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Abstract 

This paper presents the influence of supplementary cementitious materials (SCMs), such as fly ash (FA), silica fume 
(SF), ground granulated blast furnace slag (GGBS), and waste glass fine aggregate (GA), on the alkali-silica reaction 
(ASR) in high-strength and normal-strength mortar using an accelerated mortar bar test (AMBT). Residual mechani-
cal properties and scanning electron micrographs were used to assess the changes in the matrix. GA reduced 
the mechanical properties of both normal-strength (NGA_OPC) and high-strength mortars (HGA_OPC), contributing 
to a decline in overall performance. This phenomenon was a result of the slipping of the GA from the matrix owing 
to its smooth surface. However, the inclusion of reactive SF and GGBS in the HGA improved the slip phenomenon 
of the GA, leading to a significant enhancement in its mechanical properties. Following the ASR expansion measure-
ment, HGA_OPC demonstrated an ASR expansion rate approximately three times higher than that of NGA_OPC. This 
was attributed to the dense structure of HGA_OPC, which resulted in greater expansion than that of NGA_OPC. How-
ever, with the incorporation of SCMs into both HGA and NGA, a significant reduction in ASR expansion was observed. 
This was attributed to the delayed ASR of GA due to alkali activation or the pozzolanic reaction of the SCMs. Continu-
ous exposure to the AMBT environment can lead to the destruction of GA. This was caused by the inner ASR that orig-
inated from the surface crack of the GA, which resulted in a reduction in the flexural strength of the mortar. The HGA 
with SF exhibited the highest resistance to ASR expansion and residual mechanical properties’ degradation. Therefore, 
various durability and long-term performance-monitoring studies on ultra-high-performance concrete or high-
strength cementitious composites with very high SF contents and GA can be conducted.
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1  Introduction
Natural sand from seas and rivers has traditionally been 
used as a fine aggregate for concrete and mortar in the 
construction industry. However, because of the destruc-
tion of natural ecosystems and limited resources, stud-
ies have been conducted on the development of recycled 
aggregates (Kwan et al., 2012; Padmini et al., 2009; Sasui 
et  al., 2023; Tabsh & Abdelfatah, 2009). Additionally, 
many countries, including Hong Kong, the United States, 
Japan, and Europe, face environmental issues caused by 
the indiscriminate discharge of soda-lime glass bottles 
and a lack of landfills. In the case of glass bottles, only 
approximately 60–70% are currently recycled, and the 
rest end up in landfills, because recycling becomes chal-
lenging when their colors are not distinguished or when 
they are broken. Therefore, various studies have been 
conducted, and policies have been established regard-
ing the treatment of waste glass bottles. Since the 1990s, 
numerous researchers have conducted studies on recy-
cling waste glass bottles as construction materials, 
including powders and aggregates (Ahmad et  al., 2022; 
Omran et al., 2017; Sasui et al., 2020, 2021, 2022; Shayan 
& Xu, 2004, 2006; Shi et al., 2005; Taha & Nounu, 2009; 
Tittarelli et  al., 2018). Waste glass can be utilized as an 
aggregate owing to its similar density to that of conven-
tional aggregates and nearly zero water absorption rate.

However, many researchers have reported that the 
use of waste glass fine aggregate (GA) in mortar and 
concrete degrades its mechanical properties and causes 
an alkali-silica reaction (ASR). The smooth surface and 
sharp grain shape of GA reduce its bond strength with 
the cement matrix, thereby degrading its mechanical 
properties. Tan and Du (2013) reported the compres-
sive strength of glass aggregate (GA) mortar. The com-
pressive strength of GA mortar can be decreased by the 
sharp grain shape and smooth surface of the GA, lead-
ing to weaker bonding between the cement matrix and 
GA in the interfacial transition zone (ITZ) (Kou & Poon, 
2009). In addition, GA is known to generate expansion 
cracks in the cement matrix by reacting with the highly 
alkaline cement and causing ASR owing to its composi-
tion of amorphous silica (Park & Lee, 2004; Rashad, 2014; 
Tan & Du, 2013). Therefore, previous studies have sug-
gested the use of supplementary cementitious materials 
(SCMs) or a reduction in the amount of GA (Du & Tan, 
2013; Lu et al., 2017). Lu et al. evaluated the compressive 
and flexural strengths of white cement mortar contain-
ing 100% GA and SCMs [fly ash (FA), ground granulated 
blast furnace slag (GGBS), Metakaolin (MK), and glass 
powder]. They reported that SCMs could improve the 
strength of mortar if used appropriately. This is owing 
to the possible filling effect of the small particles and the 
granular shape of the SCMs (Lu et al., 2017). Du and Tan 

studied the ASR of GA mortar specimens mixed with FA 
(30%) instead of cement and reported that FA inhibited 
the ASR of GA (Du & Tan, 2013). ASR expansion and 
cracking were not observed in the FA-mixed GA mor-
tar specimens. FA can control the ASR by reducing the 
alkali content and porosity of the cement matrix via a 
pozzolanic reaction. Furthermore, the ASR expansion of 
glass sand mortars replacing 60% of cement with GGBS, 
was evaluated. They reported that GGBS, similar to FA, 
reduced the ASR expansion of FA mortar. In the case of 
silica fume (SF), the ASR of GA mortar was confirmed 
to be effectively controlled when 10% of cement was 
replaced with SF (Du & Tan, 2013; Duchesne and Bérubé 
1994a, b; Xu et al., 1995).

