as properties of the constitu-
ents of concrete, grade of concrete, aggregate types (Abrams 
1971; Phan 1996), and mineral admixtures (Poon et al. 2004; 
Ghandehari et al. 2010; Demirel and Kelestemur 2010; Mar-
tins et al 2016; Babalola et al. 2021). Aggregate occupies a 
significant fraction of concrete composing approximately 
65–75% of the total volume of concrete (Sudarshan and 
Vyas 2019). Usually, normal-weight siliceous and carbonate 
aggregates are used for large concreting work. This type of 
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aggregate can have a significant influence on the mechanical 
properties of concrete at elevated temperatures (Malhotra 
1956; Abrams 1971; Phan and Carino 2002; Felicetti and 
Gambarova 1998; Tufail et al. 2017; Pancar and Akpınar 
2016). The dominant effect of elevated temperatures can 
be seen in the physical and chemical changes that occur 
in aggregates due to the different mineral compositions 
(Abdelmelek et al. 2021). Experimental results (Phan 1996; 
Hertz 2005; Arioz 2009; Fletcher et al. 2007) show that the 
concrete specimens made of siliceous aggregate had more 
strength loss than carbonate aggregates. On the contrary, a 
few studies show that concrete made of carbonate aggregate 
provides higher fire resistance and better spalling resistance 
than siliceous aggregates (Felicetti and Gambarova 1998; 
Fletcher et al. 2007; Kodur and Dwaikat 2008). Nonetheless, 
mineral admixtures, such as fly ash, blast furnace slag, and 
silica fume are gaining importance for use in the concrete 
mix to achieve high-temperature resistance (Jani and Hog-
land 2014; Manjunatha et al. 2021, 2022, 2023).

Glass is used in many forms in day-to-day life through 
manufactured products, such as sheet glass, bottles, glass-
ware, vacuum tubing, etc. constituting about 2% of total 
manufactured product waste that is usually disposed of in 
landfills. However, glass is non-biodegradable, and hence, 
landfills are not an environment-friendly solution. One of 
the most significant contributions of glass as a raw mate-
rial is in the construction industry to produce concrete. 
Waste glass can be used in concrete as a component raw 
material that may potentially help to create a green envi-
ronment and maintain a sustainable construction industry. 
Attempts have been made in the past (Jani and Hogland 
2014; Mostofinejad et al. 2020; Habibur Rahman Sobuz 
et al 2022; Liu et al. 2022; Zeybek et al. 2022; Çelik et al. 
2022; Çelik et al. 2023; Özkılıç et al. 2023; Nandipati 
et al. 2023) to study the application of waste glass pow-
der (WGP) as an alternative to aggregates. Because of the 
decreased porosity and non-hydrophilic character of WGP, 
concrete produced by substituting natural aggregates with 
WGP offers superior workability and permeability than 
ordinary concrete (Chen et al. 2011). However, a reduc-
tion in strength is observed because of the weaker bond 
between smooth powdered glass surfaces and cement 
hydration products (Park et  al. 2004; Al-Sibahy and 
Edwards 2012). Studies showed that compressive and flex-
ural strength values decrease with increasing WGP. Signif-
icantly, the compressive strength dropped by 49% for the 
60% replacement of WGP by volume. Similar observations 
were reported in other past works (Kim et al. 2018; Wang 
et al. 2014) as well. Another investigation (Arivalagan and 
Sethuraman 2021) found that the compressive strength and 
split-tensile strength, as well as the flexural strength of 
the specimen, can be raised by 20% when WGP is used as 
a fine aggregate (FA) substitute in the concrete mix. It is 

observed that the particle size of WGP has a significant 
influence on the mechanical properties of concrete. Over-
all, WGP seems to be a feasible option to replace natural 
aggregates in the concrete mix, but the effectiveness of its 
replacement with aggregates is strongly influenced by the 
aggregate type, replacement, and particle size.

