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A B S T R A C T

The construction industry seeks sustainable alternatives to conventional materials, with 
numerous waste types currently destined for landfills offering potential for repurposing. This 
study examines the replacement of natural sand with crushed waste glass and using pond ash as a 
supplementary cementitious material in mortar, with a particular focus on mitigating alkali-silica 
reaction (ASR) and assessing compressive strength. Fly ash, widely recognised for its ASR sup-
pression capabilities, is becoming less available due to the decline in coal-fired power generation, 
necessitating the exploration of pond ash as a viable alternative. However, given the prolonged 
storage of pond ash in repositories, its direct substitution for fly ash necessitates thorough 
investigation. Hence, microstructural and chemical analyses are conducted to investigate the 
underlying reaction mechanisms. The strength results show that glass can replace natural sand 
with minimal impact on compressive strength up to 60 %, beyond which strength decreases by 
11 % at 100 % glass. However, the ASR expansion results indicate that using more than 20 % glass 
could lead to long-term detrimental effects. Nevertheless, pond ash effectively mitigates ASR, 
keeping expansions below 0.1 % at a 10 % OPC replacement, although it performs slightly less 
efficiently than fly ash. At 20 % replacement, pond ash performs similarly to fly ash. Pond ash 
outperforms fly ash in 28-day strength up to a 20 % OPC replacement and shows better strength 
development. The optimal balance between ASR mitigation and compressive strength is achieved 
with 20 % pond ash, allowing for higher glass utilisation without increasing the risk of ASR.

1. Introduction

Glass is an essential material in modern society, known for its transparency, durability, and versatility in various applications. 
However, only one-fifth of the globally generated glass waste is beneficially used, and the remainder ends up in landfills [1,2]. 
Recycling waste glass is a common approach in addressing this issue, although it faces several challenges. The standard method for 
recycling glass involves sorting, cleaning, and melting waste glass to produce new glass products, a process that consumes a significant 
amount of energy and resources. Producing high-quality recycled glass is expensive due to impurities and colour variations, making it 
challenging to meet quality standards [3]. The energy-intensive remelting process adds to the costs and environmental impact of glass 
recycling [4]. The global glass recycling rate remains relatively low primarily due to the costs associated with conventional remelting 
methods. As a result, there is a growing interest in finding alternative uses for waste glass to reduce its negative environmental impact 
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[5]. One such method involves using it in composite materials such as concrete, bypassing the need for sorting and melting. Waste glass 
can be crushed into fine or coarse aggregates for use in concrete [6,7] or ground into fine powder to serve as a cementitious material 
[8]. This method of reusing waste glass conserves landfill space and reduces the demand for river sand extraction, thereby helping to 
mitigate the negative impacts on river ecosystems.

However, past research has produced conflicting results on the impact of waste glass on the properties of cementitious composites 
[3,9]. Rashid et al. [7] reported a 22.9 % reduction in concrete compressive strength with 30 % coarse aggregate replaced by crushed 
waste glass which was attributed to the higher friability [10] and smooth surfaces in glass [7]. Borhan [11] noted a similar strength 
performance to conventional concrete, even when 100 % of river sand is replaced with glass fine aggregates (GFA). Few researchers 
have documented a strength increase when glass is employed as a fine aggregate. For instance, Batayneh et al. [12] noted a 40 % 
strength increase with just 20 % GFA, while Pereira De Oliveira et al. [13] observed a 20 % strength increase with 25 % GFA. A few 
more studies have reported an increase in compressive strength up to a certain GFA dosage, but a decrease in compressive strength 
when the dosage was increased beyond that point [14,15]. For example, Rahim et al. [15] observed a strength increase of 31 % at 10 % 
GFA, followed by strength reduction with increasing GFA levels. Moreover, some studies have shown a clear reduction of strength 
when any amount of GFA is utilised. For example, De Castro and De Brito [16] observed a reducing trend with increasing GFA per-
centage. According to Adaway and Wang [14], the enhanced strength compared to the control group can be attributed to the angular 
and irregular shape of the glass aggregate, which provides a greater surface area compared to naturally rounded sand particles, leading 
to increased bonding with the cement paste. However, when the GFA content is higher, the aforementioned factors such as the 
friability of glass and smooth surfaces can lead to the observed reduction of strength.

Furthermore, researchers have identified a major challenge associated with glass-based cementitious composites, namely the 
alkali-silica reaction (ASR) [17,18]. The amorphous nature of silica found in glass makes it more susceptible to ASR compared to the 
crystalline silica present in sand [19]. The amorphous silica in GFA reacts with OH- and alkali metal ions to form an alkali-silicate gel, 
which can absorb water and increase in volume, as illustrated in Fig. 1 [18–20]. This expansion leads to the development of cracks that 
compromise the strength and durability of concrete over time [21]. Consequently, researchers have noted higher ASR expansion when 
crushed glass is used as an aggregate in cementitious composites [6,22,23]. For example, Abdallah and Fan [22] reported a 325 % 
increase in ASR expansion at 20 % GFA compared to the control, while Ismail and Al-Hashmi [6] observed a 300 % increase under 
similar conditions. Nonetheless, previous studies revealed that when the glass aggregate size falls within the fine aggregate range 
(<4.75 mm), the effects of ASR are reduced, especially when the aggregate size is less than 1 mm. Glass particles smaller than 1 mm can 
exhibit pozzolanic behaviour, reacting with portlandite to form C-S-H gel instead of ASR gel [24,25]. The formation of C-S-H gel also 
reduces porosity, thereby decreasing permeability and limiting the mobility of ions towards reactive aggregates. Additionally, the 
C-S-H gel enhances strength, which improves resistance against expansive stresses caused by ASR [24]. The contrasting behaviour in 
mechanical properties and the potential for ASR expansion could be a key reason why crushed glass is not widely incorporated into 
concrete in the industry. Hence, researchers have been exploring methods to understand and mitigate ASR, with past studies indicating 
that replacing ordinary Portland cement (OPC) with low-alkaline supplementary cementitious materials (SCM) such as fly ash (FA) can 
help reduce ASR occurrence when crushed glass is used as fine aggregates. As an example, Pereira de Oliveira et al. [13] noted a 
reduction in expansion from 0.014 % to 0.006 % when 30 % of OPC was replaced by FA in concrete containing 50 % GFA.

