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Abstract: The quest to enhance public health and the need for a reduction in the environmental solid
wastes have prompted this study. Despite abundant studies on silica fume (SF or S) and waste glass
powder (WGP or G), there is a need to understand the interaction of WGP with SF in the production
of ordinary Portland cement (OPC or C)-based concrete using the water/binder ratio of 0.42. The
investigated concrete comprised 90 wt.% of OPC and 10 wt.% of WGP+SF. The samples were denoted
as C90GxS10−x such that x varied from 0–10 wt.% at the interval of 2.5. The findings revealed that an
increase in the WGP/SF ratio enhanced the absorption of silica/glass blended concrete due to size
incompatibility and proliferations of interfacial transition zones between the glass particle, silica fume
and cement matrix. The density of fresh OPC concrete was higher than that of glass/silica blended
concrete due to the difference in their relative densities. Incorporating WGP and SF in synergy
enhanced silicate reorganization and led to a more amorphous binder and a reduction in hydroxyl-
based compounds such as portlandite but caused microstructural heterogeneity in the morphology
of the binder as obtained from XRD, FTIR and SEM/EDS results. The 28-day compressive strength of
46 MPa is achievable if the WGP and SF are kept within 2.5–5 wt.% and 5–7.5 wt.%, respectively. The
study will foster the production of economic, environmental, and cost-efficient concrete.

Keywords: ternary blended concrete; glass waste powder; silica fume; strength; microstructure
and absorption

1. Introduction

The world annual increase in cement production is to the tune of 2.5% with the gross
production of about 4.6 billion tonnes. This has called for the exploration of alternative
materials for the partial substitution and management of the proliferation of carbon dioxide
into the atmosphere [1]. In several countries around the globe, the use of up to 60% supple-
mentary cementitious materials for the sake of the economy and durability performance
has been established. According to the Glass Packaging Institute (GPI), the recyclable glass
content was about 3.1 million tons at an increase rate of 31.3%, while combusted glass was
estimated to be 1.6 million tons. The glass in landfills was about 5.2% (7.6 million tons) of
the total glass in municipal solid waste [2].

Previous studies have shown that the use of waste glass powder (WGP) as an ac-
tive addition to concrete provides economic and environmental benefits [3], even if it is
incorporated as a fine aggregate in white cement mortars [4]. Glass has been used as a
supplementary cementitious material in several other studies [5–7], but in the majority of
them it was recommended that 10–20 wt.% WGP can be utilized as a cement replacement
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with a continuous decrease in compressive strength [8] reported that mortars with ground
glass immersed in water for seven years have not shown signs of deterioration and have
higher compressive strength. Even though glass has high alkali content, [9] asserted that it
released only a very small fraction of sodium into the pore solution, thereby making it a
safer additive.

Ibrahim et al. [10] reported the results of three concrete mixes comprising OPC, fly
ash and silica fume. In all three mixes, the cement content was replaced by 0 wt.%, 5 wt.%,
10 wt.%, 15 wt.%, and 20 wt.% of waste glass powder. The results of the tests showed that
WGP up to 5 wt.% can partially replace OPC in concrete that exhibits better tensile and
compressive strengths than fly-ash- and silica-fume-based concrete. Additionally, a higher
replacement of up to 20 wt.% WGP could reduce the tensile and compressive strengths by
13% to 14%, respectively. Despite the aforementioned, there are some disadvantages associ-
ated with utilizing glass in concrete such as a low early strength that could pose a challenge,
especially where the early stripping of formwork is required in construction practice [11].

Silica fume, being a by-product of silicon and ferrosilicon alloy and environmental
solid waste that contains about 75% silica [12], has the capability to contribute to the
strength, as well as reduce the permeability and bleeding of concrete due to its pozzolanic
effects effects [13]. It, however, has some setbacks, such as lowering the workability [14,15],
and setting time of the concrete mixture [16] when the correct proportion is not used.
The quantity of silica fume for an effective performance is reported to be in the range of
10–15 wt.% [17,18]. Waste glass powder (WGP), however, can contribute to the consistency
of concrete mixture [19], due to its glassy surface with low water absorption. Both glass
waste and silica fume up to 10-25 wt.% have been independently reported to contribute
to compressive strength after a period exceeding 90 days [5]. Ref. [20] compared glass
compositions with an observable increase in workability (flowability) and a decrease in
setting time. A similar finding was reported by [21], while [22] reported a decrease in
structural networks build up from 7.1 to 0.8 Pa/min with an increase in viscosity from
0.118 to 0.013 Pa/se. Another benefit of the use of glass waste was also derived from the
use of cullet glass waste as a substitute for natural sand during the synthesis of an alkaline
binder by using ground granulated blast furnace slag and fly ash as precursors. Positive
results of durability performance were also reported for sand replacement by glass waste
at the level of 25–100 wt.% within the temperature range of 200–800 ◦C [23,24].

