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ABSTRACT 
The recycled glass fine aggregate (RGS) causes an alkali-silica reaction (ASR). Various supplementary 

cementitious materials (SCMs) can reduce ASR expansion of RGS. In this study, the mechanical proper-
ties after ASR of RGS mortar mixed with SCMs was evaluated. It was confirmed that the RGS mortar 

mixed with SCMs decreased ASR expansion. However, the mechanical properties after ASR decreased 

as reaction days increased. This is because ASR gel was formed inside the microcracks that existed in 

RGS. Therefore, the ASR gel inside the RGS destroyed the RGS and reduce the mechanical properties. 
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1. INTRODUCTION 

 

Currently, environmental problems about waste 

glass emitted from cities are occurring in Korea, Hong 

Kong, and European countries etc. Since recycling of 

waste glass is possible only when the color is separated 

and not broken, the recycling ratio remains at about 

60~70% [1]. Also, in Korea, the production of natural 

fine aggregates has decreased because it destroys the en-

vironment and eco systems. To solve this problem, re-

search is being conducted to develop various recycled 

fine aggregates like crushed fine aggregate.  

In order to solve the environmental problems 
caused by waste glass and natural fine aggregates (NS) 

at the same time, a recycled glass sand (RGS) was devel-

oped in which waste glass was crushed into the particle 

size of fine aggregates [2-4]. However, various research-

ers have reported that because RGS has a smooth surface, 

the cement matrix and adhesion are reduced. As a result, 

the mechanical properties were reduced. In addition, it is 

reported that RGS occurred the ASR expansion due to 

composed of amorphous silica [5-9]. 

Various studies have been conducted to prevent 

mechanical properties decrease and ASR of RGS. 
Among these studies, a method of replacing cement with 

mineral admixtures (and supplementary cementitious 

materials, SCMs) has been performed. SCMs such as fly 

ash (FA) and granulated blast furnace slag (BS) can im-

prove the microstructure of the cement matrix to increase 

the mechanical properties. Through this, it was found 

that the decrease in the mechanical properties of the RGS 

mortar can be improved. In addition, it has been reported 

that SCMs can lower the pH and porosity of the cement 

matrix, thereby reducing ASR expansion of RGS mortar 

and concrete [10-13]. 

Meanwhile, reactive aggregates such as Opal, 

Chaledony etc, generate ASR expansion. ASR expansion 

of reactive aggregates causes cracks in the structure of 

mortar or concrete. This crack dramatically reduces the 

mechanical properties and durability of concrete and 

mortar. Therefore, many studies have been conducted on 

mechanical properties under ASR conditions for various 

reactive aggregates [14-18].  

The ASR of the reactive aggregate form ASR gel, 

and the gel expands by absorbing moisture. It has been 

reported that this expansion of the ASR gel decreases the 
elastic modulus and strength of mortar and concrete. [14-

16] Also, it has been reported that ASR expansion and 

mechanical properties after ASR are affected by the type 

and shape of reactive aggregates and the composition of 

ASR gel [17].  

Therefore, studies on the expansion and residual 

mechanical properties under ASR of concrete or mortar 

with reactive aggregate should be conducted. In the case 

of RGS, mechanical properties after ASR are expected to 

be significantly degraded due to large ASR expansion. 

However, research on the mechanical properties after 

ASR of RGS is insufficient. 
Also, due to the using of SCMs reduced the ASR 

expansion of RGS, it is expected to prevent decrease of 

mechanical properties after ASR. However, research 

about mechanical properties after ASR of RGS is insuf-

ficient, and it is essential to review for proper use of RGS 

and SCMs. 

Therefore, in this study, the basic mechanical 

properties, ASR expansion and mechanical properties af-

ter ASR of RGS mortar mixed with SCMs were evalu-

ated. Through this, the effect of SCMs on ASR expan-

sion behavior and mechanical properties of RGS mortar 
was analyzed and also the appropriate use of SCMs were 

analyzed for control the ASR and mechanical properties 

decrease.  
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2. EXPERIMENTAL PLAN AND METHOD 

 

2.1 Mix proportion and materials 

Table 1 shows the mix proportions table of this 

study. For RGS mortar, the water/binder ratio(W/B) was 

set to 0.5, and the fine aggregate/binder ratio(S/B) was 

set to 3. The ASR expansion specimen was set to 0.47 
for W/C and 2.25 for S/C according to ASTM C 1260.  

FA, Silica fume (SF), and BS were used to evalu-
ate the effect of SCMs. The replacement ratio of SCMs 

was set based on previous study. Cement replacement ra-

tio was 20% for FA, 10% for SF, and 40% for BS [13]. 

