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Abstract 

To address the environmental issues arising from the growing scarcity of natural fine aggregates (NFA) and landfilling 
of waste glass, research is being conducted globally to utilize waste glass as a sustainable fine aggregate. However, 
contradictory results have been obtained regarding the effect of the type of waste glass and the physical properties 
of waste glass fine aggregate (GFA) on concrete, making it challenging to promote the use of GFA in concrete. 
Therefore, to promote the use of GFA in concrete, it is necessary to examine it under field conditions, such as mass-
production processes or real-scale concrete applications. This study introduced a mass-production process for GFA, 
and the effect of mass-produced GFA on mortar was evaluated. The fine aggregate properties (particle aspect ratio, 
crushing rate, and solubility) of the GFA and the effects of color, content, and particle size on the mortar properties 
(compressive strength, flexural strength, and ASR expansion behavior) were analyzed, along with the results reported 
in previous studies. Consequently, the high aspect ratio and microcracks in the particles of mass-produced GFA led 
to an increase in the strength reduction and ASR expansion of the mortar. These effects appear to be particularly 
severe for transparent GFA. Overall, this study proposed the content of GFA within 20% or the replacement of fine 
particles (< 500 μm) in NFA as a condition for sustainable fine aggregate.

Keywords Sustainable fine aggregate, Waste glass fine aggregate, Mass-production process, Aspect ratio, 
Microcracks, ASR expansion

1 Introduction
Concrete is an important construction material in social 
infrastructure (Son et  al., 2021). The scarcity of natural 
fine aggregates (NFA) is increasing owing to the growing 
demand for concrete worldwide (Tamanna et  al., 2020). 
Therefore, sustainability of construction materials is 

an important issue (Bilodeau & Malhotra, 2000). The 
landfilling of waste glass is an environmental issue that 
cannot be ignored (Hamada et al., 2022). Only 21% of the 
130 million tons of glass produced worldwide is recycled 
(Soroushian & Sufyan, 2021). In 2018, 20.65 million 
tonnes of waste glass were produced in the European 
Union, and 4.9 million tonnes of waste glass were 
landfilled in the United States. Excluding unidentified 
amounts, 13,000 tons of waste glass will not be recycled 
in South Korea in 2022 (Lee et  al., 2023). Although 
recycling capabilities vary depending on the country, an 
efficient method is required to resolve landfill waste glass.

Recently, many studies have proposed various 
applications for recycling waste glass as construction 
materials (Eu et  al. 2024; Sasui et  al., 2021, 2022). In 
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particular, recycling waste glass as fine aggregate (FA) 
for concrete is attracting attention because its chemical 
composition is similar to that of NFA (Guo et al., 2020; 
Tamanna et al., 2020). The advantages of recycling waste 
glass as FA are as follows: (1) there is no need to melt the 
waste glass, which simplifies processing; (2) a significant 
amount of waste glass can be consumed by using it in 
concrete; (3) toxic substances (such as lead oxide and 
heavy metal ions) that may be contained in waste glass 
can become trapped in hardened concrete; and (4) the 
impermeable surface properties of waste glass can delay 
the penetration of concrete deterioration factors, such as 
chloride ions and sulfates. Therefore, using waste glass 
in concrete to replace NFA is an attractive approach to 
address the sustainability of construction materials and 
waste glass landfills. Various studies have been conducted 
on the use of waste glass as FA in concrete (Harrison 
et al., 2020; Khan et al., 2020). The effects of waste glass 
fine aggregate (GFA) on the mechanical properties 
and alkali-silica reaction (ASR) have been intensively 
investigated.

Previous studies have reported that GFA has 
contradictory effects on the mechanical properties 
(i.e., compressive and flexural strengths) of concrete. 
Some researchers have reported that GFA improves 
the mechanical properties of concrete (Corinaldesi 
et  al., 2005; Penacho et  al., 2014; Shayan & Xu, 2004). 
This appeared to be because the adhesion strength 
between the matrix and particles increased owing to 
the pozzolanic reaction of the GFA (Bisht & Ramana, 
2018; Shayan & Xu, 2004). On the other hand, some 
researchers have reported that GFA has a negative effect 
on the mechanical properties of concrete (Bhandari & 
Tajne, 2013; Limbachiya, 2009; Park & Lee, 2004). This 
result was attributed to the smooth surface and sharp 
angular shape of the GFA (Tan & Du, 2013). The reason 
for these contradictory effects is that the GFA used in 
previous studies had different characteristics, such as 
type (color), content, and particle size.

Because the amorphous silica in GFA is well-known 
and can potentially deteriorate the ASR of concrete, 
numerous studies have been conducted under the 
conditions of GFA, such as the effect of type (color), 
content, and particle size. However, the effect of GFA on 
the ASR of concrete has yielded contradictory results. 
In some studies, the ASR expansion of GFA according 
to color was in the order transparent > brown > green 
(Değirmenci et  al., 2011; Jin et  al., 2000; Topçu et  al., 
2008; Yuksel et al., 2013; Zhu et al., 2009). However, other 
studies have reported contradictory results. Compared 
with the other colors, clear glass showed the least ASR 
expansion (Dhir et al., 2009). A lower ASR expansion was 
observed for brown glass than green glass (Du & Tan, 

2013, 2014a, 2014b). There are also debates about the 
effect of GFA content on the ASR expansion of concrete. 
Some researchers have reported that increasing the GFA 
content results in high ASR expansion (Kou & Poon, 
2009; Ling & Poon, 2011; Serpa et al., 2013). In contrast, 
some researchers have reported that increasing the GFA 
content does not contribute to ASR expansion (Dhir 
et al., 2009; Du & Tan, 2014a, 2014b; Ismail & Al-Hashmi, 
2009; Zhu et al., 2009). The effect of GFA particle size on 
the ASR expansion of concrete was found to be similar 
(Idir et al., 2010; Rajabipour et al., 2010; Xie et al., 2003). 
The results showed that the ASR expansion of the 
concrete decreased as the particle size decreased. On 
the other hand, studies still reported different “threshold 
sizes,” which did not significantly affect ASR expansion. 
Threshold sizes have been variously reported as 0.3 mm 
(Jin et  al., 2000; Xie et  al., 2003), 0.6  mm (Rajabipour 
et  al., 2010), 1  mm (Idir et  al., 2010) and 1.18  mm (Du 
& Tan, 2013). Moreover, the critical particle size for the 
pozzolanic reaction was observed to be different: 0.15–
0.30  mm (Yamada & Ishiyama, 2005) or 0.6–1.18  mm 
(Idir et al., 2010; Jin et al., 2000; Xie et al., 2003).