Recently, many studies have been conducted to apply 
GA to high-strength concrete or UHPC where various 
SCMs are used together. Soliman and Tagnit-Hamou 
investigated the performance of UHPC with GA instead 
of quartz sand (QS) (Soliman & Tagnit-Hamou, 2017). 
They reported that GA with a particle size of 275  μm 
can replace the QS of UHPC. Although the mechani-
cal properties of UHPC are reduced, it has not occurred 
harmful ASR expansion. In addition, Y. Jiao et al. evalu-
ated the mechanical properties by incorporating GA 
into UHPC (Jiao et  al., 2020). As a result, when 75% 
of QS was replaced by GA, it was reported that the 
mechanical properties of UHPC increased. However, 
when 100% was replaced, the mechanical properties of 
UHPC decreased slightly. They reported that GA could 
be used for UHPC. Meanwhile, existing studies applying 
GA to high-strength cement composite such as UHPC 
mainly use the small particle size of GA. Many studies 
have reported that small particle size GA does not occur 
harmful ASR expansion (Corinaldesi et al., 2005; Rashad, 
2014). However, making GA into powder and sand with 
small particle size consumes a lot of crushing energy. If 
GA with fine aggregate particle size, which consumes 
relatively little crushing energy, is used, the recycling rate 
of GA can be further increased. When incorporating GA 
with large particle size into high-strength concrete, the 
utilization of GA can be further increased if mechanical 
properties’ degradation and harmful ASR expansion can 
be improved. Therefore, research is needed to use GA 
with large particle size, not small particle size, for high-
strength mortar or concrete.

Additionally, ASR expansion degrades the mechani-
cal properties of concrete by generating severe cracks 
in the cement matrix and on the surface. Therefore, the 
residual mechanical properties under ASR conditions 
must be evaluated. In this regard, some researchers have 
investigated the influence of ASR in concrete using reac-
tive aggregates (amorphous silica, such as opal, chal-
cedony, cristobalite, and volcanic glass) on the residual 
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mechanical properties (Larive et al., 1996; Giaccio et al., 
2008; Hajighasemali et  al., 2014; Jones & Clark, 1996; 
Koyanagi et  al., 1986; Siemes & Visser, 2000; Takemura 
et al., 1996). Previous studies have reported that the ASR 
gel expands by absorbing moisture, leading to a decrease 
in the elastic modulus and tensile strength of mortar and 
concrete (Jones & Clark, 1996; Siemes & Visser, 2000; 
Takemura et  al., 1996). It is necessary to evaluate the 
residual mechanical properties by ASR in high-strength 
concrete incorporated with GA. In addition, various 
SCMs are used for high-strength concrete. These SCMs 
can affect the mechanical properties, ASR expansion 
behavior, and residual mechanical properties of GA 
high-strength concrete. However, studies on the residual 
mechanical properties of ASR in GA high-strength con-
crete using SCMs are insufficient.

Therefore, this study evaluated the mechanical prop-
erties and ASR expansion of high-strength mortars 
incorporating SCMs and GA. In addition, the residual 
mechanical properties due to the ASR expansion were 
assessed. The ASR expansion was assessed using the 
accelerated mortar bar method (AMBT), and for com-
parison with high-strength mortar, the same experiments 
were conducted using normal-strength GA mortar. Fur-
thermore, an analysis of the correlation between the 
ASR expansion rate and residual mechanical properties 
was performed to understand the impact of ASR expan-
sion on the mechanical properties of GA mortar. Thus, 
the feasibility of using GA in high-strength mortars and 
deriving appropriate SCMs is discussed.

2 � Materials and Methods
2.1 � Materials
Ordinary Portland cement (OPC), FA, SF, and GGBS as 
binders were used in this study. The chemical composi-
tions of the binders used in this study were determined 
using X-ray fluorescence spectroscopy (XRF, ZSX Primus 
II, Rigaku) and are presented in Table 1. The FA used in 
this study is of the Class F type, sourced from Maxcon 
Co. Ltd., Korea. It mainly consists of SiO2 and Al2O3 and 

has a density of 2.24  g/cm3 and specific surface area of 
3940  cm2/g. SF (Grade 940-U, Elkem Microsilica from 
ACS Co. Ltd., Korea) consists of more than 97% amor-
phous silica. It has a bulk density of 0.2–0.35 g/cm3 and 
a specific surface area of 150,000–300,000  cm2/g. The 
GGBS (Maxcon Co., Ltd., Korea) is mainly composed of 
SiO2, Al2O3, and CaO and has a density of 2.90 g/cm3 and 
specific surface area of 4580 cm2/g.

Natural fine aggregates (NA) and GA were used as 
fine aggregates. The GA used a mixture of three dif-
ferent types of glass cullets, each type with a different 
color. The company ’Indong G.R.C.’ in the Republic 
of Korea supplied the glass cullet (2–5  mm) in three 
colors: transparent, green, and brown. These cul-
lets were crushed using a ball mill in the laboratory 
to achieve a standard fine aggregate particle size. The 
crushed fine aggregates from the three colored glasses 
were mixed in the same ratio. Figs.  1 and 2 show the 
particle-size distribution curves and appearance of the 
NA and GA used, respectively. Both NA and GA satis-
fied the standard particle-size distribution of fine aggre-
gates according to ASTM C33 (ASTM C33/C33M-18, 
2010). On the other hand, according to ASTM C 1260, 
the particle-size distribution of fine aggregate used in 
ASR expansion rate test is specified. However, in this 
study, the standard particle size of existing fine aggre-
gate was used, because the ASR expansion amount was 
compared relatively, not to check whether the aggregate 
expanded ASR or not. As shown in Fig. 2, the GA exhib-
ited a smooth surface and a long, flat shape. Table 2 lists 
the physical properties and chemical compositions of 
the NA and GA used in this study. The chemical com-
position was also measured using XRF equipment. In 
the case of GA, the density was relatively low compared 

Table 1  Chemical composition of OPC and SCMs used

Chemical 
composition (wt%)

OPC FA SF GGBS

SiO2 16.14 53.44 97.4 31.91

Al2O3 4.39 24.65 0.4 14.09

Fe2O3 3.83 7.49 0.1 0.79

CaO 66.79 3.87 0.2 46.44

MgO 2.47 0.58 0.6 2.53

K2O 1.19 1.38 0.9 0.49

Na2O 0.08 0.54 0.3 0.17 Fig. 1  Particle-size distribution of NA and GA
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with that of NA, but the water absorption was close to 
zero. The GA used in this study is made up of soda-lime 
glass bottles; therefore, most of the silica is amorphous. 
This has been widely reported in the previous stud-
ies; therefore, X-ray diffraction (XRD) analysis was not 

conducted separately. GA showed a higher ratio of CaO 
and Na2O than NA.

