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Abstract 

This work investigates the combined use of waste glass aggregates (GA) and glass powder (GP) in cementitious 
mortars. For this reason, the optimized incorporation of GA by natural aggregates (NA) replacements was first studied 
after applying a surface roughening method with hydrofluoric acid. The compressive strength results were utilized 
to select the best mixture with GA. Then, different GP contents were added by cements substitutions to the opti‑
mized GA-based mortar. A control mortar without GA and GP amounts was also casted as a reference for compari‑
son. The detailed mechanical, physical and durability properties of the resulted mixtures with combined GA and GP 
were assessed by considering the compressive and flexural strengths, ultra-sonic pulse velocity, alkali-silica reaction 
(ASR), rapid chloride permeability test (RCPT), magnesium sulphate attack and sulfuric acid resistance. The micro‑
structure of different optimized (GA + GP)-combinations was characterized by scanning electron microscopy (SEM) 
and energy dispersive X-ray spectroscopy (EDS)in order to analyse the interfacial transition zone (ITZ) between glass 
materials and the surrounding matrix. The results showed that the optimized composition with 75% GA and 25% GP 
was shown with high compacity and durability characteristics due to the increased GA/matrix ITZ and the formation 
of C–(N,K)–S–H products with C–S–H.
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1  Introduction
Glass products such as bottles, windows, screens, etc., 
are among the highly produced materials nowadays with 
a global amount of around 130 million tons, from which 
more than 100 million of glass waste is being stockpiled 
or disposed every year (Anand, 2021). This accounts for 
a large portion of nearly 5% of the total solid wastes dis-
carded in landfills according to the World Bank Group 
2018. Its extremely long biodegradation time, which 
may take up to a 1 million year for regular glass bottles 
(Serati et  al., 2022), can create a major ecological prob-
lem if appropriate environmentally friendly solutions are 
not considered in the future. Although most glass wastes 
(GW) can be recycled in new industrial processes, there 
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are still limitations regarding the required energy to 
remove impurities and to achieve a new glassy material 
with the same quality as the original product (Tamanna 
& Tuladhar, 2020). In addition, the landfilled glasses are 
generally blended with various colours and chemical 
compositions, which necessitate specialized sorting facil-
ities that cannot be found in all countries and regions. 
Thus, only 10 to 30% of waste glass is currently being 
reused for the production of new materials, depending on 
the locally available recycling infrastructures and regula-
tions around the world (Rivera et al., 2018). This caused 
a large excess of waste glass that requires to be valorized 
for other alternatives. For this reason, the incorporation 
of GW in construction applications is gaining impor-
tance from specialists as one of the most valuable techni-
cal, environmental and economical solution to reduce the 
disposed quantities (Idir, 2009).

Up to now, there have been many published results on 
the inclusion of GW in concrete and mortar composi-
tions, particularly as powder or aggregates (Ho & Huynh, 
2022; Manzoor et al., 2022; Omoding et al., 2021; Tahwia 
et  al., 2022; Wei et  al., 2020). Recent works confirmed 
that finely ground glass has pozzolanic properties and 
can be used successfully as a supplementary cementitious 
material (SCM) for the partial replacement of cement 
(Higuchi et al., 2021; Omran et al., 2018). Although some 
promising mechanical and durability properties were 
reported for concretes and mortars incorporating fine 
glass powder (GP), there have been inconsistent findings 
about the optimized amounts by cement substitution. 
For example, Shoaei et  al., (2020) showed that the best 
mechanical strengths and transport properties of cemen-
titious composites were reached with the use of fine glass 
particles of up to 30% contents. However, other research-
ers such as (Elaqra & Rustom, 2018a) revealed that the 
substitution of 20% of cement by GP caused increased 
compressive strengths of mortars, which dropped sharply 
at 25% and 30% contents. Also, Nahi et  al., (2020) who 
studied the inclusion of different-size glass powders by 
cement and sand replacements, indicated that the com-
pressive strength of mortars decreased with increased 
glass powder at 28-day curing time, regardless of the size 
of GP particles. Although most the available literature 
agreed about the alkali-silica reaction (ASR) risk related 
to recycled glass aggregates, there is also discrepancies 
about the optimum properties and contents of GW to 
be used as recycled aggregates in cementitious materi-
als. Indeed, glass aggregates (GA) were generally proven 
to generate ASR problem (Bueno et al., 2020), as a result 
of the chemical reaction between their amorphous sil-
ica content and alkalis (Na+, K+ and Ca2+) in cementi-
tious networks. ASR can first cause expansion due to 
the formation of a hygroscopic gel with the property to 

absorb water and enlarge, then cracks might develop 
and deteriorate the in-service performance of cementi-
tious composites, especially under high relative humid-
ity conditions of ≥ 70% (Chihaoui et  al., 2022). Some 
studies have linked this expansion directly to the size 
of aggregates and suggested glass particle sizes of lower 
than 600 µm to safely incorporate them as sand in mor-
tars and concretes (Guo et  al., 2020; Rajabipour et  al., 
2010). Nevertheless, Idir et  al. (2010) found that a size 
of around 0.9–1 mm was the threshold to avoid ASR in 
mortars. Also, Lee et al. (2011) indicated a maximum size 
of 1.18  mm to avoid the deleterious expansion effect of 
GA. Apart from the particle size, the chemical composi-
tion, colour and origin of glass were also shown to induce 
different effects on ASR reaction level (Hwee & Du, 2013; 
Gorospe et  al., 2019; Liu et  al., 2015; Mohajerani et  al., 
2017; Saha et al., 2018; Saccani et al., 2017; Shayan et al., 
2004; Saccani et al., 2010). This was maybe the reason for 
the inconsistent findings over the maximum amount of 
GW that can replace normal aggregates without raising 
the ASR concerns in cementitious materials, though the 
general trend of results established a higher ASR expan-
sion at increased contents of recycled GA (Mohajerani 
et  al., 2017; Tan & Du et  al., 2013a). In line with these 
explanations, various glass aggregate contents, such 
as 20% found by Ismail and AL-Hashmi (2009), 30% by 
Romero and James (2013), 50% by Penacho and Brito 
(2014) and 100% by Sikora and Horszczaruk (2017), were 
presented as the optimum for reaching equal/greater 
mechanical strengths than the control mixtures.