Most of the current studies on the use of WG for the 
replacement of natural aggregates are focused characterisa-
tion of WG-concrete at room temperature, however, reports 
on its mechanical properties and performance when sub-
jected to elevated temperatures are vague. Glass is a non-
crystalline siliceous material, that has high-temperature 
withstanding qualities and may be used as an alternative 
for aggregate. Currently, most investigations have focused 
on the mechanical behaviour of cement mortar with WGP 
exposed to elevated temperatures (Flores-Ales et al. 2020; Li 
et al. 2019, 2022; Guo et al. 2021), however, very few find-
ings exist on the performance of concrete containing WGP 
at elevated temperatures. Olofinnade et al. (2016) studied 
the impact of elevated temperature on concrete mix modified 
with waste glass powder, with WGP being added as cement 
replacement at various percentages. It was observed that 
with increasing temperature, all the concrete mixes showed 
a decrease in compressive strength. A few findings focussed 
on the use of molten glass as a binding medium to repair 
damage inside the concrete matrix (Yang et al. 2019; Guo 
et al. 2015) and found a significant reduction in fractures and 
voids in the concrete. Moreover, Ling et al. (2012) demon-
strated that adding WGP enhanced concrete’s water poros-
ity and adsorption rate after exposure to high temperatures, 
hence successfully improving concrete durability. Terro 
(2006) reported that concrete with 10% WGP replacement 
has excellent fresh and hardened properties compared to 
standard concrete.

Waste glass powder (WGP) has emerged as a promising 
material for enhancing the performance of concrete exposed 
to high-temperature, offering outstanding strengthening 
qualities even in extreme thermal environments. The present 
study addresses the urgent need for comprehensive research 
in characterisation of concrete mixes containing WGP at 
high-temperature; considering their significant implications 
for the environment, and technical advancement. To achieve 
the objectives, concrete specimens were cast and cured for 
28 days and subjected to elevated temperatures at 300 °C, 
600 °C, and 800 °C. Compressive strengths, flexural and 
split tensile strengths are measured post-heat exposure, sup-
plemented by non-destructive tests. Additionally, scanning 
electron microscopy (SEM) was employed to analyse the 
microstructures of the specimens. Thus, the present research 
substantially contributes towards the potential use of WGP-
concrete for sustainable and resilient construction, specifi-
cally in elevated-temperature environments, paving the way 
for innovative solutions in the field of civil engineering.
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2  Experimental Program

The present study describes an experimental program 
to investigate the performance of waste glass powder 
(WGP) mixed concrete subjected to elevated temperatures 
(800 °C) to judge its residual compressive strength and the 
heat degradation impact. The details of the mix and the 
heating regime are discussed next.

2.1  Material Properties and Concrete Mix 
Proportion

Four concrete mixes were prepared using Ordinary Port-
land cement (OPC)—53 grade conforming to IS:269 
(2015). The physical and chemical parameters investigated 
for the cement are shown in Table 1 and Table 2, respec-
tively. Waste glass powder (WGP) used in the experiment 
was procured from Vishal Enterprises (Najafgarh, New 
Delhi). The chemical properties of the OPC-53 and WGP 
are presented in Table 2. The fine aggregate (FA) used in 
the present study was locally available river sand with a 
fineness modulus of 2.38 and was passed through a sieve 
of 4.75 mm and washed to remove dust particles. Par-
ticle size distribution of the FA and WGP are as shown 
in Fig. 1. The coarse aggregate (CA) was crushed stone 
aggregate with a maximum nominal size of 12.5 mm. The 
coarse aggregates were washed to remove dust and dirt and 

were dried to surface dry condition and physical tests were 
carried out as per IS 2386 (1963) provisions, presented in 
Table 3.

Normal strength concrete mix of grade M30 was designed 
and proportioned based on guidelines laid down in IS:10262 
(2019) to prepare the test specimens. Further, concrete mixes 
were prepared by replacing the fine aggregate with waste 
glass powder (WGP) by volume at 5, 10 and 15%. Exist-
ing research suggests that significant changes in concrete 
properties occur within this range of WGP replacement 
levels. Studies have shown optimal performance or turning 
points at these specific percentages (Habibur Rahman Sobuz 
et al 2022; Liu et al. 2022; Mostofinejad et al. 2020). The 
details of the designed mix and their designations are given 
in Table 4 and Table 5 for control and heated specimens at 
300 °C, 600 °C, and 800 °C.  

2.2  Mixing, Casting and Curing of Specimens

Initially, the fine aggregates and cement were mixed thor-
oughly to get a uniform mix in its dry state. Later, the coarse 
aggregates were added to the dry mix and thoroughly mixed 
in the dry condition itself in a tilting-type rotary drum mixer 
for about one minute. Waste Glass Powder is added in pro-
portions as shown in Table 4. About 50% of the total water 
was then added slowly to get a uniform mix, after which the 
remaining water was added and mixed for about one minute. 
A detailed step-wise pictorial flowchart for the experimental 
program conducted is shown in Fig. 2. The specimens were 

Table 1  Physical properties of cement used

Grade OPC-53

Setting time Initial—60 min.; 
Final—
185 min.

