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Abstract—The aim of this study is to conduct an experimental 

investigation on the influence of complete replacement of natural 
coarse aggregate with spherically-shape and crushed waste cathode 
ray tube (CRT) glass to the aspect of workability, density, and 
compressive strength of the concrete. After characterizing the glass, a 
group of concrete mixes was prepared to contain a 40% spherical 
CRT glass and 60% crushed CRT glass as a complete (100%) 
replacement of natural coarse aggregates. From a total of 16 types of 
concrete mixes, the optimum proportion was selected based on its 
best performance. The test results showed that the use of spherical 
and crushed glass that possesses a smooth surface, rounded, irregular 
and elongated shape, and low water absorption affects the workability 
of concrete. Due to a higher specific gravity of crushed glass, 
concrete mixes containing CRT glass had a higher density compared 
to ordinary concrete. Despite the spherical and crushed CRT glass 
being stronger than gravel, the results revealed a reduction in 
compressive strength of the concrete. However, using a lower water 
to binder (w/b) ratio and a higher superplasticizer (SP) dosage, it is 
found to enhance the compressive strength of 60.97 MPa at 28 days 
that is lower by 13% than the control specimen. These findings 
indicate that waste CRT glass in the form of spherical and crushed 
could be used as an alternative of coarse aggregate that may pave the 
way for the disposal of hazardous e-waste. 
 

Keywords—Cathode ray tube, glass, coarse aggregate, 
compressive strength 

I. INTRODUCTION 

RT glass faces several issues that permit it to be disposed 
to landfill sites. Among the issues are the replacement of 

new technologies, the high concentration of heavy metals, 
non-biodegradable nature of the CRT glass and their limited 
life in the forms in which they are produced [1], [2]. The high 
concentration of heavy metals, especially lead (Pb) metals 
contained in the CRT glass in the neck and funnel part, have 
posed higher risks to human health and the environment, thus 
in the year 2005, it was classified as scheduled e-wastes under 
Malaysia Environmental Quality Regulations [2]. The 
recycling of a large amount of CRT glass waste was deemed 
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necessary not only due to the potential of heavy metal leached 
at the landfill sites, but also because of the quantity of CRT 
waste was expected to increase in years to come [3].  

Past studies have extensively investigated the use of waste 
CRT glass as a replacement of natural resources in the 
production of mortar and concrete [4]-[9]. Most of them 
reported that the chemical composition of the glass, particle 
size, shape, types and percentage replacement give a 
significant impact to the concrete and mortar performance. 
According to Maschio et al. [4], the crushing of the glass to 
about the particle size of cement (micro-scale) can contribute 
to the forming of calcium silicate hydrate (C-S-H) gel, which 
enables the improvement of concrete strength. Besides that, 
past studies indicated that the crushing of glass into a size 
smaller than 4.75 mm for use as a fine aggregate at various 
percentage replacements up to 100% has shown that the 
strength exceeds the control sample [4], [7], [10], [11]. The 
increase in concrete strength may be attributed to the shape of 
glass that has angular grain shape than sand [10]. However, 
there are also past studies that reported a reduction in concrete 
strength as the content of glass sand increase [5], [6], [8], [12]. 
It is mainly due to the smoothness of the glass surface that 
weakens the bonding between aggregate and cement paste.  

As discussed above, a number of research works have been 
conducted to examine the effects of using waste CRT glass as 
partial and complete replacement of cement and fine aggregate 
on the concrete performance. The use of CRT glass as 
construction materials enables the preservation of natural 
resources and the total of carbon emissions could be reduced 
[3]. To the authors’ knowledge, there is lack of information on 
the production of concrete made with spherical glass as coarse 
aggregate. Therefore, the aim of this research was to 
investigate the effects of spherically-shaped and crushed CRT 
glass as a complete replacement of natural coarse aggregates 
in the production of a high strength concrete. 