The causes of these research gaps have been 
suggested as follows: the types of waste glass used in the 
production of GFA (e.g., chemical composition and glass 
manufacturing process) (Dhir et  al., 2009; Park & Lee, 
2004) and the crushing process for the preparation of 
GFA (Du & Tan, 2013, 2014a, 2014b; Wang et al., 2022a, 
2022b). Glass exhibits different strengths and solubilities 
depending on its purpose, owing to the different chemical 
compositions and production conditions. For instance, 
the leaching rate of glass is significantly influenced by its 
thermal history, and annealed glass has a lower leaching 
rate (Charles, 1958). Moreover, the physical properties 
of GFA, such as the particle size distribution, shape, and 
roughness, may vary depending on the crushing method 
(Wang et  al., 2022a, 2022b). Research gaps regarding 
the effectiveness of GFA create difficulties in promoting 
their use in concrete (Guo et  al., 2020). Therefore, 
some researchers have reported that to utilize GFA as 
a sustainable construction material, it is necessary to 
examine it under field conditions rather than laboratory 
conditions (Dadouch et  al., 2024; Wang et  al., 2022a, 
2022b). However, few studies have investigated the 
processes that enable the mass production of GFA as a 
construction material and the effects of mass-produced 
GFA on concrete. For GFA to be utilized as a construction 
material, it is necessary to understand the effect of mass-
produced GFA on cement-based composite materials.

Therefore, in this study, a mass-production process for 
GFA was introduced, and the FA properties of the mass-
produced GFA were investigated. In addition, the effects 
of color, content, and particle size on the compressive 



Page 3 of 21Son et al. Int J Concr Struct Mater           (2024) 18:55  

strength, flexural strength, and ASR expansion of 
the mortar were evaluated. The effects of the mass-
production process of GFA are discussed by comparing 
the experimental results with those presented in previous 
studies.

2  Experimental Program
2.1  Waste Glass Fine Aggregate And Material
In Korea, waste glass is collected by local governments 
and private collection companies and transferred to 
intermediate processing companies (Lee et  al., 2023). 
Waste glass collected by intermediate processing compa-
nies can be considered to satisfy the purpose of this study 
(GFA under field conditions) because it is not limited to 
a specific type and contains a mixture of various types. 
Therefore, this study used waste glass from an intermedi-
ate processing company to manufacture FA, as shown in 
Fig. 1. Waste glass is sprayed with water to remove for-
eign substances (such as dust) and contaminants before 
production.

In this study, a production process (performed by 
Indong GRC Company in Gunsan-si, Korea, an inter-
mediate processing company) was used to obtain 
mass-produced GFA, as shown in Fig.  2. The detailed 
production process is as follows: (1) Picking up foreign 
substances by hand from waste glass, which is provided 
in fixed quantities from automatic feeders; (2) Separate 
metal products (such as bottle caps) with a magnetic 
separator; (3) Sieving particles using a trommel screen 
(≤ 5  mm); (4) Particles (> 5  mm) are crushed through 
a hammer crusher (a 10  mm screen is installed), and 
glass powder generated during the crushing process is 
collected through a separate dust collector; (5) The par-
ticles crushed by the hammer crusher were re-sieved 

using a trommel screen (≤ 5  mm); (6) For non-sieved 
particles (> 5  mm), repeat the crushing process with a 
hammer crusher; (7) Sieved particles (≤ 5 mm) undergo 
additional processes such as magnetic separation, 
eddy current separation, and air separation; (8) The 
separated particles are secondary crushed with a roll 
crusher (The gap size of roll is 2 mm) and then mixed 
with glass powder to produce GFA.

This process is similar to the recycled waste glass 
production process used by intermediate processing 
companies in Korea (Lee et  al., 2023). However, in this 
study, additional processes were added to produce GFA. 
The hammer crusher produced waste glass particles 
within 5  mm, which was insufficient to meet the FA 
particle size distribution standards. Therefore, the waste 
glass particles were subjected to secondary crushing 
using a roll crusher to satisfy the particle size distribution 
standards. During the separation, approximately 5 wt. % 
of foreign substances were removed from the total waste 
glass, and it was confirmed that 50–80 tons/day of GFA 
can be produced through the production process.

The colors of waste glass collected by intermediate 
processing companies are mainly transparent (clear), 
green, and brown; however, there are also some spe-
cial colors, such as blue and purple. Special glass colors 
were not considered; this study used three colors (trans-
parent, green, and brown) as the GFA. To avoid limit-
ing the use of certain types of glass, GFA was obtained 
by appropriately mixing 10 bulks (1 ton) of each color. 
Mixed GFA was manufactured by mixing GFA of each 
color at the same content, as shown in Fig. 3. Although 
in this study, GFA was manufactured from waste glass of 
the same color to investigate the effect of glass color, the 

Fig. 1 Image of waste glass for fine aggregate (a Plate glass, b Bottle glass)



Page 4 of 21Son et al. Int J Concr Struct Mater           (2024) 18:55 

production process (Fig. 2) can also be applied to waste 
glass that cannot be recycled because of its mixed colors.

In this study, the prepared GFA were not washed sepa-
rately. GFA satisfies the standard for the impurity content 
of recycled aggregates (KS F 2576) by removing foreign 
substances through various separation processes (Fig. 2) 
(Lee et al., 2023). The NFA used river sand, and the parti-
cle size distribution of the Mixed GFA is shown in Fig. 4. 
The mixed GFA satisfied FA particle size distribution 
standards (KS F 2527 2007). Therefore, the possibility of 
the continuous production of GFA of similar quality was 
confirmed, which can be considered to meet the purpose 
of this study. The other colors of the GFA showed a par-
ticle size distribution similar to that of the Mixed GFA. 
However, to eliminate the effect of particle size, the parti-
cle size distribution of the GFA of different colors was set 
to be the same based on the Mixed GFA.