Consistency 32%
Specific Gravity 3.15
fineness  (m2/kg) 310

Table 2  Chemical composition of the OPC-53 and waste glass pow-
der (WGP) used

Elemental composition Cement (%) Glass powder (%)

Silicon dioxide  (SiO2) 21.6 65.10
Sulphur trioxide  (SO3) 1.50 0.06
Ferric Oxide  (Fe2O3) 3.90 1.73
Alumina  (Al2O3) 5.20 0.65
Calcium Oxide (CaO) 61.70 17.98
Magnesia Oxide (MgO) 2.40 1.60
Sodium Oxide  (Na2O) 0.23 6.85
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Fig. 1  Particle size distribution of the Fine Aggregate (FA) and the 
Waste Glass Powder (WGP) used in the present study

Table 3  Properties of aggregates used

Property Glass powder Fine aggregate Coarse 
aggre-
gate

Fineness modulus 1.69 2.38 7.15
Specific gravity 2.15 2.70 2.70
Water absorption 7.13 6.69 1.70
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cast in three layers in steel moulds (cubes, cylinders and 
prisms as detailed in Fig. 2), and compacted on a vibrat-
ing table with a speed range of 1200 ± 400 revolutions per 
minute and an amplitude range of 0.055 mm. After 24 h, the 
casted specimens were de-moulded, and immersed in a water 
tank at 27 °C for 28 days curing. The cured specimens were 
kept in the lab atmosphere for another 28 days. The con-
crete specimens were then exposed to different heating and 

Table 4  Concrete mix 
proportions with WGP

Mix design Cement kg/m3 FA (kg/m3) CA (kg/m3) WGP Water/binder ratio

WGPCM 450 658 1034 0.45
WGP5M 625.1 32.9
WGP10M 592.2 65.8
WGP15M 559.3 98.7

Table 5  Specimen nomenclature, and exposed temperatures

Three specimens were used for each test in each category

27 ± 2 °C 300 °C 600 °C 800 °C

WGPCM WGPCM3 WGPCM6 WGPCM8
WGP5M WGP5M3 WGP5M6 WGP5M8
WGP10M WGP10M3 WGP10M6 WGP10M8
WGP15M WGP15M3 WGP15M6 WGP15M8

Fig. 2  Step-wise flowchart of 
the experimental program for 
the WGP-concrete
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cooling regimes in a high-temperature muffle furnace, rang-
ing from room temperature to 300 °C, 600 °C and 800 °C. 
The cured and heat treated specimens are then used for dif-
ferent non-destructive testing and mechanical tests to evalu-
ate the properties of the WGP-concrete mixes. 

2.3  Sample Treatment with Elevated Temperatures

An electric furnace having outer dimensions 192  cm 
wide × 105 cm deep × 96 cm high, capable of attaining a 
maximum temperature of 1200 °C (Fig. 2) was employed for 
exposing the samples to different chosen heating and cooling 
regimes. Thermocouples were used to measure the tempera-
ture within the high-temperature muffle furnace. The ther-
mocouples were installed at one location i.e., at the surface, 
of the specimen to monitor the temperature at the surface 
of the specimen based on the heating and cooling regime 
as shown in Fig. 2. Three variations of high temperatures 
were used, i.e., 300 °C, 600 °C and 800 °C. Maximum tem-
peratures are typically obtained during fires in the 1000 °C 
to 1200 °C range. However, such high temperatures only 
happen momentarily at the surface of the structural com-
ponents. 800 °C was a realistic maximum goal temperature 
for the study. Due to the lack of discernible impacts on the 
residual characteristics of heated concrete below this tem-
perature (Mohamedbhai 1986; Zaidi et al. 2012; Roy et al. 
2016), the lower limit of the maximum exposure tempera-
ture was set at 300 °C. The heating rate was set at 10 °C /
min., which is realistic for structures exposed to fire (Roy 
et al. 2016; Wu et al. 2002; Peng et al. 2006). The target 
temperature was maintained and the thermal steady state 
condition was achieved (Fig. 2). The furnace was turned off 
once specimens had been exposed to the target temperatures 
for the predetermined amount of time, and the samples were 

allowed to cool naturally to room temperature. Although the 
cooling pace was uncontrolled, thermocouples were used to 
measure the furnace’s temperature drop during the cooling 
period.