In attempts to limit the ASR-related expansion of mor-
tars and concretes containing recycled glass aggregates, 
several researches have tested the use of SCMs such as 
fly ash, silica fume, metakaolin and slag (Hay & Ostertag, 
2021; Luo et  al., 2022; Nguyen et  al., 2021; Saha et  al., 
2018a; Tapas et  al., 2021). Thus far, some publications 
have attempted the use of GP in GA-based cementitious 
materials. However, most of them focused on ASR miti-
gation effect while ignoring the mechanical and durabil-
ity properties or used fixed fineness, colour or amounts 
of GW powder and aggregates (Liuet al., 2015; Hay et al., 
2021; Sikora et al., 2017; Luo et al., 2022). It is to mention 
that the sorting of GW based on fixed categories can be 
costly and inefficient for recycling considering the large 
presence of this waste as mixed colour glasses (Imteaz 
et  al., 2012; Liu et  al., 2015) added different fineness of 
green soda-lime GPs to investigate the ASR of mortars 
prepared with up to 100% glass sand. According to their 
results, the ASR expansion risk of glass sand mortars can 
only be eliminated at GP content of 30% when its parti-
cle size is at the range of 15–100  µm. Idir et  al., (2010) 
examined the use of 20% and 40% of mixed-colours soda-
lime GP and 20% of GA by sand replacements to inhibit 
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the ASR swelling of mortars. The authors explained that 
the ability of GP to reduce ASR expansion is not solely 
related to its alkali trapping capacity by C–S–H and 
found ASR reductions of 50–90% and 25–70% for 40% 
and 20% GP, based on the mean size diameter of each 
powder and aggregates used. Very recently, Mahmood 
et  al. (2022) tested the influence of 10% and 20% glass 
powder, as compared to fly ash, on the ASR expansion of 
mortars enclosing 20% and 40% of glass sand. They con-
cluded that a 10% content of GP is enough to suppress the 
expansion risk at both 20% and 40% GA, which is equiva-
lent to the effect of fly ash (Guo et al., 2018) characterized 
the ASR damage of GA-based mortars and evaluated the 
inclusion of 15% and 30% of GP and fly ash to decrease 
the related expansion. Although the expansion reduced 
by a minimum of 46.6% at 15% GP and fly ash replace-
ment levels, only 30% GP content that resulted in per-
centages under the standardized expansion limit of 0.1%.

Very few studies considered the effect of GP on other 
hardened performances than ASR of glass sand mortars. 
Lu et  al. (2017a, 2017b) used a content of 20% GP and 
explored the effect of its fineness on shrinkage, tempera-
ture resistance, acid attack and ASR swelling of glass sand 
mortars, as compared to fly ash. Although mixed colour 
glass waste was incorporated, only fixed contents of 20% 
GP and 100% glass sand were introduced into the mor-
tar. They confirmed that, at 100% glass sand and 20% GP, 
a particle size of lower than 50 μm is important for GP 
to present equivalent performances than FA-based mor-
tars. In another investigation by the authors (Lu et  al. 
2017a, 2017b), they studied the fresh properties of the 
same compositions with glass powder and glass aggre-
gates and showed increased setting times and reduced 
flowability with the use of 20% GP, which was attributed 
to its low water absorption and different particle size and 
morphology than normal aggregates. Afshinnia and Ran-
garaju (2016) studied the impact of incorporating 20% of 
finely ground soda-lime GP (17 µm) by cement and sand 
replacements on the fresh and compressive, splitting and 
tensile strengths of concrete casted with up to 100% GA. 
According to these authors, the replacement of 20% of 
cement by high fineness GP increased the workability 
and reduced the mechanical strengths, whereas opposite 
trends were suggested when GP substituted aggregates 
in mortars. The above-mentioned work on the incor-
poration of GP in mortars containing GA focused more 
on the effect of GP size and type at 20% content on GA-
based mortars, presenting opposite trend of results com-
pared to Du and Tan (2014) and (2017) who reported that 
the substitution of cement by 30% GP in natural sand-
based mortars exhibited the highest strength increase 
and consequently the lowest porosity.

In addition to the lack of consensus regarding the 
impact of GP on the properties of mortars containing GA 
aggregates, the technical literature does not report any 
attempts to optimize the composition of cementitious 
materials to include the maximum amount of GA and 
GP. Consequently, it is unclear to what extent GA and GP 
can be used conjointly without negatively affecting the 
mechanical and durability performances of mortars and/
or concretes.

The aim of this study was to address the research gap 
regarding the optimized use of glass powder and glass 
sand in mortars.

A detailed experimental program was undertaken to 
maximize the combined use of GA and GP in cementi-
tious mortars while optimizing their mechanical and 
durability properties as compared to the control com-
position without any GW content. First, GA particles 
were treated with hydrofluoric acid (HF) to reach suf-
ficient surface roughness (Park et  al., 2017). Then they 
were included by natural sand replacement up to 100% 
and the best substitution level regarding the mechani-
cal strengths was retained. Lastly, GP was introduced by 
cement replacement from 5 to 30% and the behaviour 
of each mixture was evaluated by assessing its compres-
sive and flexural strengths, ASR effect and related micro-
structure, RCPT, sulphate and acid resistance.

2 � Experimental Procedures
2.1 � Materials
In this experimental work, Type I ordinary Portland 
cement (CEM I 42,5 N) was used in all the prepared 
mixtures, as conforming to the quality requirements of 
(ASTM C150 standard, 1997). The natural fine aggre-
gates (NA) used in mortars were with a siliceous nature 
of average and maximum particle sizes of around 0.8 and 
4.75 mm, respectively (ASTM C33-99a, 2010), and water 
absorption of 1.48%.