2. ASR mitigation by pozzolans

Past studies have identified that the addition of pozzolans can mitigate ASR through multiple mechanisms: (i) lowering the 
alkalinity of the pore solution, (ii) enhancing the microstructure to reduce ionic mobility and water permeability, and (iii) decreasing 
the availability of calcium (Ca). In blended cement mixes, pozzolans react with Ca(OH)2 to create a denser calcium silicate hydrate (C- 
S-H) phase that has a lower Ca/Si ratio than the C-S-H produced with the hydration of OPC. These low Ca/Si hydrates are known for 

Fig. 1. Simplified ASR reaction for glass mortar.
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their alkali retention capabilities, which can dilute the free alkali in the pore solution, thus effectively reducing ASR [26]. Furthermore, 
Shafaatian et al. [27] observed significantly lower ion diffusivity in FA-based mortar subjected to Accelerated Mortar Bar Test (AMBT) 
conditions [28], indicating a much slower penetration of NaOH compared to 100 % OPC mortar. The authors attributed this obser-
vation to the decreased porosity and capillary pore size in the mortar which is due to the replacement of higher-density OPC with 
lower-density FA on a mass basis, leading to a net reduction in initial porosity. Hence, this also can contribute to the lower alkalinity of 
the pore solution, particularly in mortar specimens containing pozzolans that are subjected to AMBT conditions. Moreover, Mugahed 
Amran et al. [29] observed that the high fineness of FA is improving the microstructure of concrete. The fine FA particles react with the 
products of the hydration forming a secondary C-S-H gel that fills pores [30]. Several more studies have demonstrated that increasing 
the amount of FA leads to reduced permeability, sorptivity and chloride penetration properties in cementitious composites which could 
impede the penetration of NaOH into the AMBT specimens [30,31].

Researchers have noted that the availability of Ca can significantly influence the ASR mechanism in concrete [21]. It has been 
observed that the reduction of Ca(OH)2 levels, through pozzolanic reactions can mitigate ASR [32]. The presence of Ca(OH)2 is also 
noted to create semi-permeable reaction rims around reactive sites, which allow alkali metal ions, OH- and water to penetrate while 
blocking others, leading to material buildup and expansion [33]. Additionally, Ca(OH)2 helps maintain a high pH in the pore solution 
and contributes to ion exchange processes that exacerbate the formation of swelling alkali-silica complexes [21].

3. Research significance

While the potential of FA to alleviate ASR in glass concrete has been explored by researchers, further investigations are deemed 
imperative to ascertain the practical viability of FA and GFA-based cementitious composite applications. Additionally, with the closure 
of coal power plants, the availability of FA is becoming scarce, necessitating the exploration of alternative materials to replace FA. 
Nevertheless, another often-overlooked byproduct of the coal industry, pond ash (PA), holds the potential for mitigating ASR in 
concrete, similar to FA. By-products of coal combustion are primarily categorised into FA, constituting around 70–90 %, and bottom 
ash (BA), accounting for 10–20 % [34]. Collected FA undergoes processes such as drying, separation, and grinding to produce the 
commercial SCM with high pozzolanic activity [35]. Pond ash refers to the waste component, comprising a mixture of unprocessed and 
unutilised FA and BA, and therefore exhibits a lower pozzolanic ability compared to FA [36,37]. Traditionally, PA finds its way to 
outdoor ash ponds or storage tanks/silos, where it may be susceptible to impurities and moisture contamination. In 2016, global coal 
combustion ash production was reported as 1221.9 million metric tons (Mt) per year, with only 63.9 % of it being utilised, leaving 
544.2 Mt as waste [38]. A report released in 2019 [36] revealed coal ash waste accounts for nearly one-fifth of Australia’s industrial 
waste stream and a survey done in 2022 showed that approximately 5.1 million tonnes of ash waste were placed into onsite storage 
ponds awaiting some future use opportunity [39]. This disposal method raises concerns regarding potential environmental impacts, 
especially when stored in ponds, as it directly exposes the waste to the environment [36]. Hence, it becomes imperative to seek 
methods to reclaim and reuse this resource, thereby minimizing exposure to the environment. However, due to prolonged exposure to 
environmental conditions and its composition as a mixture of unprocessed FA and BA, further investigations are required to assess the 
viability of PA as a suitable alternative to commercial FA.

Previous studies have shown that the inclusion of PA reduces the strength of cementitious composites. Yimam et al. [37] and 
Phanikumar & Sofi [40] reported reductions of 19.2 % and 7.1 %, respectively, in the 28-day compressive strength of concrete 
containing 30 % PA. Patrisia et al. [41] demonstrated the viability of utilising 15 % pond ash along with 20 % GFA in structural 
concrete blocks. However, research investigating the use of PA as an ASR mitigating SCM in cementitious mortar is limited, especially 
in combination with GFA. Hence, this study sets out to investigate the efficacy of incorporating PA as an SCM in mitigating ASR in 
GFA-mortar. Furthermore, the research aims to draw comparisons between the ASR mitigation capabilities of PA and FA, given that 
both materials are derived through similar processes and may share characteristics of low alkalinity. Moreover, since the ability to 
mitigate ASR alone is not sufficient to determine its suitability as an alternative for OPC in mortar, this study also includes an 
investigation of GFA mortar strength. This comprehensive exploration aims to contribute valuable insights into sustainable practices 
and environmentally conscious applications within the concrete industry, focusing on cement substitution with PA and sand substi-
tution with GFA to enable the production of lower-impact cementitious composites.

4. Materials and test methods

4.1. Materials

This study utilised OPC as the primary cementitious material, and commercially available river sand as the primary fine aggregate. 