2.4  Testing Procedure

After 28  days of water curing, ultrasonic pulse veloc-
ity (UPV), rebound hammer, mass loss, and compressive 
strength tests were performed on the 150 mm concrete 
cubes. The compressive strength tests were conducted in a 
compression testing machine with a maximum load capacity 
of 5000 kN tested at a load rate of 5 kN/sec. The UPV test 
was performed in compliance with IS 13311, Part-1 (1992). 
The rebound hammer test was performed using the Schmidt 
rebound hammer (PROCEQ). Before exposing the samples 
to any heating phase at elevated temperatures, the original 
weight of the samples (m0) was recorded using a high preci-
sion weighing balance followed by the non-destructive tests 
(NDT) based on rebound number conforming to IS 13311, 
Part 2 (1992). Mass loss is measured as the difference in the 
weight of each specimen before (m0) and after (m1) exposure 
to elevated temperatures. Figure 3 shows the test setup for 
the different tests carried out.

Four-point bending test is performed for flexural strength 
on 500 × 100 × 100 mm prisms after 28 days of curing as 
per IS 516 (2021). The prisms were tested in a flexure test-
ing machine of 50 kN capacity at a constant loading rate 
of 0.1 kN/sec. Split tensile strength tests were carried out 
on cylindrical specimens of 150 mm diameter and 300 mm 
height as defined by IS 5816 (1999). Three specimens each 
of 28-days cured and further heat-exposed were tested under 
compression testing machine at a constant load rate of 5 kN/
sec continuously until failure of the specimen. Scanning 

Fig. 3  a Compression test-
ing machine (CTM) set up b 
Typical concrete cube under 
compression in CTM, c Four-
point bending test set-up, d 
Test set-up for SEM, e Sample 
preparation for SEM, f Split 
tensile strength test for cylinder 
specimen
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Electron Microscopy (SEM) techniques were used to exam-
ine the microstructure of the concrete specimens with and 
without waste glass powder. The microstructure reveals the 
composition (natural sand, C–S–H gel, calcium hydroxide, 
cement and WGP) and morphology of the concrete at dif-
ferent magnifications. To increase the signal of the image, 
coating of gold–palladium has been done on the samples 
which can prevent the electron deposition on the surface that 
hampers the SEM imaging process.

3  Test Results and Discussion

The experiments were performed in four separate series with 
each series consisting of different percentage replacement of 
fine aggregates with waste glass powder (WGP) and elevated 
temperatures, but had the same water-to-binder ratio and 
coarse aggregate.

3.1  Observations After Heating

When heated to 300  °C, the concrete sample’ surfaces 
exhibited no noticeable cracking. When the temperature 
reached 600 °C, the concrete began to crack, although only 
a few hairline cracks were visible. At 800 °C, the number 
of fractures became more noticeable, and the surface of the 

specimens developed map-like hairline cracks. Figure 4 
illustrates a typical control concrete specimen at room 
temperature (~ 27 °C) and after heat treatment at 300 °C, 
600 °C, and 800 °C. Figure 4 shows concrete specimens’ 
average mass loss values at varying temperatures.

The mass loss of the specimens tested at room tempera-
ture is zero for comparison. As expected, the results show 
that the mass loss of concrete increases with increased 
exposure temperature. However, the relationship between 
the mass loss of concrete and exposure temperature is non-
linear. At temperatures above 300 °C, the WGP—concrete 
showed higher mass losses as compared to the strength of 
the control concrete specimen.

Based on the test results, the variation of the overall mass 
loss through the evaporation process of concrete specimens 
can be divided into three stages. Firstly, when concrete was 
exposed to temperatures ranging from ambient to 300 °C, 
the moisture loss increased rapidly because of the evapora-
tion of free, capillary, and chemically bound water. During 
the exposure temperatures between 300 °C and 600 °C, the 
mass loss rate decreased relatively and at this stage, it is 
believed that only a small amount of the remaining gel water 
evaporated from the gel pores. With the increase of tempera-
ture above 600 °C, the rate of mass loss again became rapid. 
During the third stage, several changes are expected to occur 
in the concrete microstructure and this could also be the 
consequence of the decomposition of hardened cement paste 
and aggregates, the release of  CO2 and the sloughing-off of 
the surface of the concrete.