Table 1 shows the chemical composition of the FA. GFA 
can be considered a soda-lime type because it consists of 
approximately 65%  SiO2, 13% CaO, and 11%  Na2O (Shi 
& Zheng, 2007). The waste glass used in this study was 
household waste, primarily windows, bottles, jars, and 
containers, which are reported to be a type of soda lime 

(Siddique, 2008). While no  Cr2O3 was observed in the 
transparent GFA, the green and brown GFA contained 
 Cr2O3 contents of 0.21% and 0.04%, respectively, similar 
to those reported by other researchers (Jin et  al., 2000; 
Park & Lee, 2004). Notably, transparent GFA showed 
half the level of  Fe2O3 compared to GFA of other 
colors, which appears to be intended to improve the 
transparency of the glass (Kaewkhao et  al., 2011). The 
density of NFA and GFA were similar at 2.54 and 2.45 g/
cm3, respectively, but the water absorption rates were 1.6 
and 0.4%, respectively. GFA has a lower water absorption 
rate than NFA because of its impermeable surface (Taha 
& Nounu, 2008, 2009). Ordinary Portland cement with 
a density of 3.15  g/cm3, a specific surface area of 3,200 
 cm2/g, and an equivalent alkali content of 0.6% was used.

2.2  Experimental Plan
In this study, the properties of mass-produced GFA were 
investigated. As FA properties, aspect ratios according to 
the particle size, solubility, and aggregate crushing rate, 
were investigated. Additionally, the GFA conditions were 
classified to evaluate the effects of GFA on the mortar. 
Compressive, flexural, and accelerated mortar bar tests 

Fig. 2 Manufacturing process of waste glass fine aggregate
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(AMBT) of the mortars were performed according to the 
color, content, and particle size of the GFA. The particle 
size classes and mass of GFA used in the compressive 
and flexural tests and the particle size effect (AMBT), are 
listed in Table 2. Five classes were investigated to evalu-
ate the effect of particle size, which are 4.75–2.36  mm 
(S1), 2.36–1.18 mm (S2), 1.18–0.6 mm (S3), 600–300 μm 
(S4), and 300–150 μm (S5). For the mass settings of the 
classes, the NFA mass was used for the compressive and 
flexural tests, and the mass required by ASTM C 1260 
was used for the AMBT. The particle size of 150–0  μm 

(S6) was not considered, as it has a low mass (2%) and 
is well known to cause pozzolanic reactions (Shao et al., 
2000).

The mix proportion of the mortar for the compressive 
and flexural tests was selected according to ASTM C 
109 with water:cement:FA ratio of 0.485:1:2.75. Mortar 
specimens were prepared in three series (color, content, 
and particle size), and the detailed mix proportions for 
the compressive and flexural tests are listed in Table  3. 
The sustainable conditions of GFA for cement-based 
composites were investigated. The contents of 10, 20, 
30, 40, and 50% of GFA were replaced by NFA, referring 

Fig. 3 Shape of waste glass fine aggregate (a Transparent, b Green, c Brown, d Mixed)
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to other studies (Corinaldesi et  al., 2005; Kou & Poon, 
2009; Limbachiya, 2009; Penacho et al., 2014; Serpa et al., 
2013), where the mass of each particle size of NFA was 
100% replaced by GFA, denoted as S1, S2, S3, S4, and S5, 
respectively.

The mortar mix proportion for the AMBT was selected 
according to ASTM C 1260, with water:cement:FA ratio 
of 0.47:1:2.25. Similar to the compressive and flexural 
tests, three series of mortar specimens for the AMBT 
were prepared, as shown in Table 4.

2.3  Test Method
2.3.1  Image Analysis for Aspect Ratio
The FA particle shape has various effects on cement-
based composites (Guinea et al., 2002; Jiang et al., 2021). 
Therefore, in this study, the aspect ratio was analyzed 
according to the particle size of the FA. The aspect ratio 
was measured using ImageJ, which allows for measuring 
and analyzing parameters such as length and area in the 
images. Fig. 5 shows an overview of the FA measurements 
using ImageJ. Image preprocessing is required for 
measurement; the background and shadows are removed, 
clarity is improved, and binary mode transformation 
is performed for accurate segmentation of particle 
boundaries. After image preprocessing, the parameters 
were automatically measured using the program, and 
the aspect ratio of the particles was calculated using the 
following equation (Matsumoto et al., 2015):

Fig. 4 Particle size distribution of fine aggregate

Table 1 Chemical composition of fine aggregates

Chemical composition 
(%)

Natural fine aggregate 
(NFA)

Waste glass fine aggregate (GFA)

Transparent (Tr) Green (Gr) Brown (Br) Mixed

SiO2 81.21 64.35 65.93 66.98 65.91

Al2O3 9.12 3.95 4.09 4.25 3.93

Fe2O3 2.15 0.39 0.65 0.63 0.43

CaO 2.41 13.60 12.95 11.39 12.95

MgO 0.83 0.73 1.43 1.39 1.42

Na2O 1.91 9.93 11.67 11.73 10.23

K2O 1.62 0.89 1.16 1.23 0.98

Cr2O3 – – 0.21 0.04 0.12

NiO – – 0.01 0.01 –

CuO – – 0.01 0.01 –

Table 2 Particle size classes of fine aggregate and mass of each particle

Particle size classes S1 S2 S3 S4 S5 S6

Sieve size #4–8 #8–16 #16–30 #30–50 #50–100  < #100

Passing 4.75 mm 2.36 mm 1.18 mm 600 μm 300 μm 150 μm

Retained on 2.36 mm 1.18 mm 600 μm 300 μm 150 μm 0 μm

Mass (%) Compressive and flexural test 4 13 30 41 10 2

AMBT 10 25 25 25 15 –
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(1)Aspect ratio =

1

4
×

π × [Major · axis]2

[Area]

The aspect ratios of the NFA, transparent GFA 
(GFA_Tr), green GFA (GFA_Gr), and brown GFA 
(GFA_Br) were analyzed with 100 particles of each 
particle size (S1, S2, S3, S4, and S5).