II. MATERIALS AND METHODOLOGY 

A. Materials 

Ordinary Portland cement (OPC), type 1 (42.5N) and silica 
fume were used as cementitious material in this study. The 
silica fume meets the requirements of ASTM C1240 [13], with 
bulk density of 481 kg/m3 and specific gravity of 2.2. In 
addition, polycarboxylate ether superplasticizer (SP) 
admixture (RPF 2000) was used to highly reduce the mixing 
water and it meets the requirements of ASTM C494 [14]. The 
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standard sand in accordance with ASTM C33 [14] was used as 
a fine aggregate, and its fineness modulus is 2.81.  

In this study, waste CRT glass was used as a complete 
replacement of natural coarse aggregate. The CRT glass was 
formed into two different shapes which are rounded and 
irregular shape. It was supplied by the company of Nippon 
Electric Glass Malaysia (NEGM). The spherical glass was 
made through melting, annealing and cooling process that 
forms a rounded shape of glass, while the crushed shape of 
glass was made through smashing and grading to form an 
irregular shape glass. The maximum size of coarse aggregate 
is 20 mm. Figs. 1 (a) and (b) shows the CRT glass used as 
coarse aggregates in this study. The coarse aggregates were 
tested in accordance with the standards for identified their 
physical and mechanical properties. 

 

 

Fig. 1 (a) The spherically shaped of CRT glass as coarse aggregates 
used in this study 

 

Fig. 1 (b) The crushed CRT glass as coarse aggregates used in this 
study 

B. Mix Proportion of Materials 

The concrete mix proportion was designed by taking into 
consideration the properties of spherical and crushed glass. 
The material proportions of the different glass concrete mix 
are presented in Table II, and were altered based on trial and 
error to achieve the adequate workability and strength. The 
cementitious content used in this study was made using 90% 
OPC and 10% silica fume. For all mixes of glass concrete, the 
coarse aggregate ratio of 40% spherical glass and 60% crushed 
glass was used. Meanwhile, the control sample was prepared 
using 100% gravel as coarse aggregate.  

C. Tests on Materials 

In order to understand the properties of spherically shaped 
and crushed CRT glass that were proposed in this study, a 
series of physical and mechanical tests were conducted, as 
shown in Table II. Besides, the applicability of CRT glass as a 
complete replacement of coarse aggregate in concrete 
production was examined through compressive strength and 
lead leaching test.  

 
TABLE I 

MATERIAL PROPORTIONS WEIGHTS PER UNIT VOLUME 

Mixture 
code 

w/ba 
ratio 

Cementitious Sand 
CA 

Water SPa 

Gravel Glass

C1-SP2.0 0.35 490 582 1115 - 171 2.0 

G1-SP2.0 0.35 490 582 - 1115  171 2.0 

G1-SP2.5 0.35 429 688 - 1115  150 2.5 

G1-SP3.0 0.35 429 688 - 1115  150 3.0 

C2-SP2.0 0.33 519 557 1115 - 171 2.0 

G2-SP2.0 0.33 519 557 - 1115  171 2.0 

G2-SP2.5 0.33 454 666 - 1115  150 2.5 

G2-SP3.0 0.33 454 666 - 1115  150 3.0 

C3-SP2.0 0.30 571 514 1115 - 171 2.0 

G3-SP2.0 0.30 571 514 - 1115  171 2.0 

G3-SP2.5 0.30 500 628 - 1115  150 2.5 

G3-SP3.0 0.30 500 628 - 1115  150 3.0 

C4-SP2.0 0.29 591 497 1115 - 171 2.0 

G4-SP2.0 0.29 591 497 - 1115  171 2.0 

G4-SP2.5 0.29 517 613 - 1115  150 2.5 

G4-SP3.0 0.29 517 613 - 1115  150 3.0 
a w/b = water binder; CA = coarse aggregate ; SP = superplasticizer. 