2.2 � Mix Proportion and Plan
Table 3 lists the mixing proportions of GA mortars. The 
IDs of the specimens were defined by the strength cat-
egory (high or normal), aggregate type, and SCM. For 
instance, if the strength is normal, abbreviation ‘N’ is 
used, and if the strength is high, abbreviations ‘H’ is used. 
When the mortar consisted of GA without SCMs, the 
sample IDs NGA_OPC for normal strength and HGA_
OPC for high strength were used. Similarly, the GA mor-
tar with SCMs used the IDs NGA_SCM or HGA_SCM, 
where SCM stood for FA, SF, or GGBS.

For the normal-strength GA mortar, w/b was set to 
0.5, and the fine aggregate-to-binder ratio (a/b) was set 
to 3, in accordance with ISO 679 (Cement-Test Methods-
Determination of Strength, 2009). For the ASTM C 1260 
samples, mixing ratios w/b = 0.47 and a/b = 2.25 were 
used (ASTM C1260-22, 2014). The replacement ratio of 
each SCM was as follows: FA: 20 wt.% of OPC; SF: 10 
wt.% of OPC; GGBS: 40 wt.% of OPC. The replacement 
rate was determined by referencing previous studies on 

(a)

(b)
Fig. 2  Appearance of NA and GA

Table 2  Physical properties and chemical composition of NA 
and GA

Properties NA GA

Density (g/cm3) 2.54 2.45

Fineness modulus 2.53 2.95

Water absorption (%) 1.6 0.4

Chemical composition (%)

SiO2 82.21 65.91

Al2O3 9.12 3.93

CaO 2.41 12.95

MgO 0.83 1.42

Na2O 1.91 10.23

K2O 1.62 0.98

Cr2O3 0.32 0.12

Fe2O3 2.15 0.43
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the incorporation amounts of SCMs aimed at reducing 
initial compressive strength loss due to excessive incor-
poration and mitigating the ASR of GA (Du & Tan, 2013; 
Lu et al., 2017). To maximize the effect of GA incorpora-
tion, 100% GA was used.

For the high-strength GA mortar, w/b was set to 0.2 and 
a/b was set to 1.5. To secure a slump due to the low w/b 
of the high-strength mortar, a/b was set to 1.5. Because 
the mixing ratio for the high-strength mortar for ASR 
expansion was not specified, the same ratio (w/b = 0.2 
and a/b = 1.5) was used for ASR expansion specimen. The 
replacement rate for each SCM was the same as that for 
the normal GA mortar. Because the w/b ratio of the high-
strength GA mortar was very low, polycarboxylate super-
plasticizer (SP) (Flowmix 3000S, Dongnam Co., Korea) 
was used to improve the slurry workability. Its content 
was 1.7% of the binder weight for HNA and HGA. How-
ever, for high-strength GA mortars with SCMs, the con-
tent of SP was 1.275% to control the slump, which may 
have increased owing to the water demand reduction 
effect of SCMs. The SP used in this study was chloride-
free and had a low alkali content.

The binders and fine aggregate were mixed using a 
mortar mixer, and dry mixing was performed for approx-
imately 60 s. Water was then added, and mixing was per-
formed for approximately 120  s. For the high-strength 
mortar, the superplasticizer was slowly added, and fur-
ther mixing was performed for 60–120 s. After pouring 
into the mold, vibratory compaction was performed for 
approximately 30  s using a shaking table. For the high-
strength mortar, vibratory compaction was performed 
for 15  s when SP was used to prevent bleeding. The 

mortar specimen was cast in a mold and cured in the air 
at 25 ± 2 ℃ and a relative humidity (RH) of 60 ± 5% for 1 
day. The exposed surface of the mortar was covered with 
vinyl to minimize moisture evaporation. After demold-
ing, the mortar specimen was cured in water at 25 ± 2 ℃.

2.3 � Test Method
2.3.1 � Flow and Air Content
The flow was derived from the average diameter of the 
mortar after pouring the mortar into a cone installed 
on the mortar flow table and striking the flow Table  25 
times in accordance with ASTM C1437 (ASTM C, 1293 
2015). The air content was evaluated immediately after 
mortar mixing using air content equipment in accord-
ance with EN 1015–7 (“EN 1015-7: 2007. Methods of test 
for mortar masonry—part 7: determination of air content 
of fresh mortar.” n.d.). The measurement time did not 
exceed five minutes for any specimen.