Despite the benefits and setbacks that accompany the use of glass waste and silica
fume independently, little information is available in the literature on how a combination
of both materials can influence the synthesis of the binder with ordinary Portland cement
in ternary blended concrete. This study aims at bridging this gap with a view to providing
better understanding of their synergy in concrete production. The outcome from this study
will provide an opportunity for more utilization of inorganic solid wastes in mortar and
concrete production.

2. Materials and Methods
2.1. Materials
2.1.1. Glass Waste

Glass waste was collected from the dumpsite located along Sinaya, Hafr Al-Batin as
shown in Figure 1. The glass was crushed first by a Los Angeles grinding machine before
being further ground by an electronically controlled blending machine (titanium blade),
which had a power rating of 1400 W operating on 220 V, 60 Hz. The glass powder was
sieved through sieve No 200 or a 75-micron aperture. The oxide composition, as obtained
from X-ray fluorescence, is presented in Table 1, while the X-ray diffractogram (XRD) is
shown in Figure 2. The morphology of the particle is shown in Figure 3b. It reveals that
glass powder is amorphous, as no phase could be identified except for a diffractive halo
within a 2-theta angle, 20–30◦.
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Figure 1. Glass waste at dumpsite in Hafr Al-Batin.

Table 1. Oxide composition of raw materials.

Oxides Cement Glass Silica Fume

SiO2 20.17 68.1 95.85
Al2O3 5.58 0.9 0.26
Fe2O3 2.86 0.6 0.05
CaO 63.51 14.5 0.21
MgO 3.15 1.8 0.45
Na2O 0.12 12.2 -
K2O 0.57 0.8 -
SO3 2.56 0.4 1.00
SiO2 + Al2O3 + Fe2O3 26.89 69.6 96.16
Specific gravity 3.14 2.48
Specific surface area (m2/kg) 329.5 223.0 >18,000
LOI (wt.%) 2.80 0.80 2.8
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Figure 3. Morphology of (a) cement (b) glass waste (c) silica fume.

2.1.2. Ordinary Portland Cement

Type 1 cement was used in accordance with ASTM C 150 [25] with an apparent specific
gravity in water of 3.15. The oxide composition is shown in Table 1, while Figure 2 shows
the presence of alite (A), belite (B) and tetracalcium aluminoferrite (F) among other phases
present in cement. Figure 3a indicates the morphology of cement particle.

The specific surface areas (BET) of cement, WGP and silica fume were determined using
Micromeritics ASAP2020 via nitrogen gas adsorption. The morphology of WGP and cement
powder were evaluated using a JSM-5800LV scanning electron microscope (Figure 3).

2.1.3. Silica Fume

Table 1 shows the oxide composition of the silica fume (SF) that was used in this study
with SiO2 + Al2O3 + Fe2O3 amounting to 96.2 % as shown in Table 1, while the XRD is
shown in Figure 2. The morphologies of the raw materials are shown in Figure 3a–c. The
specific gravity of the SF was 2.25 and it was used in concrete in accordance with [26].

2.1.4. Superplasticizer

Commercially available Glenum® superplasticizer of 0.5 wt% of binder was used to
enhance the workability of the concrete.

2.1.5. Fine Aggregates

Natural sand of specific gravity of 2.71 that passed a sieve of 2.36 mm (No. 8) corre-
sponding to [27] was used in the concrete production.

2.1.6. Coarse Aggregate

Coarse limestone aggregates with sizes ranging from 8 mm to 14 mm and a specific
gravity of 2.54 were used. They were used in the mix in a saturated surface dry (SSD)
condition and the proportion was as shown in Table 2.

Table 2. Distribution of coarse aggregates.

Coarse Aggregate Size (mm) Percentage Composition

8 30
10 20
12 30
14 20
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2.2. Experimental Tests
2.2.1. Workability

The workability of the concrete was tested using the slump cone test in accordance
with [28].

2.2.2. Setting Time

The initial and final setting times of the blended cement/glass paste were determined
in accordance with [29].

2.2.3. Water Absorption

Water absorption was determined by submerging the samples of dimensions of
100 mm × 100 mm × 100 mm into water until saturation. A textile fabric towel was
then used to dry the sample surface to achieve the saturated dry surface whose mass was
recorded as Mssd. The samples were then put in the oven at the temperature of 105 ◦C for
24 h to determine the dry mass (Moven) in accordance with [30]. The water absorption was
then calculated as shown in Equation (1):

Water absorption =
Mssd −Moven

Moven
× 100 (1)

2.2.4. Compressive Strength

The compressive strength of the concrete was determined by using cubic samples of
dimensions 100 mm × 100 mm × 100 mm. The compressive strength test was determined
by using universal testing machine at the loading rate of 0.9 kN/s. The average of triplicate
samples was recorded at 3, 7, 14 and 28 days.