Table 1 
Physical properties of GFA and river sand.

Property Sand GFA

Moisture content (%) 3.9 1
Water absorption (%) 0.48 0.3
Dry density (kg/m3) 2627 2438
SSD density (kg/m3) 2640 2451
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Crushed waste glass with a maximum aggregate size of 4.75 mm, procured from IQrenew based in Queensland, Australia, was 
incorporated as a sustainable substitute for river sand in mortar. This crushed waste glass is not colour-sorted and hence contains 
various types of glass. To tackle the potential ASR that could arise due to the use of GFA, the study employed PA as an SCM, strate-
gically substituting for OPC. The widely accepted FA (Class-F) as an ASR mitigation SCM was used as a comparison for PA. The PA 
utilised in this research was sourced from one of the power stations in Queensland, Australia and sieved to ensure a particle size smaller 
than 45 µm, thereby enhancing its reactivity. A commercially available class-F FA product was utilised in this study.

Table 1 presents the physical properties of both GFA and river sand. The moisture content was measured following the standardized 
procedure outlined in ASTM C566 [42]. Furthermore, the absorption and densities of the materials were assessed following the 
guidelines given in ASTM C128 [43]. River sand exhibited a significantly higher moisture content and moisture absorption in com-
parison to glass. The water absorption characteristics of river sand can be attributed to the porous nature of its grain surfaces as 
evidenced by the scanning electron microscopy (SEM) images presented in Fig. 2(a). The water absorption exhibited by GFA can be 
explained by the presence of microscopic cracks within its grains as shown in Fig. 2(b). Moreover, as outlined in Table 1, the density of 
glass is 7 % lower than that of river sand.

Fig. 3(a) offers a visual comparison of the grading between GFA and river sand, providing a detailed illustration in accordance with 
the specifications outlined by ASTM C33 [44]. Both the utilised river sand and GFA fall well within the specified range defined by 
ASTM C33 for fine aggregates. This confirms the suitability of GFA as a replacement for river sand.

Fig. 3(b) displays the average particle sizes of the cementitious materials employed, as measured by analysing dry samples of each 
material with a laser particle size analyser. The data shows that PA has larger particles compared to both OPC and FA. The chemical 
compositions of OPC, FA, and PA were analysed using X-ray fluorescence (XRF) and the findings are detailed in Table 2. The results 
indicate that PA has a lower CaO content compared to OPC, which is consistent with its origin as a coal combustion product, similar to 
class-F FA. According to ASTM C618 [45], the PA used in this study can be classified as a Class-F pozzolan, since the total SiO2 + Al2O3 
+ Fe2O3 content exceeds 70 %, and the CaO content is less than 18 %. This suggests a plausible expectation that PA may also contribute 
to the mitigation of ASR. It is also noted that PA has marginally higher alumina and silica compared to FA.

4.2. Mix design and specimen preparation

The mix proportions were chosen to assess the ASR expansion and strength of mortar incorporating GFA, FA, and PA, as shown in 
Table 3. River sand was substituted with GFA in 20 % increments, ranging from 0 % to 100 %, to investigate the influence of 
replacement levels on the targeted properties. Furthermore, the same set of mixes was repeated with PA and FA replacing 10 %, 20 %, 
and 30 % of OPC. In all mixes, the water content and water/binder ratio were kept constant at 205 kg/m3 and 0.44, respectively. This 
particular variation allows the examination of the impact of PA on the mortar while providing a comparison with FA. In all mixes, the 
total cement and fine aggregate contents were 466 kg/m3 and 581 kg/m3, respectively. Additionally, relying on the aforementioned 
moisture content and water absorption data of aggregates, the mixes were appropriately adjusted with varying GFA percentages to 
maintain consistent water content across all mixes. This adjustment ensures a more equitable comparison between the mixes, as 
fluctuating water content can impact both strength and workability. The mortar mixing process was performed utilising a benchtop 
mixer. Moreover, admixtures were not used to modify the mixes, as the purpose of this study is to investigate the direct effect of 
including GFA and PA on the mortar.

4.3. Flow test

The flow of all mixes was measured according to the standards set by the ASTM C1437 specifications [46] as it is a good indicator 
for the workability of mortar. This evaluation was carried out using a flow table designed for tests of hydraulic cement.

Fig. 2. SEM images of; (a) the porous nature of river sand grains; (b) microscopic cracks in GFA.
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4.4. Accelerated mortar bar test (ASTM C1567)

The Accelerated Mortar Bar Test (AMBT) was conducted in accordance with ASTM C1567 [28] to investigate the impact of 
replacing river sand with GFA and replacing OPC with PA on ASR expansion. FA is used as a comparison for PA. Three mortar 
specimens were prepared for each mix, with dimensions of 25 × 25 x 280 mm. The standard procedure encompassed curing the 
specimens for 24 hours in the moulds, immersing them in a water bath for an additional 24 hours at 80◦C after demoulding, and 
subsequently placing them in a sealed container with a 1 M NaOH solution at 80◦C. Over the ensuing 14 days, the changes in the length 
of the mortar bars were monitored by taking at least 3 intermediate readings. The monitoring involved drying the surface of the bars, 
followed by precise length measurements utilising a vertical comparator with a precision of less than 0.002 mm. According to ASTM 
C1567, combinations of Portland cement, SCMs, and aggregates are classified as potentially innocuous if the ASR expansion at 14 days 
is below 0.1 %, and as reactive and deleterious if it exceeds 0.2 %. ASR expansion between 0.1 % and 0.2 % indicates potential 
deleterious behaviour with slow reactivity. Hence, it is crucial to reduce the ASR expansion to below 0.1 % to achieve effective ASR 
mitigation.