Table 3 Mix proportions of mortar for the compressive and flexural test

Usage condition ID Water (g) Cement (g) Fine aggregate (g) Notes

NFA GFA

Tr Gr Br Mixed

Color Ref 242 500 1375

Tr 1375

Gr 1375

Br 1375

Mixed 1375 Same as 100%

Content 10% 1237.5 137.5

20% 1100 275

30% 787.5 412.5

40% 962.5 550

50% 687.5 687.5

Particle size S1 1320 55 Used GFA: #4–8

S2 1196.25 178.75 Used GFA: #8–16

S3 787.5 412.5 Used GFA: #16–30

S4 811.25 563.75 Used GFA: #30–50

S5 1237.5 137.5 Used GFA: #50–100

Table 4 Mix proportions of mortar for the AMBT

Usage condition ID Water (g) Cement (g) Fine aggregate (g) Notes

NFA GFA

Tr Gr Br Mixed

Color Ref 235 500 1125

Tr 1125

Gr 1125

Br 1125

Mixed 1125 Same as 100%

Content 10% 1012.5 112.5

20% 900 225

30% 787.5 337.5

40% 675 450

50% 562.5 562.5

Particle size S1 1012.5 112.5 Used GFA: #4–8

S2 843.75 281.25 Used GFA: #8–16

S3 843.75 281.25 Used GFA: #16–30

S4 843.75 281.25 Used GFA: #30–50

S5 956.25 168.75 Used GFA: #50–100
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2.3.2  Crushing Rate
The FA crushing rate was determined in accord-
ance with KS F 2541 (2022). Although KS F 2541 is a 
test method for measuring the crushing rate of coarse 
aggregates, it was used in this study because it presents 
a test method for aggregate particles of 4.75–3.35 mm. 
Fig. 6 shows the equipment and outline for the crush-
ing rate test. A cylinder (inner diameter 75  mm) was 
filled with 200  g of FA of 4.75–3.35  mm, and a load 
of 10 kN/min was applied using a plunger for 10 min. 

After applying the load, the mass of the particles sieved 
through a 0.85  mm sieve was measured. The crush-
ing rate of the FA was calculated using the following 
equation:

where Gf  is the fine aggregate crushing rate (%), A is the 
mass of aggregate passed through a sieve of 0.85 mm (g), 
B is the mass of the sample at surface dry saturation (g)

(2)Gf =
A

B
× 100

Fig. 5 Overview of length and area measurement of fine aggregate using Image J program

Fig. 6 Crushing rate test (a Cylinder and plunger, b Overview of the test)
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The crushing rate test was performed five times for 
each FA (NFA, GFA_Tr, GFA_Gr, and GFA_Br).

2.3.3  Solubility
Waste glass has been reported to have different alkali 
reactivities depending on its color (Değirmenci et  al., 
2011; Topçu et  al., 2008; Yuksel et  al., 2013). Therefore, 
the solubility of GFA in an alkaline solution was evaluated 
using a test method (Saccani & Bignozzi, 2010). 1 kg of 
GFA (particle size of 4.75–3.35 mm) for each color was 
stored in 1 L of alkaline solution (1 N NaOH) at 80 °C in 
static mode. The weight loss (%) of GFA was recorded at 
3, 7, 10, and 14 days after immersion. The solubility tests 
were performed five times for each GFA (GFA_Tr, GFA_
Gr, and GFA_Br).

2.3.4  Compressive and Flexural Test
Compressive and flexural tests were performed to 
evaluate the effect of the GFA on the mechanical 
properties of the mortar. Compressive and flexural tests 
were conducted according to ASTM C 109 (2008) and 
348 (2008), respectively. Five cubic (50 × 50 × 50   mm3) 
and five mortar bars (40 × 40 × 160  mm3) were evaluated 
for the compressive and flexural tests, respectively.

2.3.5  Accelerated Mortar Bar Test (AMBT)
A method for measuring the ASR expansion via AMBT 
is described in ASTM C 1260 (2014). Five mortar bars 
(25 × 25 × 285  mm3) were demolded 1 d after casting 
and stored in water at 80 °C for 1 d. After measuring the 
initial length, the mortar bar was immersed in 1N NaOH 

solution at 80 °C, and the expanded length was measured 
every day thereafter. Three mortar bars were evaluated 
for the AMBT. In ASTM C 1260, if the expansion is less 
than 0.1% at 14 days, it is defined as innocuous. However, 
some studies have reported that mortars using GFA may 
exhibit rapid expansion after 14  days (Du & Tan, 2013, 
2014a, 2014b). Therefore, the AMBT was performed for 
up to 28 days.

3  Results and Discussion
3.1  Fine Aggregate (FA) Properties
Fig. 7 shows the shapes of the GFA obtained using a scan-
ning electron microscope. Smooth surfaces and angled 
shapes were observed in the GFA, regardless of color. 
However, a rough surface (Fig. 7c) was observed on some 
particles because the GFA was not washed separately 
in this study. Compared with the other colors, GFA_Tr 
showed numerous micro-damages (such as cracks) on 
the surface, as reported in some studies (Rajabipour 
et al., 2010; Tan & Du, 2013). The low  Fe2O3 content in 
glass causes a decrease in the strength owing to the weak 
glass network (Li et al., 2022). Therefore, it appears that 
numerous micro-damages occurred in GFA_Tr. How-
ever, microdamage was not observed in GFA_Gr and Br, 
as shown in the SEM micrographs.

The aspect ratio according to the particle size of FA 
is shown in Fig. 8a. S3-5 tends to have a higher aspect 
ratio than S1-2, regardless of the FA type. This indi-
cated that smaller particles were more likely to have 
sharp and angular shapes. Regardless of the parti-
cle size, all GFAs exhibited higher aspect ratios than 

Fig. 7 SEM micrographs of GFA (a, d Transparent, b, e Green, c, f Brown)
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the NFA. In particular, the largest aspect ratio differ-
ence between the NFA and GFA was observed for the 
S3 particles. Consequently, the aspect ratios appeared 
in the order NFA < GFA_Gr < GFA_Br < GFA_Tr, as 
shown in Fig.  8b. The highest aspect ratio of GFA_Tr 
was expected to be due to the weak glass network (low 
 Fe2O3); however, further studies are required to clarify 
this.

The crushing rate of the NFA was higher than that of 
the GFA (Fig.  8b). The angular shape of the GFA can 
improve crushing resistance owing to the interlock-
ing effect (Naderi et  al., 2021; Shen et  al., 2018; Wu 
et al., 2019). The crushing rate of GFA was in the order 
GFA_Gr < GFA_Br < GFA_Tr. The higher crushing rate 

of GFA_Tr was due to the weak glass network and the 
numerous micro-damages present in the particles.