 
TABLE II 

LIST OF EXPERIMENTAL TESTS  
Testing Description Reference 

Physical properties of spherical and crushed glass 

Sieve analysis Variations in grading can affect the homogeneity of concrete mixture [15]  

Specific gravity Understanding the relative density and weight of the spherical and crushed glass [16]  

Absorption 
Shown the change of the mass of glass due to the absorption of water in the pore spaces within the particles, 

compared to the dry condition. 
[16]  

Bulk density and voids Indicating the mass of glass and the voids between particles to fill a container of a specified unit volume. [17]  

Flakiness and elongation Measuring the length, width and thickness of the spherical and crushed glass using a specified caliper. [18]  

Mechanical properties of spherical and crushed glass 

Aggregate crushing value Examining the resistance of spherical and crushed glass to a gradual increase of compressive load. [19]  

Aggregate impact value Determining the resistance of spherical and crushed glass to impact loading. [19]  

Concrete properties 

Slump  Identifying the workability of the fresh concrete mixtures. [20]  

Density Finding the density of fresh concrete mixture. [21]  

Compressive strength Determining the maximum load that the specimens can endure. [22]  
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III. RESULT AND DISCUSSION 

A. Characterization of Coarse Aggregates 

Particle size distribution curve of crushed glass and gravel 
are presented in Fig. 2. It can be seen that crushed glass 
generally shows a higher content of finer material than gravel. 
Meanwhile, spherical glass has a uniform size of 19 mm. The 
spherical glass is considered as gap-graded aggregates as it 
consists of only one size of coarse aggregate with all the fine 
aggregates, and cement paste passes through the voids in the 
concrete mixes.  

 

 

Fig. 2 Particle size distributions curve  
 
Table III presents the physical and mechanical properties of 

spherical glass, crushed glass, and natural coarse aggregate 
(gravel). In designing the proportion of concrete mixes, it is 
necessary to determine the specific gravity and water 
absorption of the use aggregates. As seen in Table III, crushed 
glass is much heavier than spherical glass and gravel with a 
specific gravity of 2.67. While the percentage absorption for 
both of the glass are nearly to zero, which were lower than 
gravel. It indicated that the glass has less potential of 
absorption of water in the pore spaces within the glass 
particles, compared to the gravel. According to ACI E1-99 
[23], the most normal weight aggregates have relative 
densities lying between 2.30 and 2.90 with percentage 
absorption from 0 to 8%. Besides that, the value of the 
aggregate density affects the design of concrete mix 
proportion and their density [24], [25]. Crushed glass has the 
highest bulk density with respect to spherical glass and gravel, 
and they are still under the range of normal weight coarse 
aggregate as its bulk density ranges from 1280 to 1920 kg/m³ 
[23]. On the other hand, the uniform size of spherical glass 
causes it to have the highest percentage void of 42%. Test 
results also show that crushed glass and gravel were not 
considered as the flaky aggregate. Based on the study of 
Neville [26], the flakiness index of natural gravel is 50%, 
while for crushed or partially crushed aggregate it is 40%. But, 
the elongation index of crushed glass and gravel is higher than 
15%, which is considered undesirable. It has the length larger 
than its width. The elongated aggregate requires more water to 
produce a workable concrete than rounded aggregate [26]. The 

ideal aggregate shape should be angular and crushed with a 
minimum of flat and elongated particles [25]. The spherical 
glass is considered as the rounded aggregate that is not flaky 
and elongated.  

Spherical glass has the lowest crushing value followed with 
crushed glass and gravel. The low ACV indicated that the 
glass is stronger than gravel as it has the lesser amount of 
material that was crushed and breaks into smaller pieces under 
a gradual increase of compressive load. In addition, the glass 
aggregates could be used in the surface layer of road 
construction as the crushing value does not exceed 30% [19]. 
Meanwhile, the impact values of the glass and gravel had 
confirmed the ability of aggregates to sudden shock since the 
percentage of fines produced from the samples after exposing 
to a sudden shock or impact is less than 20% [19].  