Table 2 shows the physical properties of the ma-

terials used in this study. The cement was ordinary port-

land cement. Type F FA was used, which is effective in 

controlling ASR. SF has the smallest particle size, so the 

unit of particles is micrometer, and the fineness of SF is 

very high at 200,000. BS was used with a density of 2.91 

g/cm3 and fineness of 4,580cm2/g. Meanwhile, the fine 

aggregates used in this study are natural fine aggregates 

(NS) and RGS. RGS is a soda lime glass bottle crushed 

into the particle size of the fine aggregate through a roll 

crusher. GS was found to have a slightly lower density 
than NS, and the water absorption ratio was close to zero. 

Fig. 1 and 2 show the image and particle size distribu-

tion curves of NS and RGS. RGS used a mixture of 

brown, green, and transparent crushed glass bottle in the 

same ratio. RGS has a sharper shape than NS and has a 

smooth surface. Both aggregates satisfied the standard 

particle size distribution curve of fine aggregates. 
 

2.2 Test methods 

Flow(ASTM C1437) and air content(EN 1015-

7) of mortar were measured to evaluate the basic proper-

ties of RGS mortar mixed with SCMs. The flexural and 

Table 1 Experimental plan and mix proportion 

Type*1 W/B 

Unit Weight (kg/m3) 

Water 
Binder 

NS RGS 
Cement FA SF GGBS 

NS 

0.5 

256 512    1536  

RGS 256 512     1536 

RGS_FA 256 409.6 102.4    1536 

RGS_SF 256 460.8  51.2   1536 

RGS_BS 256 307.2   204.8  1536 

*1: NS: Natural fine aggregate, RGS : Recycled glass fine aggregate 

   FA: Fly ash(F type), SF : Silica fume, BS : Ground Granulated Blast-furnace Slag  

 

Table 2 Physical properties of the used materials 

Materi-

als 
Mechanical Properties 

Cement 
Ordinary Portland Cement;  

Density: 3.15g/cm3; Fineness: 3,200cm2/g 

FA 
Density: 2.20g/cm3; Fineness: 3,940cm2/g 

Type: F; Median particle size(μm): 10~100 

SF 
Density: 2.34g/cm3; Fineness: 200,000cm2/g 

Median particle size(μm): 0.1~0.3 

BS 
Density: 2.91g/cm3; Fineness: 4,580cm2/g 

Median particle size(μm): 12~16 

NS 
Density: 2.54g/cm3; Fineness modulus: 2.53 

Water absorption: 1.6% 

RGS 
Density: 2.45g/cm3; Fineness modulus: 2.95 

Water absorption: 0.4% 
 

 

 

 

 

  

(a) NS (b) RGS 

Fig.1 Image of the used fine aggregate 

 

 

Fig.2 Particle size distribution of used fine 
aggregate 

 

 

- 1175 -



compressive strength of mortar were measured. 

To evaluate ASR expansion, it was measured 

through ASTM C1260 and C1567 methods. In order to 

accelerate ASR, the mortar specimen was immersed in a 

80°C 1N NaOH solution and the length change rate was 

measured. 

To evaluate mechanical properties after ASR, as 

shown in Fig. 3, a mortar specimen for mechanical prop-

erties was immersed at 80°C 1N NaOH solution, and 
flexural and compressive strength were measured at 3, 7, 

28, 56, and 91 days. In addition, when measuring 

strength, the change in length of the mortar specimen 

was measured. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Flow and air content 

Fig. 4 shows the results of flow and air content of 

RGS mortar mixed with SCMs. It was confirmed that 
RGS increased flow and air content compared to NS. 

This is believed to have increased due to the water ab-

sorption rate of RGS close to zero and the long and elon-

gated shape of RGS. In the case of mixing SCMs, flow 

and air content increased significantly due to the worka-

bility improvement effect. 

 

3.2 Mechanical properties 

Fig. 5 shows the results of the mechanical prop-

erties of RGS mortar with SCMs. Similar to previous 

studies, RGS has significantly reduced flexural and com-

pressive strength compared to NS mortar [5]. This is be-

cause the adhesion to the cement matrix was decreased 

due to the smooth surface of the RGS and increased the 

air content of mortar (Fig. 4). 
In the case of RGS_FA mortar, flexural and com-

pressive strength were lower than that of RGS mortar 

due to the cement dilution effect. In the case of RGS_SF 
mortar, flexural and compressive strength were higher 

than that of RGS mortar due to fast reactivity of micro 

particles size of SF. In the case of RGS_BS, the flexural 

and compressive strength is higher than that of RGS_FA 

due to the latent hydraulic. However, due to the relatively 

slow reaction rate, the mechanical properties were simi-

lar to that of RGS mortar. 