2.3.2 � Mechanical Properties
To measure the compressive and flexural strengths, 
40  mm × 40  mm × 160  mm specimens were prepared 
in accordance with ISO 679. They were poured into the 
mold and subjected to air-dry curing under 25  ℃ and 
60% RH conditions for 24  h. They were then removed 
from the mold and subjected to water curing at 20 ℃. The 
specimens were removed from the water after 7, 28, 56, 
and 91  days of water curing to measure their strength. 
A three-point flexural strength test was conducted at a 
loading rate of 50 N/s, and the compressive strength was 
measured at a loading rate of 2,400 N/s until the speci-
men fractured. The maximum strength was measured 

Table 3  Mix proportions and specimens IDs

a N Normal-strength mortar (w/b: 0.5 and a/b: 3), H High-strength mortar (w/b: 0.2 and a/b: 1.5),

NA Natural fine aggregate, GA Waste glass fine aggregate
b  The percent of addition amount by weight of binder

Specimen ID.a) Mix proportion (kg/m3)

Water Binder Fine aggregate SP (wt%)b)

OPC FA SF GGBS NA GA

NNA 256 512 1536

NGA_OPC 1536

NGA_FA 409.6 102.4 1536

NGA_SF 460.8 51.2 1536

NGA_GGBS 307.2 204.8 1536

HNA 184 922 1383 1.7

HGA_OPC 1383 1.7

HGA_FA 737.6 184.4 1383 1.275

HGA_SF 829.8 92.2 1383 1.275

HGA_GGBS 553.2 368.8 1383 1.275
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(Cement-Test Methods-Determination of Strength, 
2009).

2.3.3 � ASR Expansion Rate (Accelerated Mortar Bar Method, 
AMBT)

The ASR expansion rates of the normal and high-
strength GA mortars mixed with SCMs were evaluated 
according to ASTM C1260 and C1567 (AMBT) (ASTM 
C1567-04 2005). The specimens had dimensions of 
25 mm × 25 mm × 285 mm. The change in length accord-
ing to the ASR expansion was measured by inserting 
gauge studs at both ends of the mortar specimen, in 
accordance with ASTM C490 (ASTM C490, 2017; ASTM 
C1260-22, 2014). The prepared ASR specimens were 
cured in water at 80 ℃ for 24 h, and the length of each 
specimen before the accelerated ASR was measured. The 
specimens were then immersed in a 1 N NaOH solution 
at 80 ℃. They were removed from the solution at regular 
intervals to measure the changes in length. The expansion 
rate was derived by comparing the measured specimen 
length with its length before immersion in the solution. 
Three samples were tested for each type, and the aver-
age values were used. Measurements were performed 

daily for 28 days. Meanwhile, NA and GA of fine aggre-
gate standard particle size were used in this experiment. 
Also, there is no standard for measuring the ASR expan-
sion of reactive aggregates in high-strength mortars, the 
ASR expansion rate was evaluated using the same AMBT. 
Although the presented expansion criterion (0.1% on the 
14th day) could not be directly and equally applied, the 
relative amounts of expansion were compared instead.

2.3.4 � Residual Mechanical Properties Under AMBT
Considering that ASR is a slow reaction, a considerable 
amount of time is required to evaluate the degradation 
of mechanical properties caused by it. Therefore, in this 
study, the residual mechanical properties were evaluated 
after the ASR accelerating condition using the AMBT 
method (Du & Tan, 2013; Mohammadi et al., 2020). The 
residual mechanical properties after AMBT were evalu-
ated at 3, 7, and 28 days. For each evaluation, the speci-
men’s surface was wiped, followed by drying at a constant 
temperature and humidity (25  ℃ and 60% RH) for 
approximately 3 h. The change in the length of the mortar 
was measured immediately before evaluating the residual 
compressive and flexural strengths. Similar specimens to 

(a) (b) 
Fig. 3  Mortar and length change-measuring instrument used for measuring the residual mechanical properties after AMBT. a Mortars specimens 
and gauge stud. b Length change-measuring instrument
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those used in the mechanical property test described in 
Sect.  2.3.2 were prepared. Gauge studs were embedded 
at both ends of each specimen to measure the change in 
length (see Fig.  3a). The initial lengths of all specimens 
before immersion in the solution were measured using a 
length change-measuring instrument (see Fig. 3b).

2.3.5 � Microstructure Analysis
After the AMBT, a microstructure analysis was con-
ducted to confirm the microstructure and conditions of 
the GA. Mortar specimens were collected and immedi-
ately immersed in ethanol for 1 day. Subsequently, the 
specimen was immediately cut using a diamond saw and 
impregnated with epoxy. Then, grinding was performed 
using SiC, and polishing was performed using diamond 
and colloidal silica. The microstructure was analyzed 
using scanning electron microscopy (SEM; Merlin Com-
pact, Carl Zeiss, Germany). Microstructural images were 
captured in the backscatter detector mode (SEM-BSE).

3 � Experimental Results and Discussions
3.1 � Flow and Air Content
Fig. 4 shows the flow and air content of normal and high-
strength GA mortars with added SCMs. As shown in 
Fig.  4a, NGA_OPC exhibited a higher air content than 
NNA. This is attributed to the low water absorption rate 
of GA and its long, flat particle shape (Drzymala et  al., 
2020). This increase in air content was expected to have 
a negative impact on the mechanical properties of the 
mortar. When SCMs were added, the flow significantly 
increased compared with NNA and NGA_OPC, owing 
to the workability improvement effect. FA can improve 
the coefficient of friction between cement particles owing 
to its round shape, thereby increasing the flow (Du et al., 
2021). However, SF has been shown to have relatively 
small flows compared to FA and GGBS, owing to its very 
high fineness. SF is known to make mortar sticky. The 
highest slump was observed for GGBS. This appears to 
be due to the smooth, glassy surface. In the case of the 
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high-strength mortar, as shown in Fig. 4b, the slump was 
very high owing to the use of SP. The slumps of the HNA 
and HGA_OPC exhibited similar values. For HGA_SF, 
however, the flow significantly decreased owing to the 
microparticles and high fineness, as in the case of the 
normal-strength GA mortar, despite the use of SP. The 
amount of air showed a tendency similar to that of the 
normal-strength GA mortar.