The solubility of GFA according to the number 
of days immersed in a 1N NaOH solution is shown 
in Fig.  9. It is reported that increasing the content of 
 Cr2O3 increases the bonding force and melting resist-
ance of glass (Al-Buriahi et  al., 2020; Cui et  al., 2021; 
Eronyan et al., 2023). Therefore, the weight loss of GFA 
at 14 days of GFA was in the order of GFA_Gr < GFA_
Br < GFA_Tr. GFA_Tr exhibited a rapid dissolution rate 
owing to the rapid diffusion of alkaline ions  (Na2+ and 
 OH−) through numerous microdamages. Interestingly, 
although the weight loss was lower, GFA_Gr and GFA_
Br also showed dissolution rates similar to those of 
GFA_Tr. This indicates that GFA_Gr and GFA_Br may 
also contain microcracks in their particles. This issue 
will be discussed in the next section.

As a result of the FA properties, the GFA showed a 
higher aspect ratio than the NFA. Among the GFAs, 
GFA_Tr showed the highest crushing rate and weight 
loss because of its weak glass network and microdamage. 
In contrast, GFA_Gr exhibited the lowest crushing rate 
and weight loss owing to its high content of  Cr2O3, which 
improved the glass network and melting resistance. 
However, it is possible that microcracks in the GFA_Gr 
and Br particles were not observed by SEM.

4  Effect of GFA Color
4.1  Compressive and Flexural Strength
Fig.  10 shows the compressive and flexural strengths of 
the mortars according to the FA type. Compared with 
the Ref specimen, the GFA specimens had significantly 
reduced mortar strength regardless of color, owing to 
their smooth surface and high aspect ratio. The compres-
sive and flexural strengths of the mortar according to the 

Fig. 8 Physical properties of FA (a Aspect ratio of the particle, b Aspect ratio and crushing rate)

Fig. 9 Solubility of GFA in 1N NaOH solution
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type of GFA were in the order Tr < Mixed < Br < Gr, which 
was similar to that reported by Tan & Du, (2013). Among 
the GFAs, GFA_Gr showed the lowest aspect ratio and 
crushing rate and, therefore, the slightest decrease in 
mortar strength when replacing NFA. In contrast, GFA_
Tr reduced the strength of the mortar the most owing to 
its high aspect ratio and crushing rate, as well as micro-
cracks in the particles. Blending the three colors had no 
significant effect on the strength reduction of the mortar.

Fig.  11 shows the relative compressive and flexural 
strengths of the mortar compared with those of the Ref 
specimen. The strength development of mortars using 
GFA according to the curing days was higher than that 
of mortars using NFA. This is because the fine glass par-
ticles cause a pozzolanic reaction, as reported in other 
studies (Tan & Du, 2013). However, in this study, the 
difference in the pozzolanic reaction depending on the 
color of the GFA appears unclear. The relative flexural 
strength of the mortar prepared using GFA was slightly 

higher than that of the relative compressive strength. At 
56 d, the relative compressive strengths of Tr, Gr, Br, and 
the mixture were 0.65, 0.73, 0.71, and 0.67, respectively, 
while the relative flexural strengths were 0.66, 0.75, 0.73, 
and 0.68, respectively. These results are expected because 
the high aspect ratio of GFA affects the cracking of the 
mortar owing to the flexural load (Zegardło et al., 2018).

The color effect of GFA on the mechanical properties 
can be summarized as follows: (1) GFA_Tr reduced the 
compressive and flexural strength of the mortar the 
most, owing to the high aspect ratio and microcracks 
in the particles; (2) the relatively low aspect ratio and 
crushing rate of GFA_Gr resulted in less reduction in 
the strength of the mortar; and (3) the difference in 
the pozzolanic reaction of GFA depending on color 
was unclear. These results are similar to those of some 
studies (Bhandari & Tajne, 2013; Tan & Du, 2013), but 
different from the results of other studies (Değirmenci 
et al., 2011; Dhir et al., 2009), in which GFA_Tr showed 

Fig. 10 Strength of mortar for color effect test (a Compressive, b Flexural)

Fig. 11 Relative strength of mortar for color effect test compared to the reference mortar (a Compressive, b Flexural)
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the lowest strength reduction. It is expected that the 
cause of these contradictory findings is the waste glass 
used in manufacturing GFA. In a study by Değirmenci 
et al., (2011), white soda-lime glass showed higher  Fe2O3 
than green. In addition, in a study by Dhir et al., (2009), 
in the soda-lime glass used,  Fe2O3 was present in white, 
whereas it was absent in green and amber. Therefore, the 
chemical composition of waste glass manufactured with 
GFA can significantly affect the strength of the mortar, 
even if it is the same soda-lime glass.

4.1.1  AMBT
Fig. 12 shows the ASR expansion of mortar according to 
the FA type. The expansion of the Tr specimen exceeded 
0.8% on day 14 and 1.5% on day 28. In particular, the 
ASR expansion of Tr increased rapidly from the begin-
ning of the test; this phenomenon is similar to the sol-
ubility results (Fig. 9). These results were mainly due to 
microcracks in the GFA_Tr particles; the low MgO con-
tent (0.73%) may also have contributed (Bignozzi et  al., 
2015). The ASR expansion of the Gr and Br specimens 
was lower than 0.1% at 14 d but increased rapidly after 
14  d. Consequently, the ASR expansions of the Gr and 
Br specimens exceeded 0.15 and 0.2%, respectively, at 
28  days. This phenomenon appears to differ from other 
studies (Değirmenci et  al., 2011; Du & Tan, 2013; Zhu 
et  al., 2009) that reported low ASR expansion, even on 
days 14–28. The ASR expansion of the mixed specimens 
exceeded 0.3% at 14 d and 0.7% at 28 d. Despite the pres-
ence of GFA_Gr and Br with relatively low reactivity, the 
mixed specimen exhibited high ASR expansion because 
of the highly reactive GFA_Tr.