4.5. Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was conducted on 28-day paste samples containing 100 % OPC, 20 % FA, and 20 % PA to 
investigate how the low CaO content of PA and FA affect cement hydration by measuring the residual Ca(OH)2. The 100 % OPC 
specimen served as the control for comparison when a fixed amount of OPC was replaced with PA and FA. The 20 % replacement level 
was selected as the reference value, representing the intermediate level among the replacement percentages considered in this study: 
10 %, 20 %, and 30 %. The TGA test was performed over a temperature range of 30–1000◦C at a scanning rate of 20 ◦C/min using the 
TGA Q500 instrument in a nitrogen environment. Specifically, the analysis aimed to investigate the dehydroxylation process, which 
involves the decomposition of Ca(OH)2. The thermogravimetric curves were examined using the tangential method, which involves 
determining the temperature range of dehydroxylation from the derivative of the weight versus temperature graph shown in Fig. 4(b). 
After identifying this temperature range, the weight loss associated with dehydroxylation is calculated using the weight versus 
temperature graph shown in Fig. 4(a). From this weight loss, the quantity of Ca(OH)2 that is present in the samples can be calculated, 
offering information on the hydration behaviour influenced by the incorporation of both SCMs.

4.6. Pore solution extraction and analysis

A pore solution analysis of AMBT specimens was conducted by assessing the pH value and Na+ content in the extracted pore so-
lutions. The pore solution extraction was done using the cold-water extraction method [23]. The middle section of AMBT specimens, 
approximately 2 in. in length, was extracted at 14 days and crushed using a hammer, followed by further grinding with a mortar and 
pestle to produce a fine powder. To extract the pore solution, a suspension was prepared by combining 2.5 g of powdered solid samples 
with 50 g of deionized water. The mixture was stirred on a magnet stirrer at 800 rpm for 5 minutes to facilitate the leaching of ions 
from the pore solution. The mixture was subsequently filtered, and the pH of the resulting solution was measured using a pH meter. 
Subsequently, the Na+ ion content in the extracted solution was determined using an Atomic Absorption Spectrophotometer (AAS).

4.7. SEM imaging

A microscopic investigation was conducted through the acquisition of SEM images of various mortar specimens. The SEM imaging 
process focused on samples extracted from specific 91-day compressive strength specimens and AMBT specimens. The choice to 
examine the 91-day specimens instead of the 28-day specimens was deliberate, aiming to explore the potential presence of ASR gel 

Fig. 3. (a) Particle size distributions of sand and GFA; (b) mean particle sizes of OPC, FA and PA.
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Table 2 
Chemical compositions of the OPC, FA and PA.

Material Composition (%)

Al2O3 BaO CaO Cr2O3 Fe2O3 K2O MgO MnO Na2O P2O5 SO3 SiO2 SrO TiO2 LOI

OPC 4.27 0.03 > 60 0.02 3.39 0.61 3.35 0.24 0.12 0.14 2.86 19.5 0.07 0.23 2.85
FA 25.02 0.1 4.56 0.01 6.9 0.88 1.29 0.09 0.3 0.61 0.25 56.28 0.05 1.34 2.17
PA 31.15 0.09 1.58 < 0.01 3.04 0.52 1.3 0.04 0.54 0.05 0.07 59.29 0.04 1.64 0.27
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Table 3 
Mix ratios.

Mix designations MIX PROPORTIONS

Cement/Binder (kg/m3) water content (kg/m3) water/binder 
ratio

Fine aggregate (kg/m3)

OPC Fly ash Fly 
ash 
%

Pond 
ash

Pond ash % Sand GFA GFA %

0FA - 0PA 0GFA 466 - - - - 205 0.44 581 0 0
20GFA 466 - - - - 205 0.44 465 116 20
40GFA 466 - - - - 205 0.44 349 232 40
60GFA 466 - - - - 205 0.44 232 349 60
80GFA 466 - - - - 205 0.44 116 465 80
100GFA 466 - - - - 205 0.44 0 581 100

10FA - 0PA 0GFA 419 47 10 - - 205 0.44 581 0 0
20GFA 419 47 10 - - 205 0.44 465 116 20
40GFA 419 47 10 - - 205 0.44 349 232 40
60GFA 419 47 10 - - 205 0.44 232 349 60
80GFA 419 47 10 - - 205 0.44 116 465 80
100GFA 419 47 10 - - 205 0.44 0 581 100

20FA - 0PA 0GFA 373 93 20 - - 205 0.44 581 0 0
20GFA 373 93 20 - - 205 0.44 465 116 20
40GFA 373 93 20 - - 205 0.44 349 232 40
60GFA 373 93 20 - - 205 0.44 232 349 60
80GFA 373 93 20 - - 205 0.44 116 465 80
100GFA 373 93 20 - - 205 0.44 0 581 100

30FA - 0PA 0GFA 326 140 30 - - 205 0.44 581 0 0
20GFA 326 140 30 - - 205 0.44 465 116 20
40GFA 326 140 30 - - 205 0.44 349 232 40
60GFA 326 140 30 - - 205 0.44 232 349 60
80GFA 326 140 30 - - 205 0.44 116 465 80
100GFA 326 140 30 - - 205 0.44 0 581 100

0FA - 10PA 0GFA 419 - - 47 10 205 0.44 581 0 0
20GFA 419 - - 47 10 205 0.44 465 116 20
40GFA 419 - - 47 10 205 0.44 349 232 40
60GFA 419 - - 47 10 205 0.44 232 349 60
80GFA 419 - - 47 10 205 0.44 116 465 80
100GFA 419 - - 47 10 205 0.44 0 581 100

0FA - 20PA 0GFA 373 - - 93 20 205 0.44 581 0 0
20GFA 373 - - 93 20 205 0.44 465 116 20
40GFA 373 - - 93 20 205 0.44 349 232 40
60GFA 373 - - 93 20 205 0.44 232 349 60
80GFA 373 - - 93 20 205 0.44 116 465 80
100GFA 373 - - 93 20 205 0.44 0 581 100

0FA - 30PA 0GFA 326 - - 140 30 205 0.44 581 0 0
20GFA 326 - - 140 30 205 0.44 465 116 20
40GFA 326 - - 140 30 205 0.44 349 232 40
60GFA 326 - - 140 30 205 0.44 232 349 60
80GFA 326 - - 140 30 205 0.44 116 465 80
100GFA 326 - - 140 30 205 0.44 0 581 100

Fig. 4. TGA results; (a) Weight vs temperature; (b) Weight derivative vs temperature.
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since ASR is a phenomenon that develops over an extended period rather than a short term, hence the rationale behind this selection. 
The extracted samples were immediately sealed in plastic bags until the SEM imaging to avoid carbonation; however, some extent of 
carbonation was unavoidable.