3.2 � Mechanical Properties
Fig.  5 shows the flexural and compressive strengths of 
the GA mortars mixed according to age. NGA_OPC 
and HGA_OPC have reduced flexural and compres-
sive strengths compared to the NNA and HNA mortars, 
regardless of age. This is believed to be due to the reduced 
adhesion to the cement matrix owing to the smooth sur-
face of the GA (Drzymala et al., 2020). This decrease in 
adhesion can cause a slip in the GA. The slip of the GA 

did not share the stress and was easily separated from 
the cement matrix when the mortar was broken. Accord-
ingly, the slip of GA can degrade its mechanical proper-
ties (Du & Tan, 2017; Hamada et al., 2022). Meanwhile, 
a high-strength cement matrix may increase the bond 
strength between the GA and cement matrix. However, 
the strength of HGA_OPC was reduced by up to about 
34% compared to HNA. The strength of NGA_OPC 
was reduced by up to about 20% compared to NNA. Yin 
et al. (2023) evaluated the mechanical properties of high-
strength cement (HPC) materials with a water/binder 
ratio of 0.2 with 20% GA content. They also reported that 
the reduction rates of compressive and flexural strengths 
of HPC were 10.7% and 9.1%, respectively. They also 
reported this phenomenon as a reason for the weakening 
of the bond strength due to the smooth surface of GA. 
In this study, it was also found that HGA_OPC did not 
improve the slip of GA.

The results of GA mortar incorporating SCMs are as 
follows. The NGA_SCMs exhibited lower flexural and 
compressive strengths than the NGA_OPC. This was 
due to the cement dilution effect caused by the mixing 
of SCMs. However, the HGA_SCMs exhibited a sig-
nificant increase in flexural and compressive strengths 
compared to the HGA_OPC. In particular, mixing SF 
and GGBS significantly improved the flexural strength. 
The flexural strengths of HGA_SF and HGA_GGBS 
exceeded the strength of HNA with increasing age. 
Because SF has a very small particle size (0.1–0.3 μm) 
and high reactivity, it can improve the cement matrix 
of high-strength mortar with the filling effect and poz-
zolanic reaction. In the case of GGBS, previous studies 
have reported that the shape of the GGBS particles is 
long and elongated, which can further increase the flex-
ural strength (Lu et al., 2017).

Fig.  6 shows the strength reduction rate of the speci-
mens at each age, with the NGA groups representing 
the NNA and the HGA groups representing the HNA. 
Despite the high-strength cement matrix of the HGA_
OPC, its strength decreased to a level similar to that of 
the NGA_OPC. However, the addition of SCMs to HGA 
had a more pronounced effect on improving its mechani-
cal properties than their addition to NGA. In particular, 
when SF and GGBS were mixed, the flexural strength 
improved significantly. This is believed to be due to the 
fact that the pore filling effect by the pozzolanic reaction 
of SCMs was better exhibited in the high-strength mor-
tar with a dense structure than in the normal-strength 
mortar. To confirm this, the fracture cross-section of the 
mortar test was investigated.

Fig.  7 shows the fractured cross-section after the 
flexural strength test of the high-strength mortar to 
check the slip of the GA. The HNA showed that all the 
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Fig. 6  Strength reduction rate of GA mortar according to age. a 
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aggregates broke apart from the cement matrix, as shown 
in Fig. 7a. However, as shown in Fig. 7b, when the frac-
ture surface of the HGA_OPC sample was observed, 
the GA particles remained intact, suggesting slip in 
the cement matrix. As shown in Fig.  7c and d, unlike 
HGA_OPC, HGS_SF and GGBS did not cause slipping 
of the GA. This was due to the increased strength and 
adhesion of the cement matrix owing to the pozzolanic 
reaction of SF and GGBS. Meanwhile, HGA_FA did not 
show any significant increase in strength owing to its 
relatively large particle size and slow reactivity compared 
to those of HGA_SF and GGBS (Bagheri et al., 2013; Lu 
et al., 2017). HGA_FA has been shown to improve long-
term mechanical properties owing to its slow pozzolanic 
reactions.

Accordingly, the effect of SCMs on the flexural strength 
of the high-strength GA mortar is pronounced. This can 
be explained by the non-slip shape of the GA. GA has 
a high fracture strength (approximately 50  MPa) and a 
long, flat shape. The GA is thought to improve the flex-
ural strength, as it can achieve the crack-bridging effect 
when a flexural fracture occurs. Therefore, mixing SF and 
GGBS can improve the mechanical properties of high-
strength GA mortars.

3.3 � ASR
Fig. 8 shows the ASR expansion results obtained using the 
AMBT. As shown in Fig.  8a, the ASR expansion rate of 

NGA_OPC increases to 0.3%, which exceeds the ASTM 
limit of 0.2% (after 14  days). It continued to increase, 
reaching approximately 0.65% after 28 days. In the AMBT 
environment, excessive ASR expansion occurs because of 
the reactive silica component of GA. However, the ASR 
expansion rate of HGA_OPC was approximately three 
times higher than that of NGA_OPC. Despite the high 
strength, low permeability, and low aggregate/cement 
ratio of the cement matrix, the ASR expansion rate was 
very high compared with that of NGA_OPC. This can be 
attributed to its dense microstructure (Trägårdh, 1994). 
Shen et  al. also reported that the porous of the mortar 
may mitigate the ASR gel expansion of GA (Shen et al., 
2020). When the ASR begins in NGA_OPC, the ASR 
gels can diffuse into the voids, and the buffer effect of the 
voids accommodating the expansion may appear. In con-
trast, the dense structure does not accommodate much 
of the ASR gel and may be more significantly affected by 
the ASR of GA. In addition, it is reported that the high 
unit weight of cement may increase the alkalinity of high-
strength mortar, which may further increase the ASR of 
reactive aggregates (Ferraris, 1995).