B. Workability of Fresh Concrete 
TABLE III 

PROPERTIES OF COARSE AGGREGATES USED IN THIS STUDY 

Properties Unit Gravel 
Spherical 

Glass 
Crushed 

Glass 
Physical properties 

Size mm 4.75 to 20 20 4.75 to 20 

Specific Gravity — 2.64 2.61 2.67 

Unit Weight kg/m³ 1539 1527 1555 

Absorption % 0.40 0.02 0.05 

Void % 40.98 41.38 42.03 

Flakiness % 23  15 

Elongation % 21  16 

Surface texture — Rough Smooth Smooth 

Mechanical properties 

Crushing Value % 24.34 16.98 20.33 

Impact Value % 14.66  19.35 

 
Figs. 3 and 4 present the slump values of four groups of 

concrete mixtures. As seen in Fig. 3, the slump values for all 
the specimens of glass concrete mixes increase up to 40% 
compared to the control specimens. The combined use of glass 
at level 40% of spherical glass and 60% of crushed glass as 
100% replacement of natural coarse aggregate has 
significantly increased the workability of concrete mixtures 
compared to control samples. These results suggest that the 
inclusion of glass as coarse aggregate affecting the workability 
of the mixture can be related to the physical properties of the 
glass. The physical properties of spherical and crushed glass 
having a smoother surface, rounded and irregular shape, and 
low water absorption had resulted in a major increase of slump 
values. In addition, past studies [27]-[28] reported that the 
higher the replacement levels of CRT glass as aggregates 
causing the increase of the mixture workability, just as in this 
study adopted a 100% replacement. Besides that, Fig. 3 also 
revealed that with the increasing of w/b ratio, the slump value 
of the concrete mixes increased. According to IS 456 [29], the 
slump values of mixes with w/b ratio of 0.30 (G3-SP2.0) and 
w/b ratio of 0.29 (G4-SP2.0) fall into the category of ‘high’ 
workability which is in the range from 100 to 150 mm. 
However, for glass concrete mixes with w/b ratio of 0.35 (G1-
SP2.0) and w/b ratio of 0.33 (G2-SP2.0), it was found that 
these mixes fall into the category of ‘very high’ workability, 
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the prescribed range is more than 150 mm. In the case of ‘very 
high’ workability, the determination of flow is more 
appropriate to measure the workability of the mixture [29]. 
The increase in the slump value due to the increased of w/b 
ratio was also reported in several past studies [25], [30], [31].  

 

 

Fig. 3 Slump values of fresh concrete at different w/b ratio, but 
constant superplasticizer dosage of 2% 

 
Furthermore, the effects of SP dosage to the slump value of 

concrete mixture containing spherical and crushed CRT glass 
as coarse aggregates are presented in Fig. 4. The results show 
that the slump value of glass concrete mixes increases 
gradually as the percentage of SP dosage increases from 2% to 
3% of the cementitious content. It can be seen in sample G4-
SP2.0, G4-SP2.5 and G4-SP3.0 as the slump value are 135 
mm, 154 mm and 172 mm, respectively.  

In this study, the benefits of using high dosage of 
polycarboxylate ether SP as a water reducing agent can be 
seen.  

According to Santos et al. [32], the use of polycarboxylate 
ether SP is capable of producing more workable concrete, 
more resistant to segregation, and also gives the potential to 
reduce the water content up to 40%. Besides, the use of silica 
fume as mineral admixture has increased the water demand of 
the mixture. The finer particle size of silica fume which means 
having a larger surface area than any other cementitious 
material like fly ash caused more water being absorbed [25], 
[32].  

 

 

Fig. 4 Slump values of fresh concrete at different percentage of 
superplasticizer 

C. Density 

Fig. 5 shows the density of all four groups of concrete 
mixtures where each of them has a different w/b ratio and SP 
dosage. The concrete mixture containing spherically shaped 
and crushed glass as coarse aggregate, namely as mix G has 
slightly higher density around 2% than control specimens, mix 
C. It can be seen by comparing the density of specimens G4-
SP2.0 and specimens C4-SP2.0 that it has slightly higher 
density at 2321 kg/m³ than 2285 kg/m³, respectively. This was 
attributed to the higher specific gravity of crushed glass 
compared to natural coarse aggregates.  

Besides that, the density of concrete was observed to 
decrease when a low amount of w/b ratio used in the mixture, 
as shown in Fig. 5. According to the specimens which have 
different w/b ratios but have the same SP dosage, the 
specimens with w/b ratio 0.35 (G1-SP2.5) have a higher 
density at 2386 kg/m³ than specimens with w/b ratio 0.29 (G4-
SP2.5), that is only at 2338 kg/m³. Also, it is clear from Fig. 5 
that regardless of the aggregate type which is whether glass or 
natural rock, the use of a high amount of SP which is from 2% 
to 3% of cementitious content has increased the unit weight of 
the concrete mixture.  