Glass waste (GW) was collected from real site dump-
ing of crushed glasses, which included various colours 
(brown, green and transparent) of bottle, vessel and win-
dow glasses. This GW was washed to remove any con-
taminant and/or attached minerals. Then, it was crushed 
and used to prepare fine glass aggregates (GA) to pass 
completely in sieve 2.36 mm (Ling & Poon, 2011), and to 
be with close particle size distribution as NA. Extra mill-
ing process of 4  h was applied on crushed materials to 
obtain glass powder (GP) with finer particle sizes (d(90): 
45 µm). The specific surface area of the resulted GP, was 
3970  cm2/g, as determined by the Blaine method. The 
particle size analysis of NA, GA, cement and GP is pro-
vided in Fig. 1 and the chemical compositions of cement, 
NA and GW are presented in Table 1.
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The smooth surface of recycled glass aggregate was 
reported in the literature to negatively affect the micro-
structure of mortars, in particular the reduced/absence 
of aggregate/paste interface bonding (ITZ) (Afshinnia & 
Rangaraju, 2016). The published results showed that this 
effect can also reduce the mechanical interlock between 
the two phases and lead to the appearance of cracks and 
surface voids, thus consequently reduce the mechanical 
strengths. For higher percentages of glass addition, the 
negative effects of weakened ITZ of GA become more 
dominant, leading to higher reductions in mechanical 
strengths as the glass aggregate amounts increase. Hence, 
in this research, it was decided to enhance the surface 
roughness of GA particles in an attempt to improve 
their bonding properties within the cementitious matrix. 
According to Park et  al., (2017), hydrofluoric acid (HF) 
is identified as the most effective solution for modifying 
the original smooth surface of glass to produce a textured 
or stiff surface. This phenomenon is attributed to fluo-
ride, which can rapidly and aggressively alter the surface 
of glass. Thus, in the first phase of this study, GA parti-
cles larger than 1  mm were immersed in 40% HF solu-
tion for around 1  min, as per the recommendations of 
Chatterjee et  al., (2019). After the short time exposure 
to HF, glass particles were rinsed thoroughly with dis-
tilled water and subsequently immersed in 99% alcohol. 
Then, they were carefully immersed in water for around 
20 min; the washing process was carried out 8–10 times 
in order to effectively eliminate any remaining traces of 
fluoride (Zhang et al., 2022), and finally they were passed 
to the drying stage, to make them ready for use. The 

microscope images of GA before and after treatment are 
given in Fig. 2, with the SEM image of GP. It shows the 
high roughness achieved on the surface of GA particles 
after treatment, in addition to the angular GP particles of 
different shape.

2.2 � Mix Design and Preparation of Mortar Specimens
The treated GA aggregates were incorporated at varied 
amounts of 0%, 25%, 50%, 75% and 100% by mass of NA, 
in order to optimize the content of glass wastes in mor-
tars. All mixtures were prepared in accordance to ASTM 
C109 standard (2016) with a water-to-binder (W/B) ratio 
of 0.485 and aggregates-to-binder (A/B) ratio of 2.75. In 
order to remain in the same class of workability corre-
sponding to a flow time of 20 s < t < 30 s, according to (NF 
P 18-451, 2018), a superplasticizer was used. During mix-
ing, a reduction of fluidity was recorded with increased 
GA contents, which can be linked to the fine particles 
present in this sand. This was also reported in a previous 
work by (Ho & Huynh, 2022). The different compositions 
of this phase of research are given in Table 2. Afterword, 
the second phase of mortar compositions was designed 
to include GP by cement replacement levels of 5%, 10%, 
15%, 20%, 25% and 30%, while using the optimum GA 
amount from the first tested group of mixtures, as dis-
played in Table  3. After insuring the targeted workabil-
ity, the fresh mortars were poured in prismatic moulds of 
(4 × 4 × 16) cm3 and kept for 24 h at ambient temperature 
of 23 ± 2 °C. Specimens were then demoulded and stored 
in a curing room at 23 °C and 95% relative humidity until 
the testing durations of 7–90 days.

2.2.1 � The Optimal GA Mortar
The compressive strengths of mortars incorporating 
treated GA particles with NA replacements of 25–100% 
are presented in Fig. 3. The obtained results revealed var-
ied behaviours between the early and advanced curing 
ages, where the optimum GA inclusion was 50% at 7 days 
and increased to 75% at 28 and 90 days. For instance, at 
7-day, the use of 75% and 100% GA caused the compres-
sive strengths of the reference mortar to reduce by 5.1% 
and 12.5%, after showing increments of 2.3% and 3.5% at 
25% and 50% GA contents, respectively. However, at 28 
and 90 days, up to 3.7% and 5% higher strengths, respec-
tively, were reached when GA amounts of 25%–75% were 

Fig. 1    Particle size distribution of natural aggregates, glass 
aggregates, cement and glass powder

Table 1  Chemical composition of Portland cement, natural sand and glass waste

Composition (%) SiO2 Al2O3 Fe2O3 MgO CaO CaCO3 K2O Na2O

Cement 21.16 3.96 5.69 2.13 63.34 – 0.49 0.16

NA 97.05 0.24 0.64 0.15 0.56 0.46 0.49 0.41

GA 78.33 1.85 0.25 0.06 9.65 0.93 0.53 8.4
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incorporated in the control GA0. Different investigations 
in the literature have reported that it possible to increase 
the GA replacements to over 50% without significantly 
changing the strength of natural sand-mortars (Pena-
cho et  al., 2022; Sikora et  al., 2017; Serati et  al., 2021). 
According to these authors, the possible pozzolanic 
effect of smaller particles GA, which was confirmed even 
for GA particles of higher than 1 mm (Idir et al., 2011), 
can partially/completely compensate the negative influ-
ence of the coarse GA particles as compared to the inert 
counterparts of natural aggregates. In addition, the high 
alkalinity of GA likely depressed the solubility of Ca2+ 
ions and helped on the continuous reaction of cement 
particles and related strength development at different 

curing ages (Siad, 2017). However, the optimized results 
presented in Fig. 3 also prove the efficiency of the treat-
ment method by HF, which likely created enough GA 
surface roughness to enhance the bond with the sur-
rounding cement matrix. Also, the improved GA surfaces 
and related increased physical and chemical interactions 
of aggregate/cement matrix interfaces, possibly caused 
greater distribution of stresses and related compres-
sive strengths at early and advanced curing ages. It is to 
mention that the compressive strengths of GA100 were 
12.5%, 6.7% and 3.2% lower than the control mixture at 
7, 28 and 90 days, respectively, explaining reduced differ-
ences at increased curing times. This finding underscores 
the potential for achieving even higher outcomes from 

Fig. 2  Microscope and SEM images of a GA before treatment, b GA after treatment and c glass powder
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the pozzolanic activity of reduced GA particles when 
extending the curing duration, though this was not pos-
sible in this study considering the goal of determining 
the optimal GA content for the subsequent phases of the 
research.