It was confirmed that RGS reduced the flexural 

and compressive strength of mortar similar to previous 

studies. However, in the case of using SCMs, the de-

crease mechanical properties of RGS was not signifi-

cantly improved. FA has rather reduced the mechanical 

properties due to its slow reactivity. This is because FA 

has a very large particle size and is slow to react. SF was 

found to improve the decrease strength compared to FA. 

SF showed the effects of fast reactivity due to micro par-
ticle size. As a result, the strength of RGS_SF mortar was 

higher than that of RGS and RGS_FA, BS mortar.  

 

3.3 ASR expansion 

Fig. 6 shows the results of ASR expansion of 

RGS mortar according to type of SCMs. Fig. 6 is the 

result of ASR expansion test based on ASTM C 1260 and 

1567. 

As shown in Fig. 6, the amount of ASR expan-

sion in RGS mortar exceeded 0.1% at 14 days based on 

ASTM C 1260. The RGS mortar showed an ASR expan-
sion amount that was about 3 times larger than that of the 

NS test specimen. Expansion rate of 0.3% means very 

harmful ASR expansion. ASR expansion increased until 

28 days, expanding by about 0.7%.  

However, RGS_FA, SF, BS mortars significantly 

reduced the ASR expansion. The amount of expansion 

was less than 0.1% in 14 days. Through this, it was con-

firmed that the SCMs can reduce the ASR expansion of  

 

Fig. 3 The method of mechanical properties under ASR conditions 

 

 

Fig.4 The results of flow and air content 

 

0

4

8

12

16

20

0

50

100

150

200

250

300

NS RGS RGS_FARGS_SFRGS_BS

A
ir co

n
ten

t (%
)

F
lo

w
 (

m
m

)

Flow (%)

Air content(%)

 

- 1176 -



the RGS. SCMs reduce the pH and alkalinity of the ce-

ment matrix and improve the micro structure, so it is be-

lieved that ASR expansion was reduced. In accordance  

with ASTM C1567, the amount of expansion did 
not exceed 0.1% after 14 days of ASR. Therefore, it is 

determined that mixing SCMs does not cause harmful 

ASR expansion of RGS. 

 

3.4 Mechanical properties after ASR 

As shown in Fig. 7, test specimens for the me-

chanical test after ASR showed a similar expansion rate 

with ASR test (Fig. 6) in accordance with ASTM stand-

ard. The mortar mixed with SCMs showed a decrease in 
ASR expansion compared to RGS mortar.  

The results of mechanical properties after ASR 

are shown in Fig. 8. As shown in Fig. 8-(a) and (b), the 

residual flexural and compressive strength did not de-

crease until about 7 days after ASR occurred. The flex-

ural strength increased significantly after 7 days of the 

ASR. The compressive strength also increased. This is 

believed to be due to the reaction between the alkali of 

the cement matrix and the RGS interface in the early 

ASR to form ASR gel as shown in Fig. 9-(a). It is be-

lieved that the formed ASR gel increased adhesion and 

microstructure by improving the ITZ present in the RGS 

interface and the cement matrix. Previous studies also re-

ported that ASR of reactive aggregates slightly increased 

mechanical properties by improving microstructure and 
ITZ due to gel formation [18].  

However, after the initial of ASR, flexural and 

compressive strength after ASR decreased at both RGS 

mortar and RGS_FA, SF, BS. In the case of RGS mortar, 

As shown Fig. 9-(b), After initial ASR, the excessive 

ASR expansion was occurred. Due to that, it is con-

firmed that large and small cracks and destruction oc-

curred in the cement matrix. 
Meanwhile, in case of the RGS_FA, SF, BS, as 

shown in Fig. 7-(b), it was found that the ASR expansion 

rate was not large and reduced. In initial ASR, the me-

chanical properties after ASR was increased similar with 

RGS mortar. In case of the RGS_FA, SF, BS, as it was 

immersed in a high-temperature NaOH solution, there is 

a possibility that the strength may be increased due to the 

reaction of unreacted SCMs. 

However, mechanical properties after ASR was 

decreased after ASR 14 days. It was expected that me-

chanical properties after ASR would be not decreased 

compared to RGS mortar because ASR expansion 

amount was reduced by mixing SCMs. However, 
RGS_FA, SF, and BS mortar also decreased in flexural 

and compressive strength similar to RGS mortar. 