Figure 5 shows the surface changes on a typical con-
crete cube when exposed to high temperatures. Initially, the 
concrete cube surface was grey colour at room temperature 
(27 °C). When the cube sample was heated to 300 °C, the 
surface appeared slightly yellowish. Though the colour had 
changed, no cracks were observed at this temperature. On 
heating above 300 °C, the colour of concrete changes from 
normal to pink (300–600 °C) to whitish grey (600–800 °C). 
Subsequently, the colour of specimens changed to ash-white 
when exposed to 800 °C. The grey colour of the concrete 
changed to light yellow (buff colour) at around 800 °C due 
to loss of water and chemical decomposition (Arivalagan 
and Sethuraman 2021). Moreover, at 600 °C, the concrete 
surface had few hairline cracks that could be easily observed, 
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followed by extreme surface cracking at 800 °C. Similar 
conditions were observed for the casted beam specimens 
under high-temperature conditions (Fig. 6).

3.2  Rebound Hammer Test

A Rebound hammer test was performed on the concrete 
specimens after the heating process was completed to indi-
cate the concrete’s compressive strength. Surface hardness 
is assessed using a rebound hammer and is expressed on a 
graded scale in terms of rebound number (R), which then 
shows the expected strength of the specimen by a graph 
showing the relationship between rebound number (R) and 
concrete strength (in N/mm2). Figure 7a shows the compres-
sive strength values as obtained from the rebound hammer 
test for all the concrete mix with increasing temperature. 
In general, the strength of all the different concrete mixes 
reduces after the temperature exposure. Under room tem-
perature conditions, WGP10M and WGP15M had higher 
strength than WGPCM and WGP5M. As the temperature 
is increased, the surface hardness decreases, leading to a 
decrement in the residual compressive strength.

The WGP5M exposed to 300 °C and 600 °C had the 
highest strength compared to the other mixes. The speci-
mens exposed to 600 °C show a significant drop in residual 
strength, where WGP5M and WGP10M lead the other two 
mixes. All the concrete mix (WGPCM, WGP5M, WGP10M 
and WGP15M) show an increase in strength when heated 
except at 800  °C, where a minor decrease of 2% was 
observed in Fig. 7b. A significant drop in strength with 

temperature was observed at 800 °C, where the WGP15M 
lost more than 66% strength compared to its strength at room 
temperature (27 °C).

3.3  Ultrasonic Pulse Velocity Test Results

Ultrasonic pulse velocity (UPV) testing was conducted on 
each group of specimens before and after heating. The trans-
mitting and receiving transducers were placed on the oppo-
site faces of the concrete cubes, and the transducers were 
pressed firmly against the cube’s surfaces until an unchang-
ing reading was observed. The distance between the trans-
ducers was divided by the transit time to obtain the pulse 
velocity through the concrete. Two readings were taken 
in each cube and recorded. The ultrasonic pulse velocity 
(UPV) test results for all the specimens are shown in Fig. 8a. 
UPV tests reveal that up to 300 °C, the residual unstressed 
strength reduced rather gradually, whereas, above 300 °C, it 
dropped sharply, with more than 50% decrease in the UPV 
values (Fig. 8b). This is because above 500 °C, the calcium 
silicates decompose into quick lime and silica (Zaidi et al. 
2012). This process is irreversible and there is a progressive 
loss of strength.

3.4  Compressive Strength Test Results

After the specimens were completely cooled down, com-
pression strength tests on the specimens were performed as 
per IS 516 (2021), as shown in Fig. 9a. The obtained results 
demonstrate that the fine aggregate replacement content of 

Fig. 6  Surface condition of 
typical beam samples at—a 
600 °C and b 800 °C

Fig. 7  a Residual compressive 
strength of different concrete 
mix at elevated temperatures, 
b Percentage difference in 
compressive strength of heated 
specimens (300 °C, 600 °C, and 
800 °C) compared to concrete 
strength at control temperature 
using rebound hammer test
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glass powder in concrete has a considerable impact on the 
concrete’s compressive strength when subjected to high tem-
peratures. This is due to the concrete’s enhanced mechanical 
strength after the glass powder was added as a pozzolan. As 

the amount of waste glass powder (WGP) content increases, 
the concrete samples exhibit a lower compressive strength at 
higher heating temperatures, as reported by previous studies. 
This can be attributed to the concrete samples’ significantly 

Fig. 8  a Ultrasonic pulse veloc-
ity (UPV) values of different 
concrete mixes with increasing 
temperature, b Percentage dif-
ference in UPV values of heated 
specimens (300 °C, 600 °C, 
and 800 °C) compared to UPV 
values at control temperature
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results with increasing temperature; b Percentage difference in com-
pressive strength values of heated specimens (300  °C, 600  °C, and 
800 °C) compared to concrete strength at control temperature; c rela-

tion of mass loss (%) with concrete compressive strength; d Compari-
son of concrete compressive strengths obtained from Rebound Ham-
mer test and compressive strength test
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slower compressive strength development even at ambi-
ent temperature. Again, changes in the physical colour of 
the hardened concrete were observed as the temperature 
increased.