The flexural strengths of various mortars shown 
in Fig.  4 followed the same trend as the compressive 
strengths up to 90 days, where GA75 generated the opti-
mum mechanical strength development compared to 
the control mortar GA0. Nevertheless, the 7- and 28-day 
results presented negligible incidents of GA contents 
up to 75%, with a slight reduction of 7.5% for 100% GA 

compared to the control GA0 compositions. Thus, a GA 
amount of 75% was decided to be used as the optimum in 
the next phase of research about glass powder, in accord-
ance to the compressive and flexural strength results of 
GA-mortars. The rates and mixes of the GA75–GP 75% 
glass aggregate mortars to be tested in the next phase are 
also shown in Table 2.

2.3 � Testing Methods

–	 Mechanical strengths: flexural, compressive 
strengths and ultrasonic pulse velocity (UPV) were 

Table 2  Compositions of the different mortars studied

Mix ID Portland cement 
(g)

Glass powder (g) Natural sand (g) Glass sand (g) Water (g) Super-
plasticizer 
(%)

GA0 500 – 1375 – 242.5 –

GA25 500 – 1031 344 242.5 0.25

GA50 500 – 687.5 687.5 242.5 0.3

GA75 500 – 344 1031 242.5 0.5

GA100 500 – – 1375 242.5 0.7

GA75–GP5 475 25 344 1031 242.5 0.5

GA75–GP10 450 50 344 1031 242.5 0.5

GA75–GP15 425 75 344 1031 242.5 0.5

GA75–GP20 400 100 344 1031 242.5 0.5

GA75–GP25 375 125 344 1031 242.5 0.5

GA75–GP30 350 150 344 1031 242.5 0.5

Table 3  Greenhouse gas emissions of components of mortars

Cement GP NA Water GA SP

GHGs (kg CO2/kg) 0.82 0.338 0.024 0.0013 0.008 0.6
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measured according to (ASTMC-348 standard, 2002; 
(ASTM C349-08, 2014) and (ASTM C 597-02, 2016), 
using specimen’s dimensions of (4 × 4 × 16) cm3 
and (4 × 4 × 4) cm3, respectively. Both mechanical 
strengths were measured at different curing ages of 7, 
28 and 90 days. Three specimens were tested for flex-
ural strengths and UPV, whereas the average value of 
6 cubs was considered for compressive strengths.

–	 The properties of the interfacial transition zone (ITZ) 
of NA/binder and GA/binder were observed after 
28  days using scanning electron microscope (SEM) 
and energy dispersive spectroscopy (EDS).

–	 Alkali-silica reaction: The influence of GP on the 
alkali-silica reaction (ASR) of mortars prepared with 
optimum GA content was investigated at various 
GP dosages from 5 to 30%. For this reason, mortar 
bars of 2.5 × 2.5 × 28.5 cm3 were prepared, cured and 
tested according to (ASTM C1260 standard, 2007). 
After demoulding, the mortar bars were placed in hot 
water at a temperature of 80 ± 2 °C for 24 h. The ref-
erence length measurements were then taken before 
immersing the mortar bars in a 1N NaOH solution 
at a temperature of 80 ± 2 °C. Subsequent changes in 
length were measured after 3, 6, 9, 12 and 14 days of 
ASR test using a digital comparator with a precision 
of 0.001 mm. Each displayed result of length change 
was the average value of three tested specimens.

–	 The water permeability of mortars was estimated by 
their ability to be penetrated by water under a pres-
sure gradient. Using a 3-cell device, measurements 
were made on cylindrical specimens of 100  mm 
diameter and 50  mm height, at the age of 90  days. 
The mortar specimens were covered laterally with a 
double layer of resin 24 h before the start of the test 
in order to avoid lateral leaks. Using a three-cell per-
meameter, the mortar discs were placed on a device 
under permanent water flow at a pressure of 0.3 
MPa for 6 h (Kameche et  al., 2014), the cumulative 
amount of water flowing through the mortar speci-
mens as a function of time was measured every hour 
by decreasing the level in the manometer tube of the 
device. The coefficient of permeability was calculated 
by applying Darcy’s law:

	

	 where Q: volume of water per unit time (flow veloc-
ity). A: section crossed by water. KL: permeability 
coefficient. i: hydraulic gradient across the specimen 
(m/m).

(1)Kl =
Ql

A.i
,

–	 Rapid chloride permeability test (RCPT): the test 
of resistance to chloride ions was done according 
to (ASTM C, 1202, 2012). Cylindrical specimens of 
100 mm in diameter and 50 mm in height prepared 
for each mixture are shown in Table  3. The outer 
perimeter of the specimen was covered with epoxy 
resin to ensure a good seal. After curing, the speci-
mens were placed in a desiccator to evacuate the air 
existing in the mortar using a vacuum pump for 3 h. 
Then the specimens were stored in water for 18 ± 2 h. 
One side of the specimens was exposed to a 3% NaCl 
solution, and the second side was exposed to 0.3N 
NaOH solution. The current between the electrodes 
was measured every 30 min for 6 h. The total charge 
passed through the specimens was calculated using 
the following equation:

–	 The thermal conductivity (W/m.K) of mortars was 
measured using the thermal needle probe method 
according to (ASTM D5334, 2017), on 90-day-old 
cylindrical specimens of 100 mm diameter and 5 mm 
height. Thermal conductivity was determined by 
the KD2-PRO analyser using SH-1. The SH-1 con-
tains two needles (1.27 mm diameter and 30 length) 
capable of measuring the thermal conductivity in the 
range of 0.2 W/m.K to 2 W/m.K. The measurements 
were repeated five times for each side of the speci-
men (Bostanci et al., 2020), the arithmetic averages of 
these measurements were reported as K-values.