As shown in Fig. 10-(b), (c), and (d), even in 

RGS mortar using SCMs, ASR gel was formed inside 

RGS, and the RGS was destroyed similar with RGS mor-

tar without SCMs and Fig. 10-(a). This is because micro 

cracks were occurred in the RGS during the crushing 

process. Previous studies have also reported that ASR 

occurs on the surface of aggregates, but ASR occur in 

microcracks existing in aggregates [5]. Therefore, even 

though SCMs are mixed, ASR gel is formed inside the  

   

(a) Flexural strength 
Fig.6 ASR expansion of mortar bar 

of ASTM C1260 

Fig.7 ASR expansion of mortar bar 

for mechanical properties 

   

(b) Compressive strength (a) Flexural strength (b) Compressive strength 

Fig.5 Mechanical properties Fig.8 Mechanical properties after ASR 
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RGS, and the aggregate is destroyed, resulting in a de-

crease in mechanical properties after ASR. 

Fig. 11 shows the mechanical properties after 

ASR and the mechanism to each section according to the 

ASR days of RGS mortar mixed with SCMs. In this 

study, it was confirmed that RGS mortar mixed with and 
without SCMs, mechanical properties behavior under 

ASR was similar, however, it is thought that the cause of 

the behavior was different. In the initial of ASR, RGS 

without SCMs temporarily increase the mechanical 

properties due to the improvement of ITZ and micro-

structure by forming the ASR gel between RGS and ce-

ment matrix. In case of RGS mortar with SCMs, it is 

judged that the residual mechanical properties of RGS 

mortar mixed with SCMs are temporarily increased due 

to the pozzolanic reaction and the latent hydraulic of un-

reacted SCMs particle. 

However, in the later phase of ASR, the micro and 

macro cracks was occurred in the RGS mortar without 

SCMs specimen. It was due to excessive ASR expansion 

of RGS, resulting in a dramatically decrease in residual 

mechanical properties.  
However, in case of the RGS mortar mixed with 

SCMs, although the ASR expansion was not large, the 

residual mechanical properties were reduced. This is be-

cause ASR was occurred inside the micro cracks in RGS. 

Due to these cracks, RGS was destroyed and dissolved, 

decreasing the hardness of the RGS.  

Meanwhile, according to existing studies, it is 

judged that ASR expansion of RGS can be reduced by 

using SCMs. This is based only on the expansion rate 

criteria according to ASTM C 1260 and 1567. In this 

study, the use of SCMs did not cause harmful ASR ex-
pansion according to ASTM criteria. However, the me-

chanical properties after ASR of RGS mortar with SCMs 

was decreased. Through this, it is judged that it will be 

 

  

(a) Initial ASR (a) RGS mortar (b) RGS_FA mortar 

 

 

 

(b) Later ASR (c) RGS_SF mortar (d) RGS_BS mortar 
Fig.9 Image of ITZ and RGS ASR 

gel after ASR 
Fig.10 Backscattered electron image of RGS after ASR 

  

 

Fig.11The schematic of mechanical properties behavior under ASR condition of RGS mortar 
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limitations in evaluating the stability of RGS after ASR 

only based on the expansion rate based on ASTM. 

 

4. CONCLUSIONS 

 

This study evaluated the mechanical properties 

and ASR, residual mechanical properties after ASR of 

RGS mortar with SCMs and without SCMs. The conclu-

sion is as follows. 
 

(1) As a result of evaluating the mechanical proper-

ties of RGS mortar mixed with SCMs, FA had a 

lower strength than RGS mortar due to the ce-

ment dilution effect. However, SF have improved 

in strength compared to RGS mortar due to rela-

tively fast reactivity of SF. 

(2) The RGS occurred harmful ASR expansion. 
However, when SCMs were mixed, ASR expan-

sion was significantly reduced. This is because 

the reduction of pH and alkalinity in the cement 

matrix and influenced the reduction expansion of 

ASR gel. 

(3) Mechanical properties after ASR of the RGS mor-

tar without SCMs was decreased due to excessive 

ASR expansion. However, RGS mortar with 

SCMs showed a long-term decrease in residual 

mechanical properties after ASR due to form the 

ASR gel in micro cracks in the RGS. 

(4) Through this, it is considered that there is a limit 
to evaluating the ASR stability of RGS through 

only the amount of ASR expansion by ASTM C 

1260 and 1567. Therefore, this study used only 

the ASR acceleration method, but in future stud-

ies, long-term performance evaluation is required 

through natural exposure ASR experiments. 