As obtained previously (Fig. 7) from the rebound ham-
mer test, Fig. 9b also shows that the initial heating (300 °C) 
has a positive impact on the compressive strength values of 
all the concrete mix. Heating up to 600 °C leads to a minor 
change in the strength values for WGPCM, WGP5M and 
WGP10M; however, a strength drop of 29% is obtained for 
WGP15M. This is in line with the results obtained from the 
rebound hammer test. In addition, Fig. 9d shows the relative 
ratio of the strength obtained from the compressive strength 
test and the rebound hammer tests are nearly equal to 1, rep-
resenting a good match of the results, except for the highest 
replacement (WGP15M) exposed to the highest temperature 
(800 °C). A comparison of the residual compressive strength 
with the mass loss reveals that for all the WGP-concrete mix 
a similar decreasing trend in the strength is followed due to 
an increase in mass loss, which, in turn, is due to the increas-
ing heat exposure of the specimens.

Table 6 shows the compressive strength values along with 
the coefficient of variation of the samples. The results reveal 
that normal concrete mixed with glass powder at a replace-
ment rate of 5–10% exhibits much higher residual strength 

at higher temperatures than the control mix. However, due 
to the pozzolanic activity of the glass powder and the devel-
opment of microcracks in the concrete, a considerable loss 
of strength can be seen with a larger level of replacement 
(i.e., 15%). Due to the breakdown of the C–S–H gel and 
the enlargement of the macro-cracks, the concrete’s loss 
of strength significantly accelerated when the temperature 
reached 600 °C.

The obtained results clearly show that the glass pow-
der material content in the concrete mix as fine aggregate 
replacement has a significant influence on the concrete’s 
performance when exposed to elevated temperatures. This 
can be attributed to the improved mechanical strength of the 
concrete with the addition of glass powder as a pozzolan. As 
the percentage of glass powder (WGP) content increases, 
the concrete samples exhibit a lower compressive strength 
at higher heating temperatures. This can be attributed to 
the concrete samples’ significantly slower compressive 
strength development, even at ambient temperature. Again, 
changes in the physical colour of the hardened concrete were 
observed as the temperature increased.

3.5  Flexural Strength Test Results

At ambient temperature, the flexural strength results 
(Fig. 10a) indicated that there was only a slight difference 
in strength between the control mix and the mixes contain-
ing WGP as a partial replacement for fine aggregate. This 
suggests that the addition of WGP did not significantly 
compromise the flexural strength of the concrete mixes 
under normal conditions. However, when exposed to ele-
vated temperatures above 300 °C, a notable improvement 
in flexural strength was observed in the WGP-concrete 
mix compared to the control mix. This enhancement in 
flexural strength at higher temperatures suggests that the 
incorporation of WGP imparted thermal resistance to the 
concrete, enabling it to better withstand the effects of heat 
exposure. This finding aligns with the observed trend in 

Table 6  Compressive strength test results for the concrete mix at dif-
ferent temperatures

Con-
crete Mix

T1 (27 °C) T2 (300 °C) T3 (600 °C) T4 (800 °C)

WGPCM 33.525 
(0.00)

37.066 
(1.10)

32.074 
(0.95)

21.896 (0.65)

WGP5M 33.066 
(0.98)

42.488 
(1.28)

34.518 
(1.04)

21.866 (0.66)

WGP10M 33.407 
(0.99)

37.807 
(1.13)

32.725 
(0.98)

22.918 (0.68)

WGP15M 35.274 
(1.05)

35.496 
(1.01)

28.074 
(0.65)

12.977 (0.37)

Fig. 10  Variation of a Flexural 
strength and b Split tensile 
strength of concrete specimens 
with increasing temperature 
(°C) exposure
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compressive strength, indicating the consistent perfor-
mance of the WGP-concrete mix across different loading 
conditions.

At 600 °C, the WGP-concrete mix with a 10% replace-
ment level (referred to as WGP10 M) performed particu-
larly well in terms of flexural strength, outperforming the 
other mixes including the control mix. This indicates that 
the 10% replacement level of WGP resulted in optimal 
performance under the specified temperature conditions. 
However, at 800 °C, all the concrete mixes, including 
WGP-concrete mixes, exhibited poor performance in terms 
of flexural strength. This suggests that the high tempera-
ture significantly compromised the structural integrity of 
the concrete, leading to reduced flexural strength across 
all specimens.