–	 Resistance to sulphate attack: Penetration of MgSO4 
through the pores leads to the formation of magne-
sium silicate hydrate (M–S–H), and displaced cal-
cium precipitates, mainly in the form of gypsum and 
causing ettringite. Three (4 × 4 × 16) cm3 specimens 
of each mixture were placed in a 5% MgSO4 solution 
tray following (ASTM C1012-04, 2004). The mass 
change for each sample was measured weekly after 
12 weeks. The mass loss in % was calculated relative 
to the initial mass.

–	 Resistance to sulphuric acid: External chemical 
attacks are mainly due to acids, bases and saline solu-
tions which dissolve the lime in cement and form 
new compounds, leading to the swelling and burst-
ing of concrete structures, which can jeopardize 
their stability. According to Zivica and Bajza (2001), 
special precautions must be taken when working in 
submerged areas. To test the behaviour of new mor-
tars in the face of this type of attack. Three 4 × 4 × 16 

(2)

Q = 900(I0+ I360+ 2(I30+ I60+ I90+ · · · + I330).
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cm3 specimens from each mixture were placed in a 
5% H2SO4 solution in accordance with (ASTM C267, 
2012). The average weight value of each sample was 
measured after 12  weeks while refreshing the solu-
tion after every measurement. The initial mass before 
immersion was utilized as a reference for different 
mass losses.

–	 To determine the environmental impact of GA and 
GP modified mortar samples, cradle-to-gate green-
house gas (GHGs) emissions were measured for each 
material included in the mortar using the following 
equation (Ho and Huynh, 2022; Ameri et al., 2020):

where hi represents the CO2 emission for each 1 kg 
for each material. mi represents the mass of material 
in each 1 m3 of mortar.

	 In this study, HF acid are considered as a residual 
waste (Kusumawardaniet al., 2023; Toublanc, 2010), 
Consequently, the influence of HF acid and material 
transport on greenhouse gas emissions is neglected. 
GA and GP are produced from waste glass, which 
requires additional grinding to obtain smaller, finer 
aggregates.

	 Grinding GA requires electricity energy estimated 
at 0.0309 kW h in order to obtain recycled aggregate 
used as a building material (Crawford et  al., 2019), 
while obtaining GP smaller than 100  µm has been 
estimated at 0.25 kW h (Pan et  al., 2017). Green-
house gas emissions per unit mass (1 kg) used in the 
calculations related to mortars were taken from the 
greenhouse gas emissions database of each material 
included: cement–GP (Pan et  al., 2017), GA–NA–
water (Crawford et al., 2019) and SP (Yu et al., 2017), 
as shown in Table 3.

3 � Results and Discussion
3.1 � Effect of GP Contents on Optimized GA‑Mortar 

Strengths and Microstructure
3.1.1 � Mechanical Strengths
Fig.  5 shows the effect of incorporating glass powder at 
5–30% replacement levels with cement on the compres-
sive strengths of GA75 mortars. As seen in this figure, the 
change of compressive strength with the increased inclu-
sion of GP was based on the curing age of mortars. At 
7 days, the results improved relatively at higher GP con-
tents up to 10%, and after slightly reduced from 15 to 30% 
contents, with a maximum decrement of around 11% at 
GP amount of 30%. The small enhancement in the com-
pressive strength at 5% and 10% GP amounts may explain 
a possible filling effect of the high fineness GP particles, 
which likely helped increasing the matrix packing density 

(3)
∑n

i=1
hi ×mi,

to the benefit of the mechanical strengths (Aliabdo et al., 
2016). This increase of strength from young age may be 
due also to the chemical reaction of SiO2 reacts with 
the alkalis in the cement and GP to form a cementitious 
product that contributes to the development of mechani-
cal strength (Vandhiyan et al., 2013). In addition, parts of 
GP possibly acted as nucleation sites for the additional 
formation of reaction products, resulting in improved 
hydration at early curing age of 7 days (Pan et al., 2017). 
Also, at 28 days, the strengths of GA-mortars increased 
when adding GP in the range of 5% to 20%, and reduced 
at 25% and 30%, while the optimum substation level 
of GP was 25% at 90  days. The highest strength incre-
ments achieved at 28 and 90  days were 10.1% and 9.2% 
for GA75–GP15 and GA75–GP25 mortars compared 
to the reference GA75 composition. This larger amount 
of GP that can be added in GA75, while causing higher 
strengths at 90 days, can be related to the enhanced pre-
cipitation of C–S–H gel from the GP pozzolanic reac-
tion, shown to develop and increase at advanced curing 
ages (Elaqra & Rustom, 2018b). This is also supported by 
the significant improvement of the mechanical strengths 
between the ages of 28 and 90  days for GA75GP20 
(14.9%), GA75GP25 (26%) and GP75–GP30 (17.4%) 
mortars as compared to that of GA75 (10.3%). However, 
the over dosage of GP in GP75–GP30 mortar caused a 
slight decrement in the compressive strengths as com-
pared to the optimum of 25% GP at 90  days, likely due 
to the reduced CH content with increased replacement of 
cement by GP, which was shown to slowdown the devel-
opment of hydration and pozzolanic products (Shoaei 
et al., 2020).

The flexural strengths results displayed in Fig.  6 at 
different ages were generally in line with those of the 
compressive strengths, confirming the possibility of 
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incorporating up to 25% of GP in GA75 mortars while 
achieving optimized mechanical strengths at 90  days. 
This also indicates greater GA-to-paste ITZ properties 
with the enhanced use of GP, possibly because the devel-
oped reaction products from the pozzolanic reaction of 
GP particles, shown with a C–S–H system close to C–
(N,K)-S–H with low Ca/Si (Pan et  al., 2017; Elaqra and 
Rustom, 2018a, 2018b).