To determine the cause of the increased expansion 
of the Gr and Br specimens, the microstructure of the 
specimen after 14 d of AMBT was analyzed, as shown 

in Fig.  13. Some random microcracks observed in the 
matrix are likely the result of drying shrinkage that 
occurred during the SEM-BSE specimen preparation. In 
the Tr specimen, numerous cracks appeared owing to the 
swelling pressure of the ASR gel formed inside the glass 
particles (Fig.  13a). The cracks formed inside the glass 
particles propagated the damage through the sharp edges 
of the particles, promoting the formation of an ASR gel 
on the other glass particles (Wang et al., 2023). This chain 
reaction appears to have resulted in the high ASR expan-
sion of the Tr specimen.

Compared with the Tr specimen, the Gr specimen 
had relatively few cracks caused by the ASR gel formed 
inside the glass particles (Fig.  13b). Interestingly, the 
ASR gel was not formed despite the presence of micro-
cracks inside the glass particles. As shown in the solubil-
ity results (Fig.  10), GFA_Gr has a low reactivity owing 
to  Cr2O3 compared to the other colors. Therefore, only a 
few ASR gels are expected to form through microcracks, 
owing to the melting resistance of GFA_Gr, until 14 days 
prior. The Br specimen was observed to have more cracks 
caused by the ASR gel formed inside the glass particles 
than the Gr specimen (Fig. 14c). GFA_Br showed a rela-
tively rapid dissolution of amorphous silica by alkali ions 
penetrating the microcracks because the  Cr2O3 content 
was lower than that of GFA_Gr (Table 1).

As a result, all GFAs had microcracks inside the 
particles, which caused ASR gel formation and swelling 
pressure. The ASR expansion of the mortar was in the 
order of Gr < Br < Mixed < Tr, owing to the differences in 
reactivity depending on the color of the GFA. Du & Tan, 
(2014a, 2014b) reported that GFA_Br exhibited a lower 
ASR expansion than GFA_Gr because of the absence 
of microcracks in its particles, in contrast to the results 
of this study. This research gap appears to be due to 

Fig. 12 ASR expansions of mortar for color effect test
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Fig. 13 SEM-BSE micrographs of mortar after 14 days of AMBT (a Tr, b Gr, c Br)

Fig. 14 Strength of mortar for content effect test (a Compressive, b Flexural)
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differences in the manufacturing methods of GFA. They 
manufactured GFA using a jaw crusher; however, the 
information on whether mass production is possible is 
limited. Meanwhile, it was observed that ASR gel was 
formed through microcracks in GFA with a particle size 
of approximately 500 μm or more, which causes swelling 
pressure in this study.

4.2  Effect of GFA Content
4.2.1  Compressive and Flexural Strength
Fig.  14 shows the compressive and flexural strengths of 
the mortar with respect to GFA content. It was found 
that the effect of a GFA content lower than 30% on the 
compressive and flexural strengths of the mortar was 
unclear. On the other hand, it was found to reduce the 
compressive and flexural strength of the mortar when the 
GFA content was 30% or more. At 56 d, the compressive 
strengths of the 30%, 40%, and 50% specimens were 
96%, 91%, and 88% of the Ref specimen, respectively. 
The ratios for flexural strength were 98%, 95%, and 91%. 
As the GFA content increased, the ITZ (which had a 
negative effect on strength) increased, and the distance 
between the GFA particles decreased, increasing the 
possibility of crack formation (Wang et al., 2022a, 2022b). 
In addition, microcracks inside the GFA particles may 
promote mortar cracking.

When the GFA content was 30% or less, the change in 
the relative strength with curing time was insignificant, as 
shown in Fig. 15. It appears that the pozzolanic reaction 
of the fine particles in the GFA (10–30% content) was 
not sufficient to affect the strength. However, as the GFA 
content increased from 30 to 50%, the relative strength 
according to the curing days increased compared to that 
of the Ref specimen. This indicates that the pozzolanic 
reaction of the GFA (> 30%) increased the strength of the 

mortar. The specimen containing 100% GFA exhibited 
the lowest relative strength. Notably, the strength devel-
opment of the mortar using GFA (100% content) accord-
ing to the number of curing days was lower than that of 
GFA (50% content). The excessive use of GFA can nega-
tively affect pozzolanic reactions (Harrison et al., 2020). 
The agglomeration of fine particles may also have con-
tributed to these results (Aliabdo et al., 2016).

4.2.2  AMBT
Fig.  16 shows the ASR expansion of mortar according 
to the GFA content. As the GFA content increased, the 
ASR expansion of the mortar increased. When the GFA 
content was 20% or less, the ASR expansion was less than 
0.1% on day 14 and less than 2.0% on day 28. When the 
GFA content was 20% or less, the ASR expansion was 
less than 0.1% on day 14 and 2.0% on day 28. However, 
the expansion of mortars using more than 30% GFA 
exceeded 0.1% at 14 d and 2.0% at 28  d. These results 
differ from those reported in previous studies (Ismail & 
Al-Hashmi, 2009; Saccani & Bignozzi, 2010; Topcu & 
Canbaz, 2004). In this study, the GFA was found to have 
numerous microcracks in the particles, which is a major 
factor influencing ASR expansion (Du & Tan, 2014a, 
2014b; Rajabipour et al., 2010). In addition, GFA_Tr con-
tributed to these results, showing extreme ASR expan-
sion owing to its high reactivity (Fig. 12a).

Fig.  17 shows the relative expansion of the mor-
tar compared to that of the Ref specimen. It was found 
that increasing the GFA content resulted in greater ASR 
expansion of the mortar over the test period. The relative 
expansion of specimens with 10% and 50% GFA content 
were 1.27 and 1.39 at 4 days and 1.39 and 2.95 at 28 days, 
respectively. The sharp edge of the GFA is expected to 

Fig. 15 Relative strength of mortar for content effect test compared to the reference mortar (a Compressive, b Flexural)
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concentrate the cracking caused by the swelling pressure 
of the ASR gel, as shown in Fig. 13a. These cracks caused 
other cracks in the GFA particles and promoted ASR gel 
formation (Wang et al., 2023). Therefore, the increase in 
the angular GFA negatively affected the ASR expansion 
of the mortar.