2.3. Characterization and Morphology of the Specimens

To determine the bond behaviour, morphology/elemental composition and the nature
of the formed compound, Fourier transform spectroscopy (FTIR), scanning electron mi-
croscopy/energy dispersive X-ray spectroscopy (SEM + EDS) and the X-ray diffractometer
(XRD) were used, respectively. An XRD Bruker instrument model d2-Phaser with Cu Ka
radiation (40 kV, 40 mA) was used to determine the phases of the mineral compounds
by continuous scanning within the angle 2-theta range of 4–80◦ and at a scan speed of
2.5◦/min. FTIR was determined using a Perking Elmer 880 spectrometer while the mi-
crostructural characterization of the paste sample was conducted with a JEOL SEM + EDS
model 5800 LV at the accelerating voltage of 20 kV.

2.4. Sample Preparation
2.4.1. Sample Designation

The quantities of cement glass and silica fume in the proportion were prepared such
that cement content was 90 wt.% while WGP+SF was 10 wt.% for the production of the
ternary blended binder [31]. The samples were denoted with the acronym C90GxS10−x
such that x varied from 0–10% at the interval of 2.5 while C100G0S0 (cement only) concrete
served as the control.

2.4.2. Mix Design

The concrete samples were made based on the mixed design shown in Table 3. The
water–cement ratio was maintained at 0.42 and the total mass of the binders in 1 m3 of
concrete content was 350 kg. The total silica fume and glass powder was maintained at
the constant percentage of 10% with glass-powder-to-silica-fume ratios of 0:10%, 2.5:7.5%,
5:5%, 7.5:2.5% and 10:0% while ordinary Portland cement was maintained at 90% of the
binder in the concrete.
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Table 3. Mix design for glass-blended silica-fume concrete.

Mixes Percentage
Glass

Cement
(kg/m3)

Glass
(kg/m3) SF (kg/m3)

Initial
Water

(kg/m3)
SP (kg/m3)

Fine Agg
(kg/m3)

Coarse
Agg

(kg/m3)

C100G0S0 0.0% 350 0 0 147 1.75 798 1093
C90G0S10 0.0% 315 0 35 147 1.75 786 1093

C90G2.5S7.5 2.5% 315 8.75 26.25 147 1.75 787 1093
C90G5S5 5.0% 315 17.5 17.5 147 1.75 788 1093

C90G7.5S2.5 7.5% 315 26.25 8.75 147 1.75 789 1093
C90G10S0 10.0% 315 35 0 147 1.75 790 1093

2.4.3. Concrete Mixing Procedure

The required quantities of materials were proportioned in accordance with Table 3.
Mixing was performed with the aids of a rotary mixer in three stages and in accordance
with ASTM C 192 [32]. First, cement, glass and silica fume were added together and
mixed dry for 3 min, while superplasticizer was added to water before being added to the
dry powders and then mixed for another 3 min. Fine aggregates and coarse aggregates
were separately added for 2 min each. The mixer and its contents were kept in oscillation
for an additional 2 min, mixing at high speed to achieve a homogenous mixture. The
resulting concrete was placed in the oil-smeared 100 mm × 100 mm × 100 mm mould
in three layers, and then compacted for 30 s each by using table vibrator. Compaction
is necessary to remove any entrapped air. This was then followed with scrapping and
levelling of the concrete to the surface of the moulds. The concrete samples were then
covered with a plastic sheet to prevent moisture loss. Afterwards, the specimens were kept
in the laboratory at 20 ± 5 ◦C and then demoulded after 24 hrs before placing them in the
curing tank. Compressive tests were conducted at 3, 7, 14 and 28 days.

3. Discussion of Results
3.1. Effect of Glass and Silica Fume Synergy on the Concrete Workability

It is apparent that the presence of silica fume (10 wt.%) significantly reduces the
workability of the concrete due to its fineness, as shown in Figure 4. This is not different
from what has been previously reported in the literature (Banja and Sengupta, 2004). It is
worthy to note that the presence of waste glass powder (WGP) in synergy with silica fume
at 1:3 and 1:1 denoted as C90G2.5S7.5 and C90G5S5, respectively, reduced the consistency
in comparison with C100G0S0 by 55.6% and 11.11%, respectively. This suggests that the
combination of silica fume (SF) and GWP waste influences the workability of the mixture.
The impact of the spherical shape of SF (Figure 3c) in the presence of WGP contributed
to the concrete flow as noticed in C90G2.5S7.5 (75 mm slump), compared to the sample in
which it was absent (C90G2.5S0), for which the slump value was 55 mm. The reduction in
the consistency of SF-free concrete in the presence of WGP was due to the angularity of its
shape (Figure 3b), thereby generating more interparticle frictional resistance. Despite such
an effect, the consistency of GWP-based concrete was still higher than that of the ordinary
Portland cement (OPC) concrete [21] for which the slump was 45 mm. The resultant effect
of SF and GWP in the ternary blended concrete can therefore be said to contribute to its
consistency and cohesiveness.
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Figure 4. Effect of silica fume/waste glass powder synergy on concrete workability.