3.1.2 � Microstructure
Aggregates/binder bonding properties in mortars are 
important for the transfer of stress in the matrix (Afshin-
nia & Rangaraju, 2015), thus highly affecting the resulted 
mechanical performance. SEM/EDS was preconformed 
to assess the microstructural change and the quality of 
the bond between the treated GA and the surrounding 
binder in GA75 and GA75GP25 compositions as com-
pared to the NA/binder in the control GA0. The SEM 
figures and related EDS data are provided in Fig. 7. The 
SEM images in Fig.  7b, c approve the roughened GA 
surfaces from the applied chemical treatment, which 
was intended to help improving their adhesion with 
the cement paste (Kusumawardani et  al., 2023). High 
mechanical interlocking can be noticed between the 
treated GA and the surrounding paste, with no clear dif-
ferences between the analysed NA-to-binder and GA-to-
binder bonding properties in GA0, GA75 and GA75GP25 
mortars. However, GA75GP25 showed a denser micro-
structure and more compact matrix around GA aggre-
gates as compared to GA0 and GA75 compositions, in 
line with the previous explanation about the contribution 
of GP to the increased C–S–H development. The EDS 
results also support this explanation, since GA0, GA75 
and GA75GP25 samples presented, respectively, reduced 
Ca/Si ratios of 2.87, 2.69 and 1.91 in relation to the higher 

binding of silica at increased GA and GP contents. This 
indicates an enhanced matrix stiffness, in agreement with 
the increased mechanical strengths of mortars containing 
waste glass powder (Afshinnia & Rangaraju, 2015; Kong 
et al., 2016). In addition, GA75GP25 has the highest Na 
concentration of 2.8% as compared to GA0 and GA75 
samples. According to Rashidian-Dezfouli and Rangaraju 
(2017), when silica increased compared to calcium (low 
Ca/Si ratios), the larger C–S–H density is anticipated to 
be close to C–(N, K)–S–H with higher alkalis in its struc-
ture, which can also help in reducing the risk of ASR 
damage in cementitious materials (Idir et al., 2010). Due 
to the lower Ca/Si ratio, the secondary charge of C–S–H 
became negative, favouring the absorption of cations in 
particular alkalis, leading to higher Na/Si ratios than pri-
mary C–S–H (Saccani et  al., 2017). The production of 
these hydrates was similar when cementitious materials 
rich in reactive silica such as fly ash, blast furnace slag 
and fumed silica were added (Shayan, 2006; Taylor et al., 
2007; Wang, 2009).

3.2 � Effect of GP Contents on Optimized GA‑Mortar UPV
Ultrasonic pulse velocity (UPV) was measured in order to 
investigate the evolution of porosity which can be influ-
enced by the possible interlocking at the paste–aggregate 
interface (ITZ), as well as the evolution of the micro-
structure densification (the porous structure), especially 
after the inclusion of glass powder with high dosages.

The UPVs for all mixes at 7, 28, and 90 days curing age 
are shown in Fig.  8. A high UPV value in the mortars, 
indicate a dense structure which reflects the good perfor-
mance of the mechanical strength. From Fig. 7, the UPV 
values of all (GA + GP)-based compositions increased 
with age, describing a strength development similar to 
that of the control with GW content. In addition, the 
UPV values for the (GA + GP)-specimens increased with 
GP rate up to 25% at 90 days, which support the previ-
ous discussion in the mechanical results. The increase in 
UPV after 90  days of age is related to the densification 
of the mortars after the formation of C–S–H by active 
silica in the GP. The reduction in UPV values in GA75–
GP30 mortar is possibly explained to the reduced devel-
opment of reaction products caused by the overdosing 
of glass which may have caused less compaction in the 
cementitious matrix of GA75–GP30 mortar than GA75–
GP25. This is in line with the findings of Adaway and 
Wang (2015), who explained that at high replacement of 
cement per GP, the reduced amount of available CH from 
the diluted cement influenced negatively the developed 
C–S–H at different ages.
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3.3 � Effect of GP Contents on ASR Expansions of Optimized 
GA‑Mortar

The ASR expansion of GA75-mortars containing differ-
ent amounts of GP as a partial replacement of cement 
is presented in Fig. 9. The curves of this figure showed 
increased expansion rates with advanced immersion 
time for all tested mortars immersed in NaOH solu-
tion at 80 ± 2 °C. The GA75-mortar generated the high-
est increments that attained a percentage of 0.182% 
at 14  days of ASR testing. This exceeded by 82% the 
limit of 0.1% provided in ASTM C1260 standard and 

by around 172% the expansion of the reference mortar 
GA0, indicating a high ASR risk related to the use of 
75% GA by NA replacement in mortars. However, the 
increased inclusion of GP in GA75 mortars caused the 
ASR expansion to reduce to almost equivalent results 
than GA0 mortar at 25% and 30% GP contents (0.082% 
and 0.071% expansions, respectively, at 14  days). In 
addition, lower swelling rates than the limit of 0.1% was 
registered for GA75–GP20 mixture, with 20% GP con-
tent, though the deleterious ASR effect was still exist-
ing at 5% to 15% of GP in GA75 mortars. This reveals 
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Fig. 7  SEM micrographs and EDS data of interfacial transition zones
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that, preventing the expansion risk in GA75 compo-
sition requires the incorporation of at least 20% GP, 
with higher reductions achieved at 25% and 30% GP 
amounts.

The siliceous nature of GP and the presence of high 
alkaline content in the network may have led to an accel-
erated pozzolanic reaction under the high temperature 
of 80 °C (Idir, 2009). Indeed, the positive influence of GP 
on highly reducing the expansion of the cementitious 
material was mainly shown to be related to its ability to 
consume the available amounts of calcium hydroxide 
(CH) (Afshinnia and Rangaraju et al., 2015; Omran et al., 
2018; Konget al., 2016; Siad et al., 2016). In addition, the 
consumption of most Ca+2 during the pozzolanic reac-
tion of silica-rich GP, may also helped reduce an essen-
tial element that is shown necessary for the production 
of ASR gels, in addition to Na+, Ka+ and OH− (Lu et al. 
2017a, 2017b). It is important to note that in the previous 
Fig. 7, a larger amount of sodium (Na = 2.8%) was present 
in GA75–GP25 sample, though this was accompanied 
with the lowest ASR expansion among all mortars. This 

supports the previous statement about the developed C–
(N, K)-S–H and related increased retention of alkalis in 
GA75–GP25 sample, which caused the ASR risk to be 
suppressed.