It is well known that the use of GFA causes an ITZ, 
which has a negative effect on the strength. However, an 
appropriate GFA content has been reported to improve 
the strength of cement composites (Corinaldesi et  al., 
2005; Kou & Poon, 2009; Limbachiya, 2009; Penacho 
et  al., 2014; Serpa et  al., 2013). The appropriate GFA 
content is reported to be 10–70%, which is a wide range. 

Therefore, this study investigated the content of mass-
produced GFA that can be used as sustainable FA. 
Consequently, the high aspect ratio, angular shape, and 
smooth surface of GFA reduced the compressive and 
flexural strengths of the mortar. A high GFA content 
(100%) had a negative effect on the pozzolanic reaction 
and decreased the strength of the mortar. However, 
the use of GFA at an appropriate content (≤ 20%) did 
not significantly reduce the strength of the mortar. The 
angular shapes and microcracks inside the GFA particles 
contributed to an increase in the ASR expansion of the 
mortar. Increasing the GFA content caused the mortar 
to exhibit a relatively greater ASR expansion according 
to the AMBT period. These results differ from those 
of previous studies (Dhir et  al., 2009; Du & Tan, 2014a, 
2014b; Ismail & Al-Hashmi, 2009; Zhu et al., 2009). This 
study used two crushing processes (hammer and roll 
crushing) to mass-produce GFA. This process results in 
the formation of microcracks in the GFA particles, which 
negatively affects the strength and ASR expansion of the 
mortar.

4.3  Effect of GFA Particle Size
4.3.1  Compressive and Flexural Strength
Fig.  18 shows the compressive and flexural strengths 
of the mortar with GFA particles. For the compressive 
strength at 56  d, specimens S1, S2, and S5 exhibited 
98%, 96%, and 102% of the Ref specimens, respectively. 
The flexural strength ratios were 101%, 100%, and 
103%, respectively. The replacement of GFA with S1, 
S2, and S5 particles in the NFA did not have a signifi-
cant effect on the compressive and flexural strengths of 
the mortar. However, the S3 and S4 specimens showed a 
decrease in strength compared with the Ref specimens, 

Fig. 16 ASR expansions of mortar for content effect test

Fig. 17 Relative expansion of mortar for content effect test 
compared to the reference mortar
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with compressive strengths of 82% and 87% and flex-
ural strengths of 84% and 88%, respectively, at 56  days. 
Although a high GFA content reduced the strength of 
the mortar (Fig.  14), the S4 specimen showed a higher 
strength than the S3 specimen.

The relative strength of the mortar with GFA particles 
is shown in Fig. 19. The particle size of GFA was found to 
have different effects on the relative strength of the mor-
tar according to the number of curing days. The relative 
strengths of specimens S1 and S2 tended to decrease as 
the curing time increased. This indicates that the effect 
of ITZ changes due to the replacement of particles 
(1.18–4.75 mm) in GFA is more negative at 56 days than 
at 7  days. In addition, the relative strength decreased 
significantly with curing time when the particle size 
fraction was larger (Wang et  al., 2022a, 2022b). The S3 
specimen showed a lower relative strength than the S4 
specimen despite its lower GFA content. The effects that 

contributed to this result may be as follows: (1) a higher 
aspect ratio of the particles is more negative for the 
strength (Koh, 2014); a higher size fraction of particles is 
more negative for the strength (Ling & Poon, 2011); and 
(3) the fine particles of S4 contributed to the strength 
development through the pozzolanic reaction (Lee et al., 
2013). Meanwhile, the relative compressive strengths of 
the S5 specimen after 7 and 56 days were 0.98 and 1.02, 
respectively. The strength development owing to the poz-
zolanic reaction of GFA in the S5 particles appears to be 
unclear at a content of 10%.

4.3.2  AMBT
Fig. 20 shows the ASR expansion of the mortar accord-
ing to the GFA particle size. Except for the S5 speci-
men, the ASR expansions of the specimens using GFA 
exceeded 0.1% at 14 d and 2.0% at 28 d. Even though the 
GFA content was 10%, the S1 specimen showed a high 

Fig. 18 Strength of mortar for particle size effect test (a Compressive, b Flexural)

Fig. 19 Relative strength of mortar for particle size effect test compared to the reference mortar (a Compressive, b Flexural)
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ASR expansion because of the large size fraction of par-
ticles in the GFA. Specimens with the same GFA con-
tent (25%) showed higher ASR expansion as the particle 
size fraction increased (Rajabipour et  al., 2010). Inter-
estingly, the S4 specimen showed a high ASR expan-
sion (0.17% at 14 days and 0.3% at 28 days). In several 
studies (Jin et  al., 2000; Rajabipour et  al., 2010; Wang 
et  al., 2023; Xie et  al., 2003), the GFA of S4 particles 
was reported to be the “threshold size” at which ASR is 
suppressed owing to pozzolanic reactions. However, in 
this study, ASR gel due to microcracks was observed in 
GFA of 500 μm particles (Fig. 13c).

To clarify the effect of the GFA particle size, the rela-
tive expansion of the mortar compared to was analyzed, 

as shown in Fig.  21. Specimens S1 and S2 exhibited a 
higher relative expansion with an increasing number of 
test days. In this study, this result is typical because the 
ASR gel in the GFA promotes another ASR gel through 
the cracks. However, specimens S3, S4, and S5 exhib-
ited lower relative expansion with increasing testing 
days. Zheng, (2016) reported that the pozzolanic reac-
tion in glass increases the aluminum concentration in 
the pore solution, delaying the ASR. Therefore, these 
results appear to be due to the delayed ASR caused by 
the pozzolanic reaction of the fine GFA particles. How-
ever, in specimens S3 and S4, the pozzolanic reaction 
of GFA did not completely control the ASR. For GFA 
particles (with microcracks) larger than 500  μm, ASR 
expansion occurs continuously because alkaline ions 
that penetrate microcracks remain there and form a 
continuous ASR gel (Du & Tan, 2014a, 2014b).