However, as shown in Fig.  8b, all NGA_OPC samples 
with SCMs showed a significant decrease in ASR expan-
sion (Du & Tan, 2013; Duchesne and Bérubé, 1994a, b; 
Xu et al., 1995). None of the samples exceeded the ASTM 
C1567 limit of 0.1% (after 14 days). In addition, the HGA 
samples with SCMs showed significantly reduced ASR 

Fig. 7  Fracture section of high-strength GA mortar after flexural strength test on 28 days; a HNA, b HGA_OPC, c HGA_SF, and d HGA_GGBS
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expansion. None of the HGA_SCMs samples exceeded 
the ASTM C1567 limit of 0.1% (after 14  days). HGA_
OPC had a very large ASR expansion, but the ASR 
expansion rate of the HGA_SCMs samples was reduced 
to a degree similar to that of NGA_SCMs. In particular, 
HGA_SF showed the lowest ASR expansion rate (0.046% 
after 28  days), similar to that of NNA (0.049% after 
28 days).

The reason to suppress the ASR expansion by the 
SCMs can be explained with various reasons. First, poz-
zolanic reaction of SCMs contributes the reduced perme-
ability of cement paste, and consequently, the mobility 
of alkali ions in mortar is reduced (Duchesne & Bérubé, 
1994a, b; Glasser, 1992; Xu et al., 1995). Second, the poz-
zolanic reaction by the SCMs provides higher resistance 
to the expansive stress by ASR gel (Duchesne & Bérubé, 
1994a, b; Glasser, 1992). Also, the C–S–H produced by 

pozzolanic reaction of SCMs can absorb and entrap a 
significantly higher quantity of alkali ions than normal 
C–S–H, thus reducing the quantity of alkali ions and the 
pH in the pore solution (Glasser, 1992; Hong & Glasser, 
1999; Xu et al., 1995). It is judged that these mechanisms 
of SCMs occur in combination to suppress the ASR 
expansion of GA. In particular, SF showed the highest 
ASR expansion reduction effect. This is because SF has 
the fastest reactivity with alkali ions owing to its micro-
particle size (Thomas, 2011).

Fig.  9 shows the differences in the ASR expansion 
mechanisms and SEM images of each sample after ASR 
has proceeded for 28  days. For the NGA_OPC sample, 
the GA caused ASR expansion. Voids were observed in 
the microstructure, suggesting that the ASR gel may 
have diffused through these voids (Fig. 9a). However, the 
HGA_OPC sample has fewer pores (Fig.  9b). They are 
more susceptible to ASR expansion than structures with 
more pores. As shown in Fig. 9c, FA and GGBS particles 
were observed in the surroundings of the GA. HGA_SF 
did not exhibit visible SF particles because of their small 
size and complete dissolution. Accordingly, none of 
HGA_FA, HGA_SF, or HGA_GGBS exhibited an ASR 
gel in GA, unlike NGA_OPC or HGA_OPC. When the 
HGA_SCM samples were immersed in NaOH solution, 
the external Na reacted with the existing SCMs to cause 
alkaline activation. Additionally, Ca ions in the cement 
matrix can contribute to the formation of harmful ASR 
gels (Du & Tan, 2014). SCMs also react with the Ca(OH)2 
in the cement matrix. The SCMs that have reacted with 
Ca further react with pozzolanic acid to form C–S–H. 
The C–S–H formed by the SCMs can absorb large 
amounts of alkali (Monteiro et al., 1997). These complex 
actions delay the reaction of GA with the alkali ions in 
GA mortars containing SCMs (Du & Tan, 2014; Mon-
teiro et al., 1997; Xu et al., 1995; Yin et al., 2023).

3.4 � Residual Mechanical Properties After AMBT
The AMBT experimental results indicated that HGA_
OPC exhibited more expansion than NGA_OPC, and 
the incorporation of SCMs significantly reduced the ASR 
expansion in both NGA_OPC and HGA_OPC. In this 
section, the expansion and residual mechanical proper-
ties of samples exposed to an AMBT environment are 
discussed. Fig.  10 shows the ASR expansion after expo-
sure of each specimen to the AMBT environment. Simi-
lar to the results of previous experiments, HGA_OPC 
showed the largest expansion (1.65% on the 28th day 
after AMBT), followed by NGA_OPC (0.84% on the 28th 
day after AMBT). Additionally, the sample group mixed 
with SCMs exhibited a relatively small ASR expansion. 
HGA_SF showed the smallest ASR expansion (0.08% on 
the 28th day after AMBT).

(a) 

(b)
Fig. 8  The results of ASR expansion rate. a NGA_OPC and HGA_OPC. 
b NGA_SCMs and HGA_SCMs
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Fig. 11 shows the residual mechanical properties of the 
NGA_OPC and HGA_OPC after AMBT. The residual 
mechanical properties of the NNA and HNA slightly 
increased. This can be attributed to the absence of the 