3.4 � Effect of GP Contents on Optimized GA‑Mortar Water 
Permeability

The permeability coefficients as a function of time result-
ing from the mortar test are shown in Fig. 10. The curves 
express the influence of the combined use of GA and GP 
on the permeability of mortars, presenting water perme-
ability values between 6.25E−12 m/s and 7.81E−13 m/s. 
From Fig. 10, the control GA0 composition displayed the 
highest water permeability compared to all GW-mix-
tures. Also, it was clearly noticeable that the amount of 
permeable water clearly reduced with the increased addi-
tion of GP in GA-mortars, except for 30% GP amount. 
Thus, the pozzolanic activity of GP at longer curing ages 
promoted also decreased capillary absorption ability 
(Rashidian et al., 2017), in line with its positive effect on 
enhancing the mechanical results at 90 days.
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3.5 � Effect of GP Contents on Optimized GA‑Mortar RCPT
RCPT was measured on mortar cylinders at 28 and 
90 days to evaluate the resistance of different mortars to 
chloride ion penetration. The results are shown in Fig. 11. 
The amount of chloride ions passed and penetrated 
into the mortars is less at 90 days of age. This is attrib-
uted to the densification of the structure of the material 
as a function of the curing age. The results also showed 
that the high amount of passing charge of the mortars 
was recorded by the GA0 at 5031 and 4438 coulombs at 
28  days and 90  days. Control mortar GA0 showed the 
highest chloride penetration value compared to GA75 
and all GA75 + GP mortars. The large difference in per-
meability between NA- and GA-based cementitious 
mixtures was also noticed in the previous literature. 
According to Kou and Poon (2009), this can be attributed 
to the nature of glass particles which does not contain 
any internal porosity as compared to natural sand.

At 90  days the load passed through GA75 mortar 
presented a remarkable reduction of around 32% as 
compared to GA0. Therefore, the possible presence of 
reactive silica in the glass sand fines and the ability of 
treated GA to bond with the surrounding matrix may 
have increased the aptitude of the mortar to reduce the 
chloride permeability (Rashidian-Dezfouli & Rangaraju, 
2017), especially at advanced age of 90  days. In addi-
tion, the mortars GA75GP5 to GA75GP25 performed 
better in reducing the Coulomb value than in the sam-
ples of GA75 at 28  days, but beyond GA75–GP25 the 
past load is more important, influenced by the dilution 
of cement and the associated structure of the materials 
which was less densified because the reduced formation 
of the C–S–H gel. Similar trend was also registered at the 
age of 90 days, where the load decreases according to the 
rate of GP up to 25%, where the values of the past load of 
the GA75-GPs are between 1455.2 to 1252.8 Coulombs. 
The clear advantage of using the glass waste in the mix-
ture has influenced the penetration rate of chloride ions 
in both curing ages, where the amount of charge passing 
reduced depending on the amount of glass replacement 
in the mortars. According to ASTM C1202 (2012), the 
chloride ion permeability of mortars at 90 days is consid-
ered as low category (the passing charge is less than 2000 
Coulombs), while GA0 is classified as high.

3.6 � Effect of GP Contents on Thermal Conductivity 
of Optimized GA‑Mortars

The thermal conductivity (k) value indicates the ability 
of mortars to transfer heat by conduction; a low conduc-
tivity value can explain a greater thermal insulation of 
mortars. The thermal conductivity results of (GA + GP)-
samples are represented in Fig. 12. The thermal conduc-
tivity coefficient at 90 days was between 0.391 and 0.649 

W/m.K for all mortars. The surface roughness of treated 
GA in GA75 and the use of pozzolanic GP in GA75GP 
mortars were discussed previously to develop a denser 
structure, which may have slightly increased the ther-
mal conductivity of mixtures up to 25% GP content. For 
example, GA75, GA75GP25 and GA75GP30 composi-
tions developed a thermal conductivity of 12.8%, 66% 
and 33% higher than that of GA0 at 90  days. This is in 
line with the finding of Bostanci (2020) who explained 
that the compacity variations of mortars represent the 
most impactful parameter on their thermal conductiv-
ity as compared to the material properties. Although the 
nature of waste glass, which contains a high amorphous 
silicon dioxide than silica sand, was intended to cause 
reduced thermal conductivity values than the control 
and GA75 mixture (Pan et al., 2017), the improved pore 
structure in (GA + GP) mortars seem to dominate the 
thermal conductivity results, leading to increased k at GP 
amounts of up to 25%.
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3.7 � Effect of Sulphate Resistance on Optimized 
GA‑Mortars

The results of weight change of mortar specimens 
immersed in 5% MgSO4 are shown in Fig. 13. So, it can be 
seen that the inclusion of glass waste in the mortar mix-
tures has improved their physical stability under magne-
sium sulphate, since the mass loss reduced in GA75 and 
all GP-based GA75 compositions as compared to that 
of the control GA0, regardless of the type and percent-
age of GW replacement. After 12 weeks, GA0, GA75 and 
GA75GP25 presented mass losses of 3.86%, 2.98% and 
2.35% as compared to the sound state before magnesium 
sulphate.

GA75’s good resistance than the control is likely due to 
its larger deposition of silicon–aluminium element, which 
led to a higher development of reaction products (Wang 
et al., 2016). The magnesium sulphate is shown in the liter-
ature to penetrate deep inside the specimens to cause the 
formation of Brucite (Mg(OH)2) and gypsum, causing the 
degradation of cementitious sample (Skaropoulou et  al., 
2013). Thus, the stated increased compacity in GA75 and 
GA75-GP mortars likely helped in reducing the transport 
characteristics of the mortar and consequently the amount 
of deterioration. This is consistent with the explanations of 
Neville et al. (2004) who mentioned that the high strength 
cementitious composites contain lower porosity to accom-
modate the developed reaction formations. However, 
despite the stated decreased compacity due to the over 
dosage of GP in GA75GP30, the resistance to sulphate 
attack was almost similar, with a negligible improvement 
of 3.4%, as compared to GA75GP25. Therefore, in addi-
tion to CH, the larger GP rates may have also consumed 
a higher amount of tri-calcium aluminate hydrate in the 
mortars, leading to lower ettringite formation and related 
mass loss (Mansour et al., 2023).