4.8. Compressive strength test

The compressive strength tests were conducted on mortar specimens with dimensions of 40 × 40 x 40 mm, following the protocols 
outlined in ASTM C109 [47]. The strength measurements were taken at 28 days and additionally at 91 days using a concrete tester. The 
91-day compressive strength testing was conducted to assess the long-term strength development ability of used SCMs and to 
investigate if there are any potential deleterious effects arising from ASR. To ensure precise load measurements, a load cell with a 
capacity of 300 kN was employed in conjunction with the compressive strength test machine. For each mix 6 mortar cubes were cast 
and cured in a curing room with 100 % relative humidity before testing at 28 and 91 days.

5. Results and discussion

5.1. ASR behaviour with increasing GFA in OPC mortar

This research further confirms the past findings for OPC-based GFA-mortar, as an increase in ASR expansion was observed with the 
increasing percentage of GFA, as demonstrated in Fig. 5. When the GFA percentage exceeds 20 %, the ASR expansion falls within the 
range of 0.1 % and 0.2 %, indicating a potential for deleterious effects from ASR. The 20 % GFA mix exhibits ASR expansions slightly 
below 0.1 %; however, it may still display long-term effects of ASR. This highlights that incorporating GFA in mortar can lead to 
potentially harmful effects unless ASR mitigation techniques are employed. Therefore, this study investigates the use of PA for ASR 
mitigation, with FA included for comparative analysis, and the findings are presented in Fig. 5.

5.2. Effect of fly ash and pond ash as an ASR mitigation technique

The partial substitution of PA for OPC significantly reduces ASR expansion, which is observed even in mixes without GFA, as shown 
in Fig. 5. All mixes with varying percentages of PA exhibit ASR expansions below the 0.1 % threshold, suggesting their potentially 
innocuous nature. For the 10 % PA mix, the ASR expansion remains slightly below 0.1 % across all GFA levels, still significantly lower 
than the ASR expansion observed in 100 % OPC mixes. However, despite PA containing less CaO than FA as shown in Table 2, which 
theoretically should enhance ASR mitigation, its performance is lower. For instance, at 100 % GFA, the mix containing 10 % FA 
exhibited a 0.04 % ASR expansion, while the 100 % GFA mix with 10 % PA showed a higher value of 0.08 %, just below the 0.1 % 
threshold. At a 20 % OPC replacement level, FA slightly outperforms PA, except at 100 % GFA content, where PA and FA exhibit 
similar performance. This suggests that PA can be a viable alternative to FA for ASR mitigation, particularly at the 20 % OPC 
replacement level.

Furthermore, as shown in Fig. 5, another trend emerges with the increasing percentage of GFA in PA and FA mixtures, where a 
reduction in ASR expansion is observed. This contrasts with the observations in AMBT specimens containing only OPC. The same 
phenomenon can be observed with FA as well. This phenomenon can be attributed to GFA aggregates within the mortar acting as a 
barrier that impedes the seepage of NaOH solution into the specimen, facilitated by the impermeable nature of glass. This effect is 
discussed in past studies explaining the diminished permeability, sorptivity and chloride penetration when crushed glass is used as an 
aggregate in cementitious composites [13,48]. This effect is not observed in OPC mixes, as it is overshadowed by the ASR expansion. 
However, in the presence of PA and FA, the ASR expansion is mitigated, allowing this effect to become noticeable.

Fig. 5. 14-day ASR expansion for varying GFA, FA and PA percentages in AMBT.
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These observations can be further explained using the TGA results, which determine the availability of Ca(OH)2, microscopic 
behaviour by SEM imaging and, pore solution analysis.

5.2.1. Ca availability
By substituting high-calcium OPC with low-calcium PA, the available CaO content for cement hydration is reduced. This, in turn, 

decreases portlandite (Ca(OH)2) formation, which contributes to the observed reduction of ASR, as discussed in Section 2. This dilution 
effect is evident in the TGA results shown in Fig. 6, where 20 % of OPC was replaced with PA in cementitious paste specimens. These 
results indicate that replacing 20 % of OPC has reduced the Ca(OH)2 content in the paste specimen by approximately 20 %. The same 
effect can be observed for FA in the same figure, attributed to its similarly low calcium content. Moreover, due to the slightly lower 
amount of CaO in PA compared to FA, a slight reduction of Ca(OH)2 can be observed with PA. However, this reduction is not as 
pronounced in ASR expansion results, as FA performs better than PA in ASR mitigation. The lower Ca(OH)2 content in the PA specimen 
should make it more effective than FA for ASR mitigation. This discrepancy can be explained through microscopic observations.

5.2.2. Microscopic observation
Fig. 7 presents SEM images of AMBT specimens, both without GFA (Figures (a), (b) and (c)) and with 100 % GFA (Figures (d), (e) 

and (f)), for different mix compositions: 100 % OPC, 20 % FA, and 20 % PA. Compared to the 100 % OPC mix without GFA (Fig. 7(a)), 
the SEM image of the 100 % GFA mix in Fig. 7(d) shows a white substance on the surface of the glass aggregate, likely ASR gel, 
consistent with findings from previous studies [49–51]. This white substance is not visible in the mix without GFA, as shown in Fig. 7
(a). This observation further supports the increase in ASR expansion with higher GFA content.

The SEM images of AMBT specimens with 100 % GFA and 20 % PA in Fig. 7(f) reveal the absence of ASR gel compared to the mix 
with 100 % GFA and OPC as shown in Fig. 7(d). Similar behaviour can be observed in the FA mix due to its ASR mitigation ability. This 
absence of ASR gel in the PA mix further supports the effectiveness of PA in reducing ASR expansion.