3.6  Split Tensile Strength Results

The result obtained from the experimental investigation 
of splitting tensile strength is presented in Table 7 and 
in Fig. 10b. Partly replacing fine aggregate with WGP 
improved the splitting tensile strength marginally at ambi-
ent temperature in all the concrete mix. The split tensile 
strength of 300 °C WGP5M and WGP10M concrete is 
approximately 5.5% more than that of the control concrete. 
These results are in accordance with compressive strength 
test results. On the contrary, at 600 °C and 800 °C, the 
WGP5M, WGP10M and WGP15M specimens show a 
strength decrease in the range of 65–80% when compared 
to the control mix. It is equally important to highlight 
that for WGP-concrete mix with even a larger level of 
replacement (i.e., 15%), a considerable loss of strength 
was obtained. Due to the breakdown of the C–S–H gel and 
the enlargement of the macro-cracks, the concrete’s loss 
of strength significantly accelerated when the tempera-
ture reached 800 °C. The smooth surface of WGP lowered 
the bond strength between the glass and the cement paste, 
and hence, the resilience of WGP-concrete declined cor-
respondingly to WGP replacement levels. Furthermore, a 
higher amount of WGP inclusion makes the concrete mix 
brittle when subjected to extreme force as was also men-
tioned in Wu et al. (2002) and Li et al. (2022).

3.7  Microstructure Examinations of the Specimens

Digital microscopic examinations of the concrete mixes were 
obtained through a Scanning Electron Microscope (SEM) to 
identify interfacial transition zones (ITZ) of normal concrete 
and WGP-concrete subjected to elevated temperature. Also, 
the elemental composition was inspected using Energy Dis-
persive Spectroscopy (EDS) to identify the effect of temper-
ature on normal and WGP-concrete. Samples were collected 
from 28-day water-cured 150 mm cube specimens tested 
for compressive strength as small lumps. Only the control 
mix—WGPCM and the WGP-mix (WGP15M) at normal 
(27 °C) and elevated temperature (800 °C) are analysed as 
the extreme cases. Figure 11 and Fig. 12 show the micro-
structural images of WGPCM and WGP15M, respectively at 
27 °C and 800 °C. A similar comparison have been done in 
the past by Durgun and Sevinç (2019). Table 8 indicates the 
elemental composition of the SEM images for the concrete 
samples obtained from the EDS. The relative proportions 
of the various elements with calcium (Ca) are indicated in 
Fig. 13.

For the control mix WGPCM, at ambient (27 °C) tem-
perature, the SEM images show the formation of C–S–H gel 
with the ratio of Si/Ca in S1-01, S1-02, and S1-03 as 0.28, 
0.17 and 0.32 (Fig. 13) indicating the hydration process. The 
hydrated products appear as fibrous tubes and are extremely 
small, densely filling up the volume of the concrete and 
is the main reason for a good bond and its compressive 
strength (Thomas et al. 2019). Sample S1-03 also indicates 
the presence of ettringites appearing as many fibrous and 
complete rod-like crystals. Clearly, the C–S–H zones and the 
ettringites of the specimens appears to be relatively compact 
at ambient (27 °C) temperature as compared to the speci-
mens at 800 °C. At such high temperature of 800 °C, several 
cracks are observed to appear due to drying shrinkage and 
loss of bound water leading to significant deterioration of 
cement paste. The C–S–H gel appeared porous, leading to 
voids and severe cracks that resulted in compressive strength 
loss. The ratio of the Si/Ca for the WGPCM mix appeared 
to be normal, with a maximum value of 0.3 to 1.3 at 27 °C 
and 800 °C, respectively.

For the WGP incorporated mix, i.e., WGP15M 
(Fig. 12), it was observed that at ambient temperature, the 
glass particles did not interact with the paste and did not 
completely bond with the cement paste. The low level of 
bonding between the interacting material was prevalent in 
the decrease of the compressive strength of the WGP15M 
specimens at higher temperatures, along with the increased 
mass loss (Fig.  9). However, the overall presence of 
C–S–H gel was still prevalent in the mix with waste glass 
powder. The ratio of the Si/Ca appeared very high for 
the WGP15M mix with maximum values of Si/Ca as 3.5 
and 7.5 at 27 °C and 800 °C, respectively, because of the 

Table 7  Split tensile strength results for the concrete mix at different 
temperatures