GFA is known to have a more negative effect on 
strength and ASR expansion at larger size fractions. How-
ever, no cases have been confirmed in which mass-pro-
duced GFA has been used as a sustainable fine aggregate 
to replace NFA particles according to fineness. Therefore, 
in this study, the mortar strength and ASR expansion 
were investigated according to the particle size of mass-
produced GFA. As a result, the large size fraction of GFA 
did not appear to have a significant effect on the strength 
of the mortar at a low content (4% for S1 and 13% for S2). 
However, the high GFA contents of the S3 and S4 particles 
significantly reduced the strength of the mortar. In par-
ticular, GFA (S3 particles) had the most negative effect on 
the strength of the mortar owing to its high aspect ratio 
and large size fraction. Meanwhile, a large fraction of GFA 
had a negative effect on the ASR expansion of the mortar. 
The GFA in the S1 particles caused a high ASR expansion 
in the mortar despite its low content (10%). The effect 

Fig. 20 ASR expansions of mortar for particle size effect test

Fig. 21 Relative expansion of mortar for particle size effect test 
compared to the reference mortar
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of small-sized fractions (S3 and S4) of GFA on the ASR 
expansion of the mortars revealed interesting results. The 
pozzolanic reaction of fine particles of GFA appeared to 
delay the ASR. However, ASR is not completely controlled 
because ASR gel is continuously formed inside GFA par-
ticles of 500  μm or larger. Therefore, the GFA of the S4 
particles, which has been reported as the threshold size 
in other studies (Jin et  al., 2000; Rajabipour et  al., 2010; 
Wang et al., 2023; Xie et al., 2003), had a negative effect 
on the ASR expansion of the mortar. This study suggested 
that the threshold size with insignificant effect on ASR 
expansion was 300–400 μm.

This study investigated the effects of color, content, and 
particle size to determine sustainable fine aggregate condi-
tions for mass-produced GFA, as listed in Table 5. The sus-
tainable fine aggregate conditions for mass-produced GFA 
were as follows: (1) content of color-mixed GFA within 
20% and (2) content of color-mixed GFA fine particles (S5) 
within 15%. If the GFA_Tr content was reduced, more GFA 
could be used. However, the amount of GFA that can be 
recycled as fine aggregates is limited. Moreover, the pro-
cess for the mass production of GFA generated microc-
racks inside the particles, which had a negative effect on the 
ASR expansion (Fig. 13). If ASR expansion is maintained, 
GFA is likely to have a deleterious effect on the durability of 

concrete. Effective solutions, such as using SCMs to control 
the ASR expansion, are required.

In this study, the effect of GFA applied under field 
conditions of mass production on the strength and ASR 
expansion behavior of mortar was analyzed. GFA under 
field conditions showed different results from GFA under 
laboratory conditions reported in other studies. There-
fore, when using mass-produced GFA in concrete, it is 
recommended to use it as a replacement for less than 20% 
of NFA. However, it is expected to be difficult to use as a 
fine aggregate for structural concrete, due to the smooth 
surface and microcracks of GFA. Further research is 
needed to investigate the GFA effect on the properties 
of concrete, as the replacement within 20% is an analysis 
result based on mortar.

5  Conclusions
This study investigated the effects of mass-produced 
waste glass fine aggregate (GFA) usage on the compres-
sive strength, flexural strength, and ASR expansion 
behavior of mortar. The effects of color (transparent, 
green, and brown), content (10, 20, 30, 40, 50, and 100%), 
and particle size (S1, S2, S3, S4, and S5) were investigated 

Table 5 Effect of GFA on the mechanical properties and ASR expansions of mortars

“○” denotes sample did not exceed 0.1% at 14 days; “❌” denotes sample exceeded 0.1% at 14 days

Usage conditions of GFA Compressive strength Flexural strength ASR expansions

Color Particle size (μm) Content (%) 28 days (%) 56 days (%) 28 days (%) 56 days (%) 14 days (%) 28 days (%)  < 0.1% 
at 
14 days

Trans-parent 4750–0 100 63 65 64 66 1523 1317 ❌
Green 100 74 73 75 75 34 131 ○
Brown 100 69 71 70 72 116 238 ○
Mixed 10 102 100 99 100 127 139 ○

20 100 101 101 99 146 161 ○
30 98 96 97 98 209 209 ❌
40 92 91 92 95 229 252 ❌
50 86 89 89 91 286 295 ❌
100 67 69 67 68 654 620 ❌

4750–2360 4 101 98 100 101

10 224 209 ❌
2360–1180 13 97 96 98 100

25 441 434 ❌
1180–600 30 81 82 85 84

25 410 365 ❌
600–300 41 85 87 87 88

25 325 248 ❌
300–150 10 101 102 101 103

15 72 51 ○
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as usage conditions. Based on this study, the following 
conclusions were drawn:

1) The mass-production process caused microcracks 
in the GFA particles, the leading causes of mor-
tar strength reduction and ASR expansion. Critical 
microcracks are observed in the transparent GFA.

2) The chemical composition of the GFA significantly 
affected the strength and ASR expansion of the 
mortar. Transparent GFA had the most negative 
effect on the strength and ASR expansion of the 
mortar owing to its relatively weak glass network and 
critical microcracks. Green GFA showed a relatively 
low strength reduction and ASR expansion owing 
to its relatively low aspect ratio and high melting 
resistance. However, after 14 d of AMBT, a rapid 
increase in the ASR expansion of the mortar was 
observed owing to microcracks in the green GFA 
particles.

3) The high GFA content promoted crack coalescence 
because of the close distance between the particles, 
resulting in a higher strength reduction and ASR 
expansion of the mortar. Moreover, a 100% GFA 
content had a negative effect on the pozzolanic 
reaction of fine glass particles. However, the 
appropriate GFA content did not have a significant 
effect on the strength or ASR expansion of the 
mortar, which was found to be 20% or less.

4) A large fraction of GFA particles had a deleterious 
effect on the strength development and ASR 
expansion of the mortar. In addition, the S4 particles 
of the GFA showed high strength reduction and 
ASR expansion, which were not expected to have 
a significant effect on the mortar owing to the 
pozzolanic reaction. It is assumed that these results 
are due to microcracks occurring in GFA particles 
larger than 500 μm. Therefore, the “threshold size” for 
mass-produced GFA is suggested to be 300–400 μm.

This study limited the usage conditions for mass-
produced GFA because of its adverse effects on mortar. 
Future research must investigate methods, such as 
SCMs or surface treatments, to use large amounts of 
mass-produced GFA as sustainable fine aggregates. 
Furthermore, an economical and efficient method for 
mass-producing GFA without microcracks is required. 
These case studies are expected to accelerate the 
recycling of GFA as a construction material.
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