 

ACKNOWLEDGEMENT 

 

This work was supported by the National Re-

search Foundation of Korea(NRF) grant funded by the 

Korea government(MSIT). (No. 2019R1A2C2085867) 

 

REFERENCES 

 

[1] recovery – Recycling Technology Worldwide. 
(2018). Key figures on glass recycling worldwide 

as of 2018. Statista. Statista Inc.. Accessed: March 

23, 2023. https://www.statista.com/statis-

tics/1055604/key-figures-glass-recycling-glob-

ally/ 

[2] A. Shayan, A. Xu, Value-added utilisation of waste 

glass in concrete, Cem. Concr. Res. 34 (2004) 81–

89.  

[3] Y. Ishikawa, K. Yanagimachi, K. Nakayama, Ex-

perimental research on secondary concrete prod-

ucts using glass cullet with a large amount of fly 
ash added, Proc. Japan Concr. Inst. 24 (2002) 135–

140.  

[4] V. Corinaldesi, G. Gnappi, G. Moriconi, A. Mon 

 

tenero, Reuse of ground waste glass as aggregate 

for mortars, Waste Manag. 25 (2005) 197–201. 

[5] K.H. Tan, H. Du, Use of waste glass as sand in mor-

tar: Part i - Fresh, mechanical and durability prop-

erties, Cem. Concr. Compos. 35 (2013) 109–117. 

[6] B. Zegardlo, M. Szelag, P. Ogrodnik, A. Bombik, 

Physico-mechanical properties and microstructure 

of polymer concrete with recycled glass aggregate, 

Materials (Basel). 11 (2018). 

[7] A.M. Rashad, Recycled waste glass as fine aggre-
gate replacement in cementitious materials based 

on Portland cement, Constr. Build. Mater. 72 

(2014) 340–357. 

[8] S.B. Park, B.C. Lee, Studies on expansion proper-

ties in mortar containing waste glass and fibers, 

Cem. Concr. Res. 34 (2004) 1145–1152. 

[9] D. Serpa, A. Santos Silva, J. De Brito, J. Pontes, D. 

Soares, ASR of mortars containing glass, Constr. 

Build. Mater. 47 (2013) 489–495.  

[10] V. Tanwar, K. Bisht, K.I.S. Ahmed Kabeer, P. V. 

Ramana, Experimental investigation of mechanical 
properties and resistance to acid and sulphate at-

tack of GGBS based concrete mixes with beverage 

glass waste as fine aggregate, J. Build. Eng. 41 

(2021) 102372. 

[11] S. Sato, H. Tokushige, Long-term exposure prop-

erties of mortar specimens using waste glass cullet 

as fine aggregate, Proc. Japan Concr. Inst. 36 

(2014) 1810–1815.  

[12] J.X. Lu, B.J. Zhan, Z.H. Duan, C.S. Poon, Improv-

ing the performance of architectural mortar con-

taining 100% recycled glass aggregates by using 

SCMs, Constr. Build. Mater. 153 (2017): pp. 975–
985. 

[13] H. Du, K.H. Tan, Use of waste glass as sand in mor-

tar: Part II - Alkali-silica reaction and mitigation 

methods, Cem. Concr. Compos. 35 (2013): pp. 

118–126. 

[14] A.J.M. Siemes, J.H.M. Visser, Low tensile strength 

in older concrete structures with alkali-silica reac-

tion, in: Proc. 11th Int. Conf. Alkali-Aggregate Re-

act., Québec, Canada, 2000: pp. 1029–1038. 

[15] A.E. Jones, L.A. Clark, A review of the Institution 

of Structural Engineers report: “Structural effects 
of alkali-silica reaction (1992),” in: Int. Conf. Al-

kali-Aggregate React. Concr. 10th, 1996, Mel-

bourne, Victoria, Aust., 1996: pp. 394–401. 

[16] K. Takemura, M. Ichitsubo, E. Tazawa, A. 

Yonekura, Mechanical performance of ASR af-

fected nearly full-scale reinforced concrete col-

umns, in: Int. Conf. Alkali-Aggregate React. Concr. 

10th, 1996, Melbourne, Victoria, Aust., 1996. 

[17] G. Giaccio, R. Zerbino, J.M. Ponce, O.R. Batic, 

Mechanical behavior of concretes damaged by al-

kali-silica reaction, Cem. Concr. Res. 38 (2008) 

993–1004. 
[18] I. Yurtdas, D. Chen, D.W. Hu, J.F. Shao, Influence 

of alkali silica reaction (ASR) on mechanical prop-

erties of mortar, Constr. Build. Mater. 47 (2013) 

165–174. 

 

- 1179 -