A comparison of Figs. 7(b) and 2(c) reveals that the PA mortar displays a less favourable microstructure than FA, characterized by 
the presence of microcracks that potentially reduce the impedance against external NaOH penetration. This weaker microstructure in 
PA specimens likely contributes to the observed lower ASR mitigation ability of PA. Past studies have attributed this improved 
microstructure in FA to the pozzolanic reaction of FA and the increased volume of FA resulting from the replacement of OPC on a mass 
basis. Even though a similar improved microstructure might be expected from PA due to its similar pozzolanic composition to FA and 
the lower density compared to OPC, the observations indicate otherwise. The smaller particle size of FA, which increases reactivity, 
could play a role in improving the microstructure compared to PA. Moreover, Najafi Kani et al. [52] reported that the addition of 3 % 
nano-Fe2O3 resulted in a densified microstructure in cementitious composites due to insoluble Fe2O3 filling the voids of the C-S-H gel 
structure. This could have also contributed to the better microstructure of FA compared to PA, as FA contains 6.9 % Fe2O3, whereas PA 
contains only 3.04 % Fe2O3. The difference in Fe2O3 content and the resulting improved microstructure explain the better ASR 
mitigation ability of FA than PA, even though PA contains less CaO, which should theoretically improve its ASR mitigation ability. 
However, the form of Fe2O3 in SCMs may not be at the nanoscale, but due to its insoluble nature, it can be assumed that similar to 
nano-Fe2O3, the Fe2O3 in SCMs can also fill the voids. Additionally, the ASR expansion test could not be conducted for the 30 % PA mix 
due to its lower strength, resulting in breakage during demolding. This issue likely stemmed from the weaker microstructure observed 
in PA specimens.

5.2.3. Pore solution analysis
The pH value of the pore solution analysis, presented in Fig. 8, shows a slight increase when GFA content has increased to 100 % in 

OPC-only mixes. This increase can be attributed to the increasing ASR expansion, allowing more OH- ions to seep into the specimen. 
However, the Na+ concentration of the pore solution analysis, depicted in Fig. 8, shows a steep reduction. This reduction indicates that 
the seeped Na+ ions are retained within the formed ASR gel, preventing them from being extracted during the pore solution extraction 
process.

The higher levels of OH- and Na+ in PA specimens compared to FA reflect their weaker microstructure, which offers less resistance 
to ion penetration from NaOH solution. Nevertheless, both the 0 % and 100 % GFA-PA mixes still exhibited lower ion penetration 
compared to OPC specimens, indicating that PA still provides better ion resistance than 100 % OPC specimens and thereby better ASR 
performance compared to OPC. In contrast, the enhanced microstructure of FA specimens, which can impede NaOH penetration, is 
corroborated by pore solution analysis. FA specimens with both 0 % and 100 % GFA displayed lower pH values and Na+

Fig. 6. Ca(OH)2 percentage of paste samples from TGA results.
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concentrations compared to all other mixes except the 100 % GFA and OPC mix, suggesting a reduced ability for OH- and Na+ ions to 
infiltrate these samples. In addition to the improved microstructure, the formation of low Ca/Si hydrates due to the pozzolanic reaction 
of both PA and FA can also retain alkalis, as indicated by past studies. This retention of alkalis could contribute to the reduced OH- and 
Na+ content observed in both PA and FA mixes compared to the 0 % GFA and 100 % OPC mix.

Fig. 8 reveals that both PA and FA mixes show a slight decrease in pH values as the percentage of GFA increases from 0 % to 100 %, 
which contrasts with the behaviour observed in 100 % OPC mixes. As PA and FA suppress ASR expansion, OH- ions cannot penetrate 
the specimens in the same manner as with the 100 % GFA OPC-only mix. This allows the impermeable barrier effect of GFA to take 
effect. As the GFA content increases, the less potential for OH- penetration due to the impermeable glass barriers. The Na+ content 
exhibits a slight increase, as suppressed ASR results in fewer ASR products available to retain Na+. This observation aligns with the 
previous observation discussed above, where, in OPC-only 100 % GFA specimens, the Na+ content demonstrated a notable decrease 
when abundant ASR products were available to retain Na+.

Fig. 7. SEM images showing the microstructure of AMBT specimens; (a) 0 % GFA and 100 % OPC; (b) 0 % GFA and 20 % FA; (c) 0 % GFA and 20 % 
PA; (d) 100 % GFA and 100 % OPC; (e) 100 % GFA and 20 % FA; (f) 100 % GFA and 20 % PA.

Fig. 8. pH value and Na+ content in pore solutions.
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5.3. Effect of GFA on the strength of OPC mortar

Fig. 9 demonstrates the trend for the 28-day and 91-day compressive strength of OPC mortar with increasing content of GFA. Until 
60 % GFA, the 28-day mortar strength exhibits very similar performance to conventional mortar, after which it shows a decreasing 
trend, reporting a strength reduction of 11 % at 100 % GFA. Fig. 9 reaffirms this behaviour also in 91-day strength, suggesting that GFA 
can effectively mimic the strength performance of river sand. The reduction in strength at higher levels of GFA can be attributed to 
various factors. The increased friability of glass compared to sand, along with the crushing process of waste glass, can lead to residual 
cracks in GFA grains [53] as evidenced by Figs. 2(b) and 12. These residual cracks and the higher friability can increase the tendency of 
GFA to crack under stress, which contributes to a reduction in the overall strength of the material. The smoother surfaces of glass 
aggregates compared to sand can lead to a weaker bond between GFA and the cement matrix, thereby reducing the strength. Dam-
rongwiriyanupap et al. [54] and Ling and Poon [55] discussed this effect of strength reduction due to the weaker bond at the interfacial 
transition zone of GFA in mortar. This smoother texture also increases workability due to the reduced friction between aggregates [51], 
as evidenced by the flow results presented in Fig. 10. The increased workability can elevate the tendency for the segregation of GFA, 
further contributing to the observed reduction in strength.