3.8 � Effect of GP on the Sulfuric Acid Resistance 
of GA‑Mortars

The mass variation of mortars exposed to 5% H2SO4 is 
shown in Fig. 14. The mass loss started from the first two 
weeks of sulfuric acid immersion and continued with an 
increased trend at longer exposure time of all mortars. This 
was expected since the absorption of sulphuric acid at the 
surface of cementitious mortars was shown to form gypsum 
and secondary ettringite by reacting with the available CH 
and C–S–H. These harmful products are usually linked with 
volume change, spalling and degradation of cementitious 
materials (Konstantin et al., 2007). After 12 weeks of expo-
sure to H2SO4, the damage caused by the degradation of 
the top layer was noticeable for most mortars, especially for 
GA0 that presented a mass loss of 10.92% as compared to 
the initial mass before immersion. Although the use of 75% 
GA resulted in reduced total mass loss (8.93%) than GA0, 
lower mass losses were reached with increased GP integra-
tions, reaching a percentage of 6.63% for GA75–GP30 spec-
imens at 12  weeks of acid conditions. This can be related 
to the pozzolanicity of GP, which was explained earlier to 
help developing a denser and less porous microstructure, 
with the possible advantage of reducing the penetration of 
acid solution and related consumption of CH and C–S–H. 
In addition, according to Siad, (2017), the important effect 
of GP reaction-resulted C–S–H in binding the alkalis in 
its structure can change its configuration to be close to C–
(N,K)–S–H, thus making the cement matrix more resistant 
to the deterioration by H2SO4 attack. This is also supported 
by the lower mass loss of GA75GP30, though this mixture 
presented previously higher open porosity and capillary 
absorption than all other GA75-GP mortars. Consequently, 
the higher risk of sulphuric acid penetration at 30% GP con-
tent was partially neutralized by the reduced available port-
landite and generated C–(N,K)–S–H from the pozzolanic 
reaction of GP.
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3.9 � Environmental Impact of Mortars
A comparative ecological analysis of the combined impact 
of using GA and GP on GHG emissions is presented in 
Fig. 15, based on 1 m3 of mortar. The histograms show the 
total CO2 emission of each mortar, released by the pro-
duction or recycling of each component material. The 
influence of the constituent materials on the mortars 
was varied. The range of GHG emissions was, respec-
tively: cement (between 373.70 and 533.90 kg CO2/kg), 
GP (0–66.01  kg CO2/kg)), GA (0–10.74  kg CO2/kg), SP 
(0–1.95 kg CO2/kg) and NA (10.74–42.97 kg CO2/kg), 
while water for all mortars represented an emission of 
only 2.60 kg CO2/kg.

A comparative ecological analysis on the combined 
impact of using GA and GP on GHGs emissions is pre-
sented in Fig. 15 based on 1 m3 of mortar. The GA0 con-
trol mortar generated the highest CO2 emission of all 
compositions at a value of 579.34 kg CO2/kg. The decrease 
was somewhat noticeable when 75% GA, with a reduc-
tion of around 3.4% than the control GA0 with 100% NA. 
However, this clearly continued to decline as the amount 
of GP replacing PC increased to reach up to 19% and 16% 
reductions in GA75–GP25 compared to GA0 and GA75 
compositions, respectively. Through an emission rate that 
varies between 80 and 95% of total GHGs in a mortar, 
the cement was the main contributor to greenhouse gas 
emissions in the prepared mortars; whereas the reuse of 
glass waste not only preserved the natural resources, but 
also significantly reduced CO2 emissions in cementitious 
materials, in line with the previous studies about GA (Ho 
& Huynh, 2022) and GP (Pan et al., 2017).

4 � Conclusions
This research investigated the possibility of combin-
ing high amounts of recycled glass waste aggregates and 
powder in the manufacturing of environmentally friendly 
mortars, with equivalent or greater mechanical, physical 
and durability properties than the control mortar with 
natural aggregates. The following conclusions can be 
drawn from this study:

1.	 It was possible to attain a replacement rate of 75% 
of NA with treated GA, while achieving improved 
performances in terms of compressive and flexural 
strengths as compared to the reference mortar.

2.	 The combined inclusion of glass powder and glass 
aggregates in GA75 mortar caused increased 
mechanical strengths, demonstrating a C–(N,K)–S–
H development with reduced Ca/Si ratio at the opti-
mum GP amount of 25%.

3.	 The UPV results supported the increased densifica-
tion of GA75 mortars with the addition of GP up to 

25%, describing a greater C–S–H formation espe-
cially at advanced age of 90 days.

4.	 Although the use of 75% GA in mortars highly 
exceeded their limit to ASR expansion, this was pre-
vented at enhanced GP contents of more than 20% 
GP, with almost similar results than the control mor-
tar at 25% and 30% GP contents. However, since the 
time of evaluation was limited to 14 days, consider-
ing the potential implications of glass in alkali silica 
reaction (ASR), long-term studies maybe needed to 
confirm the findings from this research study.

5.	 The ability of treated GA to bond with the surround-
ing matrix and the pozzolanic activity effect of GP 
in densifying the matrix were confirmed to cause 
GA + GP mixtures with decreased water and chloride 
permeabilities at longer curing age, though this also 
resulted in higher thermal conductivity values up to 
25% GP content.

6.	 The inclusion of GP in GA75 mortar generated 
improved physical stability under magnesium sul-
phate, proven with the reduced mass loss at increased 
GP amounts and up to 12 weeks exposure to MgSO4.

7.	 Like magnesium sulphate, the beneficial effect of C–
(N,K)-S–H formation in GP-based GA75 mortars was 
confirmed to generate lower mass degradations and 
more resistant mortars to the deterioration by H2SO4 
attack.

8.	 Although the environmental impact of the reference 
mortar was shown to decrease when using 75% GA, 
a remarkable reduction of around 19% was reached 
in the CO2 emission when GP replacement by PC 
increased to 25%.
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