ASR in the NA, which may have resulted from the addi-
tional hydration reactions of the cement. In the case 
of NGA_OPC, the flexural and compressive strengths 
increased until the 7th day after AMBT. Unlike NGA_
OPC, the residual mechanical properties of HGA_OPC 
increased until the 3rd day after AMBT. This is due to 
the initial ASR of the GA. The ASR of the early GA can 
improve the ITZ between the GA and cement interface, 
and the ASR gel fills the voids (Lu et  al., 2017). Fig.  12 
presents the SEM analysis results of the GA and ITZ 
before and 7  days after AMBT. Before AMBT, a gap of 
approximately 2.3  μm existed between the GA and 
cement matrix (Fig.  12a). These gaps could reduce the 
adhesion strength between the GA and cement matrix, 
consequently affecting the mechanical properties. How-
ever, on the 7th day after AMBT, ASR products were 
formed on the surface of several GA particles, leading to 
a reduction in the ITZ size (Fig. 12b). Even small GA par-
ticles reacted and contributed to filling the matrix.
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Meanwhile, during continuous AMBT, NGA_OPC 
began to exhibit a decrease in residual mechanical prop-
erties on the 28th day after AMBT. In particular, a sig-
nificant reduction in the residual flexural strength was 
observed. This reduction in residual flexural strength is 
attributed to the excessive ASR expansion of GA (Jones 
& Clark, 1996; Siemes & Visser, 2000; Takemura et  al., 
1996). Continuous ASR expansion causes cracks in the 
cement matrix and reduces mortar strength. In the case 
of the GA, the strength may be further reduced by the 
destruction and damage to the GA due to the ASR occur-
ring inside the GA. The compressive strength does not 
decrease as significantly as the flexural strength. Hans 
et al. also reported that ASR does not appear to impact 
compressive strength (Reinhardt et  al., 2018). In con-
trast, the residual mechanical properties of HGA_OPC 
decreased when measured on the 7th day after AMBT. 
The residual mechanical properties of HGA_OPC after 

AMBT tended to decrease more rapidly and signifi-
cantly than those of NGA_OPC. This could be attributed 
to HGA_OPC experiencing faster ASR expansion than 
NGA_OPC.

Fig.  13 shows the residual mechanical properties of 
the NGA and HGA with SCMs after AMBT. The resid-
ual flexural and compressive strengths of NGA_FA, 
GGBS, HGA_FA, and GGBS increased until the 3rd day 
after AMBT. NGA_SF and HGA_SF exhibited a ten-
dency toward increased residual flexure and compres-
sive strength for up to 7  days after AMBT. During this 
period, no ASR expansion was observed in the mor-
tar (Fig.  10). This indicates that SCMs encounter alkali 
ions and undergo alkali activation and pozzolanic reac-
tions. However, on the 28th day after AMBT, most of 
the samples showed a decrease in residual flexural and 
compressive strengths. What is noteworthy here is the 
reduction in flexural strength after 28 days of keeping the 
mortar under AMBT conditions, despite the lower ASR 
expansion.

In the case of the GA mortar incorporating SCMs, the 
decrease in residual flexural strength after 28 days post-
AMBT, despite the low ASR expansion, was attributed 
to ASR-induced damage in the GA due to surface crack-
ing. An SEM analysis was conducted to investigate this 
phenomenon. As shown in Fig. 14, most specimens with 
SCMs exhibited GA destruction caused by the ASR gel. 
In the previous discussions, it was suggested that the 
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Fig. 12  SEM image of NGA_OPC sample before and after AMBT; a ITZ 
of GA and cement matrix, b ASR gel formation at ITZ of GA
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delayed occurrence of the ASR in GA could be attributed 
to the alkali activation and pozzolanic reaction of SCMs 
with alkaline ions and Ca in the cement matrix. However, 
in harsh environments with continuous alkali exposure, 
such as the AMBT, an internal ASR was observed within 
the GA. Similarly, Maraghechi et  al., (2016) reported 
internal ASR was occurred in the GA of alkali-activated 
FA mortar that did not form expansive ASR gels. This 
was attributed to the CaO content of GA and the pres-
ence of microcracks on the surface. These fine cracks led 
to more internal ASR in the GA than surface ASR, as pre-
viously reported (Du & Tan, 2014; Sun et al., 2021). The 
surface ASR gel is formed by reacting with Ca to create a 
secondary C–S–H layer, whereas the ASR within the fine 
cracks in the GA expands inward, providing new sites for 

ASR occurrence (Du & Tan, 2014). Consequently, the GA 
suffered more significant deterioration owing to these 
internal ASR gel. Therefore, in the GA mortar contain-
ing SCMs, the internal ASR within the GA resulted in the 
deterioration of strength, even though the SCMs delayed 
the ASR expansion. Ultimately, the removal or mitigation 
of surface cracks in GA can serve as a crucial method for 
preventing GA deterioration caused by the ASR, thereby 
enhancing the ASR resistance of GA mortar. In contrast, 
as illustrated in Fig.  14e, HGA_SF showed minor GA 
cracking in some areas, but no severe damage from the 
ASR was observed. Accordingly, as observed in Fig.  13, 
it displayed the least degradation in the residual flexural 
and compressive strengths among all mortars.

Fig. 15 summarizes the causes of the strength increase 
and decrease in the GA mortar due to the AMBT. Ini-
tially, the residual strength of the GA mortar increased 
during the early stages of AMBT, owing to the charging 
effect of the initial ASR gel of the GA. ASR simultane-
ously causes the deterioration of the GA and mortar 
strength reduction owing to expansion. However, the 
GA mortar incorporating SCMs, unlike NGA_OPC and 
HGA_OPC, exhibited a dominance of the pozzolanic 
reaction and alkali activation during the early stages of 
AMBT. It is likely that the ASR in the GA was also active 
during this period. Consequently, the residual strength 
of GA mortar with SCMs increased significantly due to 
these phenomena. However, when the pozzolanic reac-
tion and alkali activation of SCMs progress to a certain 
extent, ASR in GA begins to occur, leading to a reduction 
in the residual mechanical properties.

To analyze these phenomena quantitatively, the fIS and 
fDS values for each specimen were calculated. fIS and 
fDS were determined using Eqs. (1) and (2), respectively. 
Equation (1) is expressed as follows:

where fIS is the residual relative strength increase (%), 
fmax is the maximum residual strength (MPa), and fi is 
the initial strength before AMBT (MPa). Equation (2) is 
expressed as follows:

where fDS is the residual relative decreasing strength 
(%), fmax is the maximum residual strength (MPa), and 
f 28AMBT is the residual strength 28  days after AMBT 
(MPa).