5.4. Effect of the addition of pond ash and fly ash on strength

Fig. 9 further presents the 28 and 91-day strength results for different percentages of PA while comparing the same with its 
counterparts of OPC and FA mixes. In both 28 and 91-day results, a general trend of strength reduction is observed for both PA and FA 
compared to the 100 % OPC mixes in all OPC replacement percentages. Moreover, a trend of reducing strength can be observed with 
the increasing percentages of both SCMs. This is caused by the dilution effect of quicklime (CaO), in total cement content since OPC is 
replaced by SCMs with low CaO content (Table 1). As discussed before, the TGA results show a decrease in the presence of residual Ca 
(OH)2 when 20 % of OPC is substituted with either PA or FA in paste specimens at 28 days. Ca(OH)2 is a byproduct of the hydration of 
CaO, a crucial reaction contributing to strength. Therefore, the significantly diminished levels of Ca(OH)2 indicate reduced hydration 
of cement when both SCMs are utilised as replacements for OPC. However, the pozzolanic reactions of PA or FA can also consume Ca 
(OH)2 causing the observed reduction on top of the dilution effect. Nevertheless, the reduction percentage of Ca(OH)2 only reflects the 

Fig. 9. Compressive strength results; (a) 28 and 91-days strength of control, 10 % FA and 10 % PA; (b) 28 and 91-days strength of control, 20 % FA 
and 20 % PA; (c) 28 and 91-days strength of control, 30 % FA and 30 % PA.
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dilution effect since the reduction of Ca(OH)2 for both 20 % PA and FA mixes is approximately 20 % in TGA results indicating the 
negligible pozzolanic reactivity of both SCMs at 28 days. This suggests that replacing OPC with PA and FA has contributed to the 
observed reduction of 28-day mortar strength mainly due to the dilution effect.

The inclusion of PA and FA has notably enhanced the workability of GFA mortar, as indicated by the flow results in Fig. 10. This 
improvement in the flow can be attributed to the spherical shape and smoother surface of PA and FA particles, shown in Fig. 11. These 
characteristics help to reduce inter-particle friction through a ball-bearing effect, thereby enhancing the flowability of the cement 
mixture compared to the irregular shapes of OPC particles [56–58]. According to Moghaddam et al. [56], the low water absorption 
capacity of fly ash particles, attributed to their inherent glassy and smooth texture compared to OPC particles, could also explain the 
improved flowability. This reasoning can similarly be applied to PA particles, which exhibit a comparable texture. Therefore, just as 
increasing GFA content increases workability and the tendency for aggregate segregation, which can lead to strength reduction, the 
addition of both SCMs may similarly impact strength.

It can be observed that, compared to FA, PA exhibits a more significant reduction in 28-day strength as the OPC replacement 
percentage increases. In Fig. 9(a), it is observed that 10 % of PA performs better than FA until 60 % of GFA while performing similarly 
to the control until 40 % of GFA. After 60 % GFA, both SCMs perform similarly with slight fluctuations. At 20 % OPC replacement, both 
PA and FA perform similarly, while showing significantly lower strengths than 100 % OPC mixes, as shown in Fig. 9(b). However, PA 
performed slightly better than FA after 80 % GFA. Fig. 9(c) shows that when the PA percentage is increased to 30 %, it significantly 
underperforms compared to both FA and OPC beyond 20 % GFA.

The reduction in strength with the increasing percentage of PA compared to FA can be attributed to several factors. As evidenced by 
Fig. 10, PA mixes demonstrate significantly higher workability compared to FA since even 10 % of PA shows higher flow than 30 % of 
FA. This difference may be attributed to the more clustered nature of FA particles, as shown in Fig. 11(b). In contrast, the particles in PA 
appear to be less clustered (Fig. 11(c)), which can result in reduced inter-particle friction compared to FA. This reduced friction can 
lead to the observed higher flowability of PA, increasing the tendency for segregation and contributing to the observed reduction in 
strength. Moreover, PA consists of larger particles compared to FA, as also evidenced by Fig. 11(c), which could reduce the reactivity of 
PA and contribute to its lower observed strength. Furthermore, the TGA results discussed in Section 5.2.1, showed a slightly lower 
amount of Ca(OH)2 indicating slightly reduced hydration in the PA paste at 28 days compared to FA, attributed to the higher dilution of 
CaO since PA contains less CaO than FA, as shown in Table 1. This could also contribute to the observed decrease in strength with PA. 

Fig. 10. Flow values of GFA mortar with varying percentages of GFA, FA and PA.

Fig. 11. SEM images of; (a) OPC; (b) FA; (c) PA.
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Thus, while both PA and FA lead to strength reductions due to the dilution effect, the higher workability, lower particle reactivity and 
slightly higher calcium dilution of PA result in a more pronounced reduction in strength compared to FA at 28 days.

Nevertheless, at 91 days, different behaviour can be observed for PA as shown in Fig. 9. In almost all OPC replacement percentages, 
PA shows better performance than FA, unlike in the 28-day results. Also, a few more trends of PA compared to FA can be recognized for 
all OPC replacement levels. In all three graphs, it can be observed that PA performs better than FA and also even better than or similar 
to 100 % OPC until 20 % GFA. However, at 40 and 60 % GFA, the performance drops down, showing a similar performance to FA. 
Regardless of that, after 60 % GFA, the performance of FA further declines, while the strength of PA is stabilized, resulting in a higher 
performance of PA compared to FA. The better 91-day strength performance of PA in all OPC replacement percentages, especially 
compared to 28-day strength results, indicates a better strength development ability compared to FA. This enhanced strength per-
formance of PA may be attributed to its higher content of alumino-silicate materials (Al2O3 and SiO2) compared to FA, as indicated by 
the XRF results in Table 1, showing that PA contains 11.2 % more Al2O3+SiO2 than FA. Al2O3+SiO2 react with Ca(OH)2 to form 
various calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) gels [26], which enhance the strength of the 
cementitious composite beyond the strength development due to the hydration of cement. This improved pozzolanic activity due to 
higher Al2O3+SiO2 of PA helps to counter the previously discussed strength-reducing factors that caused the strength reduction in 
28-day specimens compared to FA. As the age increases from 28 days to 91 days, the superior pozzolanic ability of PA, attributed to its 
higher Al2O3 + SiO2 content, results in PA performing better than FA.