Concrete mix T1 (27 °C) T2 (300 °C) T3 (600 °C) T4 (800 °C)

WGPCM 2.890304 3.542109 1.179759 0.587403
WGP5M 3.631281 3.044586 1.053786 0.573956
WGP10M 3.034678 3.090587 1.186129 0.632696
WGP15M 3.673744 2.823071 0.903751 0.618542
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presence of the glass. At elevated temperature (800 °C), 
the WGP15M concrete mix had many thermally induced 
cracks. Glass particles at high temperatures had fused into 
C–S–H gel. However, deterioration of the cement paste 

was observed, like that of the control mix. In addition, a 
weak bond between the in the ITZ due to the appearance of 
fissures was also observed. The cracks are responsible for 
poor mechanical properties at 800 °C temperature.

Fig. 11  Microstructure of WGPCM at normal, 27 °C (Left) and at elevated temperature, 800 °C (Right) obtained from SEM
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4  Conclusions

The present research work is focused on evaluating the effec-
tiveness of adding glass powder to concrete subjected to 
elevated temperatures. The work comprised testing of cube, 
cylinder, and beam concrete specimens for mechanical 

properties after exposing them to elevated temperatures. 
The following conclusions have been made from the pre-
sent study-

1. WGP5M and WGP10M mixes exhibited notable 
increases in compressive and flexural strength compared 

Fig. 12  Microstructure of WGP15M at normal, 27 °C (Left) and at elevated temperature, 800 °C (Right) obtained from SEM
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Table 8  Different elemental compositions obtained through EDS of SEM images of WGPCM and WGP15M at normal (27 °C) and elevated 
temperature (800 °C) in Figs. 11 and 12 

WGPCM @ 27°C WGPCM @ 800°C

Element Mass (%) Element Mass (%)

S1-01 S1-02 S1-03 S2-01 S2-02 S2-03

C 9.42 7.98 14.09 C 7.11 8.73 6.83
O 54.73 57.33 55.09 O 50.10 54.70 49.80
Mg 0.74 0.98 – Mg 1.22 0.73 1.35
Al 1.92 2.07 1.13 Al 2.78 2.17 3.66
Si 7.53 4.04 6.41 Si 21.43 12.06 15.05
K – – – K 1.15 – 1.87
Ca 23.85 24.42 22.54 Ca 16.20 21.61 21.44
Fe 1.83 3.19 0.74 Fe – – –
Sum 100 100 100 Sum 100 100 100

WGP15M @ 27°C WGP15M @ 800°C

Element Mass (%) Element Mass (%)

S3-01 S3-02 S3-03 S4-01 S4-02 S4-03

C 3.07 8.56 3.92 C 10.95 5.38 9.06
O 43.68 50.52 42.36 O 48.29 42.77 50.03
Na 9.47 Na – – –
Mg 0.97 – 1.24 Mg – 1.56 –
Al 2.22 – – Al 1.12 2.04 0.88
Si 7.86 40.92 30.98 Si 34.98 8.72 18.79
K – – K – – –
Ca 38.78 – 8.87 Ca 4.65 37.70 21.24
Fe 3.43 – Fe – 1.82 –
Au 3.15 Au – – –
Sum 100 100 100 Sum 100 100 100
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to the control mix at temperatures ranging from 300 °C 
to 600 °C. Specifically, WGP5M displayed a remarkable 
20% increase in compressive strength.

2. As the replacement ratio of WGP increased, the resid-
ual compressive strength performance of concrete 
decreased; Fine aggregate (FA) and WGP (5%) replaced 
concrete equivalently, while at higher replacement lev-
els, the performance of concrete improved. 10% replace-
ment of FA by WGP is found to be optimal. Ultrasonic 
testing confirms a gradual decrease in residual strength 
up to 300 °C, followed by a sharp drop beyond that due 
to irreversible calcium silicate decomposition.

3. The microstructure showed that the glass aggregate 
particles did not completely bond with cement paste 
at ambient temperature, however, they fused at higher 
temperatures, showing the positive effect of adding glass 
powder in concrete. Thus, this approach can be particu-
larly beneficial for building structures exposed to fire 
hazards or extreme weather conditions.

The integration of glass powder in concrete was found 
promising for enhancing both mechanical strength and 
thermal resilience, thereby offering a viable pathway 
towards sustainable construction practices in reinforced 
concrete structures. However, further research is neces-
sary to fully understand its long-term performance in 
concrete. Future investigations can possibly explore the 
optimal WGP level for maximizing strength benefits across 
a wider temperature range.
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