 

 

Fig. 5 Density of fresh concrete at different w/b ratio and SP dosage 

D. Compressive Strength 

The compressive strength for all four groups of concrete 
mixtures was shown in Figs. 6-9. The results clearly showed 
that the compressive strength increases by extending the 
curing time from 7 days to 28 days. According to ACI 363R, 
the common curing time for compressive strength 
development is at the age of 28 days for the concrete to 
receive the load or maximum stress [25].  

Among the four groups of concrete mixes, specimens mix 
G4-SP3.0 shows the nearest strength to control mix C4-SP2.0 
at age 28 days, as shown in Fig. 6. The compressive strength 
of sample mix G4-SP3.0 that was designed with the use of 
spherical and crushed glass as coarse aggregate, w/b ratio 0.29 
and amount of SP, 3% from cementitious content, has 
significantly less by 13% than control mix C4-SP2.0, which is 
60.97 MPa and 70.10 MPa, respectively. 

The reduction value of compressive strength could be 
attributed by the vertical cracking in the specimens that were 
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subjected to compression, which depends largely on the 
properties of coarse aggregate. The use of glass material that 
has a smooth surface instead of natural rock as coarse 
aggregate causes the decrease of bonding strength between the 
aggregates and cement paste, leads to the cracking at lower 
stress compared to rough and angular aggregate [33]-[37]. 
According to ACI 363R [25], the mechanicals bonds are 
influenced by the surface and shape properties of coarse 
aggregate.  

Figs. 6-9 plotted the compressive strength versus curing 
ages that were categorized based on the w/b ratio. Among the 
four w/b ratios i.e. 0.35, 0.33, 0.30 and 0.29, concrete 
specimens that were designed with w/b ratio 0.29 have the 
highest strength, as indicated in Fig. 6. The reduction of 
compressive strength with the increase of w/b ratio can be 
seen in the concrete specimens with w/b ratio 0.29 (mix G4-
SP2.0), w/b ratio 0.30 (mix G3-SP2.0) and w/b ratio 0.33 (G2-
SP2.0), of 58.14 MPa, 49.97 MPa, and 49.81 MPa, at 28 days, 
respectively. It is well recognized that concrete strength is 
affected by the content of water to the cementitious material.  

Concrete mixes with a lower content of w/b ratios have a 
higher paste volume. Thus, the mixes have a better uniformity 
and good packing density than those with high w/b ratios [38], 
[39]. According to Wongkornchaowalit [40], the excessive 
water content will cause an inappropriate consistency. 
Therefore, the use of rounded shape and low water absorption 
of spherical and crushed glass as coarse aggregate and a 
higher amount of SP enables to reduce mixing water 
requirement up to 30% but still has the abilities to increase 
flowability and consistency of mixture, less compaction and 
producing denser concrete. Therefore, the incorporating of this 
material makes it possible to use a low w/b ratio to achieve a 
higher strength. Moreover, as illustrated in Fig. 9, the 
compressive strength of the glass concrete mixtures (G1) and 
control concrete mixtures (C1) are made up with the same w/b 
ratio, 0.35 and different amount of SP. Samples mix G1-
SP2.0, G1-SP2.5, and G1-SP3.0 contain a different amount of 
SP, which are from 2% to 3% of the cementitious content. It 
can be observed that the sample mix G1-SP3.0 with 3% SP 
showed the largest reduction in compressive strength, 
compared with the control mix C1-SP2.0. 

 

 

Fig. 6 Compressive strength development of water binder (w/b) ratio, 
0.29 with different percentage of superplasticizer (SP) 

 

Fig. 7 Compressive strength development of water binder (w/b) ratio, 
0.30 with different percentage of superplasticizer (SP) 

 

 

Fig. 8 Compressive strength development of water binder (w/b) ratio, 
0.33 with different percentage of superplasticizer (SP) 