5.5. Strength behaviour of GFA-mortar in relation to ASR

While it is reasonable to anticipate a negative impact on the strength of GFA-mortar due to the detrimental nature of ASR, the 
results indicate otherwise. Specifically, no strength reduction was detected in the GFA mortar when aged from 28 to 91 days, even in 
the 100 % OPC and 100 % GFA mix, which exhibited the highest ASR expansion in the AMBT conditions. At 28 days, the strength of the 
100 % GFA mortar showed an 11 % reduction compared to 0 % GFA specimens as shown in Fig. 12. Due to the slow nature of ASR [18, 
59], this strength reduction from 0 % to 100 % GFA at 28 days can be attributed to several factors other than ASR, which is discussed in 
Section 5.3. By 91 days, the strength reduction remained consistent at 10.6 % (Fig. 12). This suggests that ASR has not influenced the 
strength of the GFA mortar up to at least 91 days, even with 100 % GFA in OPC mortar which showed the highest ASR expansion in 
AMBT.

Despite the lack of observed strength reduction in GFA-mortar over 91 days, SEM imaging has detected possible early signs of ASR 
in cube specimens with 100 % GFA, as depicted in Fig. 13(a), since past studies have observed that ASR can occur in the residual cracks 
of GFA [53]. This indicates that while ASR has not yet adversely affected the strength of the GFA mortar, detrimental effects may 
emerge as the specimens age further. On the other hand, Figs. 13(b) and 13(c) illustrate the microstructure of 91-day 100 % GFA cube 
specimens with FA and PA, respectively. Consistent with the discussed ASR mitigation capabilities of both SCMs observed in the AMBT, 
these specimens show no signs of ASR, highlighting the effectiveness of these pozzolanic SCMs in preventing ASR development in 
GFA-mortar.

Having observed the trend for the strength development of GFA mortar with OPC from 28 to 91 days, a simple strength testing was 
carried out for OPC mortar cube specimens with 0 and 100 % GFA subjected to the accelerated ASR conditions (AMBT) for 14 days. The 
compressive strength of 100 % GFA specimens reported a 23.6 % strength increase compared to the specimen without GFA. Despite 
the 14-day ASR expansion being high at around 0.2 % with 100 % GFA compared to the 0 % GFA mix, as shown in Fig. 5, the 
compressive strength is still higher than that of the 0 % GFA mix. If hydration of cement was the only process occurring, the strength of 
the 100 % GFA mix could not have exceeded that of the 0 % GFA mix, as seen in the normally cured strengths. This is because increased 
ASR expansion and other factors that reduce strength, as discussed in Section 5.3, should reduce the strength of the 100 % GFA mix 
compared to the 0 % GFA mix. Therefore, the observed strength increase must be attributed to the reactivity of utilised glass ag-
gregates. Previous studies have documented strength increase due to the pozzolanic activity of glass powder [60–62]. Chen et al. [48]
observed this pozzolanic activity even when crushed glass was used as fine aggregate in cementitious mixtures. Furthermore, it has 
been shown that the pozzolanic reaction of glass particles can be accelerated with an increase in temperature [63]. Thus, the strength 
increase observed with the 100 % GFA mix is likely due to the pozzolanic activity of the fine glass particles in GFA, which may have 
been accelerated under AMBT conditions.

6. Conclusions

This study evaluated the properties of GFA-mortar utilizing a widely available reclaimed resource, pond ash as an ASR mitigating 
SCM. The following conclusions were drawn: 

• Up to 60 % of GFA integration is possible when both 28 and 91-day strengths are considered. However, ASR expansion test results 
reveal that exceeding 20 % GFA incorporation results in detrimental ASR effects, underscoring the necessity of an effective ASR 
mitigation method.

• At least 20 % of OPC should be replaced with pond ash to effectively mitigate ASR in GFA-mortar, achieving results comparable to 
fly ash-based ASR mitigation. Similar to fly ash, pond ash reduces the alkalinity of the mix due to its low CaO content, which 
suppresses ASR. The incorporation of 20 % pond ash enables the use of more than 20 % GFA, potentially up to 100 %.
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• To achieve strength performance comparable to fly ash at 28 days, only up to 20 % pond ash should be used in GFA-mortar. Higher 
pond ash content reduces strength due to lower cement hydration and increased flowability, which heightens the risk of segregation 
in the mix.

• However, at 91 days, pond ash demonstrates superior strength compared to fly ash across nearly all OPC replacement and GFA 
levels. This is attributed to its enhanced strength development, owing to a higher contents of Al₂O₃ and SiO₂, despite having a larger 
mean particle size than fly ash.

• For 28-day strength, up to 100 % GFA can be used in combination with 20 % pond ash to achieve performance comparable to fly 
ash. However, to match the performance of OPC, it is recommended that no more than 20 % GFA be utilised.

• Based on the ASR expansion test and strength results, up to 20 % GFA and 20 % pond ash can be optimally used in mortar, 
effectively avoiding ASR and significant strength loss. This combination can result in a significantly sustainable mortar.

This study demonstrates that pond ash can be used to partially replace OPC in cementitious mortar with glass fine aggregates, 
significantly reducing ASR while performing comparably to fly ash in both ASR suppression and strength. However, to utilise pond ash 
on a larger scale in construction, similar studies should be conducted for concrete and its applications. Additionally, more thorough 
chemical and microscopical studies are needed to establish the mechanisms by which pond ash affects ASR and the hydration of 
cement.
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