The results of fIS and fDS for the residual flexural and 
compressive strengths are presented in Fig.  16. NNA 
and HNA exhibited very low fIS and fDS , because they 

(1)fIS = (f max − fi)/fi × 100

(2)fDS = (f max − f 28AMBT )/fmax × 100,
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did not undergo ASR. Meanwhile, NGA_OPC exhibited 
a 60% increase in flexural strength and a 17% increase 
in compressive strength. The fIS values of NGA_FA, 
SF, and GGBS varied slightly among the specimens but 
were generally higher than the fIS values of NGA_OPC. 
This was attributed to the alkali activation of the SCMs. 

In addition, the fDS values of NGA_FA, SF, and GGBS 
were lower than those of NGA_OPC. In contrast, HGA 
exhibited lower fIS values owing to the rapid ASR expan-
sion compared with the other specimens. However, its 
fDS value was very high, indicating a rapid decrease in 
the residual strength. HGA_FA, SF, and GGBS showed 
increased fIS and decreased fDS values compared with 
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HGA_OPC because of the alkali activation of the SCMs. 
In particular, HGA_SF’s flexural strength fDS was very 
low, and its compressive strength did not decrease.

An analysis of the correlation between fDS values and 
the ASR expansion is shown in Fig.  17. As shown in 
Fig. 17, a proportional relationship between ASR expan-
sion and fDS for strength was confirmed. As shown 
in Fig.  17a, GA mortar incorporating SCMs exhibited 
high flexural strength fDS values (25–33%) despite low 
ASR expansion. In contrast, as depicted in Fig. 17b, GA 
mortar with SCMs exhibited relatively low compressive 
strength fDS values (3–12%) at low ASR expansion. This 
suggests that the ASR-induced damage has a greater 
impact on the flexural strength than on the compressive 
strength. Notably, HGA_SF displayed the lowest expan-
sion and fDS values for both the flexural and compressive 
strengths. Previous studies have suggested that the use 
of FA and GGBS can effectively improve ASR by form-
ing non-expansive ASR gels with high Al/Si and low Ca/
Si ratios owing to their aluminum content (Khan et  al., 
2021). However, SF, which has a very low aluminum 
content and highly reactive amorphous silica particles, 

is known to have higher reactivity than FA and GGBS 
(Thomas, 2011). Consequently, SF can rapidly react with 
external alkali ions, effectively delaying the ASR in GAs. 
In particular, in the dense structure of high-strength 
mortar, the pozzolanic reaction of SF may further 
enhance the ASR expansion and penetration resistances. 
Therefore, the use of SF in a high-strength cement matrix 
is considered effective for controlling the ASR of GAs 
and maintaining their performance. When GA is used 
in ultra-high-performance concrete (UHPC) or high-
strength cementitious compositions, the use of SF may 
facilitate ASR control and mitigate the degradation of 
mechanical properties.

4 � Conclusion
This study evaluated the mechanical properties and ASR 
expansion behavior of high- and normal-strength mortar 
incorporating 100% waste glass fine aggregate as well as 
fly ash, blast furnace slag, or silica fume as a supplemen-
tary cementitious material. The accelerated mortar bar 
test (AMBT) was used to induce ASR. In addition, the 

Fig. 15  Schematic of residual mechanical properties behavior according to presence SCMs in GA mortars
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residual mechanical properties of the high-strength GA 
mortar were analyzed under AMBT conditions. The con-
clusions are as follows:

1.	 Both normal- and high-strength GA mortars exhib-
ited a decrease in mechanical properties compared 
to the natural fine aggregate mortar. Slipping of the 
GA was also observed in both the normal- and high-
strength cement matrices. However, the incorpora-
tion of highly reactive SF and GGBS can improve 
both the degradation of the mechanical properties 
and the slip of GA in high-strength GA mortars.

2.	 AMBT performed on the high-strength GA mortar 
revealed that the ASR expansion of GA was approxi-
mately three times higher than that of the normal-
strength GA mortar, which was attributed to its 
dense, non-porous structure. As a result, the residual 
mechanical properties degraded more rapidly than 
those of the normal-strength GA mortar.

3.	 Owing to the pozzolanic reaction of SCMs, that is, 
FA, SF, and GGBS, their incorporation into both 
normal and high-strength GA mortar significantly 
reduced the ASR expansion rate and did not cause 
any significant decrease in the residual mechanical 
properties. However, for the high-strength mortar, 
despite the low ASR expansion rates, exposure to 
the AMBT environment results in the deterioration 

(a)

(b)
Fig. 16  Rate of change of residual mechanical properties of samples. 
a Residual flexural strength. b Residual compressive strength

(a)

(b)
Fig. 17  Relationship between ASR expansion rate and fDS . a fDS 
of Flexural strength. b fDS of compressive strength
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of GA owing to the inner ASR, causing a significant 
decrease in the flexural strength of the GA mortar.

4.	 The incorporation of SF in high-strength GA mortar 
resulted in minimal ASR expansion and significantly 
improved the residual mechanical properties of the 
high- and normal-strength mortars. SF demonstrated 
the most effective delay in ASR expansion in high-
strength GA mortars. Consequently, it is suggested 
that GA can be employed in UHPC or high-strength 
cement composites, where SF is more commonly uti-
lized. However, further testing of other properties is 
required to confirm its applicability.

This study confirms that even in the presence of SCMs, 
the performance of the GA may deteriorate owing to the 
ASR originating from surface cracks under harsh AMBT 
conditions. Further research on surface modification and 
coating to eliminate surface cracks in GA is anticipated 
to improve its performance against ASR-induced degra-
dation. Additionally, long-term performance-monitoring 
experiments on high-strength GA mortars are necessary 
for a more comprehensive understanding.
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