 
The reduction of compressive strength in specimens G1-

SP3.0 is due to the appeared of bleeding of mixing water from 
the freshly mixed concrete G1-SP3.0. The mixing water from 
the concrete surface was evaporated rapidly, resulting in the 
shrinkage cracks. Besides that, the reduction of concrete 
strength was attributed by the use of high w/c ratio (0.35) and 
SP dosage (3% of cementitious content) causing the paste too 
dilute to gain its strength. On the other hand, Figs. 6-8 
indicated that the increasing of SP dosage in glass concrete 
specimens gives a higher increase of compressive strength. It 
can be seen that the strength difference between the glass 
concrete specimens (G) with SP dosage 3%, i.e. mix G2-
SP3.0, G3-SP3.0 and G4-SP3.0 with their control specimens 
of 2% SP dosage becomes smaller. Besides, the mixture of 
glass concrete with w/b ratio in between 0.33 to 0.29, did not 
show tendencies to segregate or bleed. It is suggested that for 
the glass concrete specimens, the trend of the increased 
compressive strength with the increase of SP dosage, can be 
explained as the use of high dosage of SP causes a wider 
spread of the cementitious particles in the mixture [41], [42]. 
Similar observations were also reported in few of the previous 
studies [32], [41]-[43]. Therefore, the concrete containing 
spherical and crushed glass as a complete replacement of 
natural gravel could achieve a comparable strength with the 
normal specimens, but only if an adequate amount of water 
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and SP dosage were used.  
 

 

Fig. 9 Compressive strength development of water binder (w/b) ratio, 
0.35 with different percentage of superplasticizer (SP) 

E. Visual Inspection 

The magnified images of the concrete surface containing 
spherical and crushed glass as coarse aggregate are shown in 
Fig. 10. The spherical and crushed glass could be seen 
undamaged due to a higher strength of the material, as shown 
by the orange lines. The authors [27], [44], [45] claimed that 
the use of crushed CRT glass as a fine aggregate can cause the 
concrete expansion due to the alkali-silica reaction (ASR). 
Besides that, several past studies [5], [9], [11], [46], [47] 
reported that the lead (Pb) leaching of hardened mortar 
containing CRT glass as fine aggregates is higher than the 
allowable limit (5 mg/L), meaning that it carries a high risk of 
lead (Pb) metal release which can harm the environment and 
the human body. Therefore, it is expected that the use of 
undamaged and larger sizes of spherical and crushed glass as 
coarse aggregate could lower the probability of lead (Pb) 
metal leached and concrete expand due to ASR, as there will 
be no inclusion of any chemical compounds from the CRT 
glass to the concrete mixture.  

 

 

Fig. 10 The fracture surfaced appearance of concrete with spherical 
and crushed glass as coarse aggregate 

IV. CONCLUSION 

Based on the experimental results, the following 
conclusions can be drawn:  
1) Spherical and crushed glass possesses a smooth surface, 

rounded and irregular shape, elongated shape, a higher 
density, and less water absorption compared to natural 
rock as coarse aggregate. 

2) The used of glass with a smooth surface texture, rounded 
shaped of spherical glass and irregular shaped of crushed 
glass as coarse aggregates has allowed the used of lower 
w/c ratio, and can still maintain the given workability 
level. Slump value of glass concrete samples was found to 
be increased up to 40% and fell in the category of ‘high’ 
workability which is in the range from 100 to 150 mm.  

3) Concrete samples containing glass aggregate showed a 
higher density of 6% (e.g. 2569 kg/m³) than control 
specimens. Concrete density increases with the increasing 
amount of SP percentage.  

4) Replacing gravel with spherical and crushed glass causes 
the reduction value of compressive strength. However, the 
gap of compressive strength between glass concrete 
specimens and control specimens can be lowered by 
decreasing the w/b ratio and increase the SP dosage.  

5) The optimum mix proportion was found on specimens 
G4-SP3.0 that was designed with a cement content of 465 
kg /m³, silica fume 52 kg /m³, w/b ratio 0.29 and 3% SP 
from cementitious content which provided the highest 
compressive strength among other glass concretes at 
65.97 MPa.  

6) Based on the overall findings, CRT glass in the form of 
spherically shaped and crushed form could be used as a 
potential alternative to replace the natural rock as a coarse 
aggregate, which not only can fulfill the needs of 
managing the hazardous waste but also can impart a 
“green” concept to the concrete industry. 
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