3.2. Effect of Silica Fume/Glass Powder Interaction on the Absorption of the Concrete

Figure 5 shows that the presence of waste glass powder (WGP) in blended silica-fume
(SF) concrete enhances the absorption of the concrete due to the presence of interfacial
transition zones (ITZs) between the irregularly shaped glass and the cement matrix. Even
though it is well known that SF reduces the absorption of blended concrete by the micro-
filling effect, the effect of microcracks within the region of the ITZ (SEM morphology,
Figure 6), due to higher porosity, preponderates that in C90GxS10−x (ternary blended
concrete). This is well noticed in the sample where WGP outweighed SF or where SF was
completely absent, such as in C90G7.5S2.5 and C90G10S0. The lowest absorption (1.68%) was
recorded in the blended SF concrete C90G0S10 and the worst performance was recorded
in C90G10S0 (6.15%), while those of C90G7.5S2.5 and C90G5S5 were comparable within
3.44–3.55%, as shown in Figure 5.
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3.3. Effect of Silica Fume and Glass Powder Combination on the Fresh Density of the Concrete

The specific gravity of SF and WGP were lower than that of the OPC, therefore the
combination of glass and silica fume generated a lighter concrete compared to the OPC
concrete. Besides, the higher the proportion of the glass in the mixture, the denser the fresh
density of the ternary blended concrete (C90GxS10−x), but lower than the density of the
OPC (C100G0S0) concrete. The highest density was observed in C90G0S0 and then followed
by C90G10S0, while the least was in C90G0S10. The fresh density of the OPC concrete was
2390 kg/m3, as shown in Figure 7, and then reduced by 1%, 1.8%, 1.5%, 0.4% and 0.1% as
the glass-to-silica-fume proportion increased from 0 to 10 wt%. and as SF reduced from 10
to 0 wt.%, at an interval of 2.5 wt.%, respectively.

From Figure 8, the inclusion of WGP and SF in ternary blended concrete reduced the
early strength development due to the dilution effect of the nucleation site. This can be
observed in the 3- and 7-day strength in C90G0S10 and C90G10S0 with a reduction of 8.4%
and 18.8%, respectively. There was a further reduction to 17% upon the inclusion of 7.5%
WGP in synergy with 2.5% silica fume (C90G2.5S7.5). However, the interaction of glass and
silica fume reduced the dilution effect, as can be seen in C90G5S5. This implies that the
presence of silica fume and glass powder in concrete could reduce the dilution effect, which
could affect the early strength in blended concrete. The presence of glass powder reduced
the rate of the pozzolanic reaction, thereby reducing the later strength development, as
noticed at 28 days. The rate of strength development was significant over 28 days in glass-
free, blended silica-fume concrete (C90G0,S10) in comparison with the blended samples
(C90G2.5,S7.5. C90G5S5, C90G7.5S2.5, C90G10S0). Additionally, comparing C90G7.5S2.5 with
C90G2.5S7.5 implies that SiO2 in silica fume could be said to be more reactive compared to
the available glass powder. Figure 2 corroborates this fact as the diffractive halo in the silica
fume X-ray diffractogram is more pronounced than that of WGP.
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3.4. Fourier Transform Spectroscopy Details on Compressive Strength

From Figure 9, the combination of glass powder and silica fume affects the bond
characteristics of the binder. The silicate organization in the OPC binder is different from
the blended glass/silica-fume concrete. The Si-O-Si vibration at 966 cm−1 is grossly affected
due to the infusion of additional amorphous silica from two different sources. This causes
the broadening of this band, which suggests more silicate concatenation in blended, glass-
infused silica-fume concrete. The vibration of sulphate bonds in gypsum is equally affected
at the wavenumbers of 1115, 1107 and 1130 cm−1 for the OPC, blended silica-fume and
ternary (glass and SF) blended binders, respectively. The presence of amorphous silica
in glass or SF could cause changes in the chemical composition of the binder either by
infusing Si in portlandite to form CSH or in the hydration of C3A or C4AF compounds to
form hydrogarnet (CASH). The changes in the configuration of portlandite also caused the
decrease in the carbonation of the ternary binder. The vibration of the O=C=O bond was
more pronounced with a stronger peak at 1437 cm−1, but appears to broaden and flatten
out in the presence of amorphous silica in both WGP and SF. This suggests that amorphous
silica in supplementary cementitious materials could cause a reduction in the carbonation
process by pore blockage in the aftermath of secondary hydration. Similarly, the vibration
of the O=C=O bonds from CO2 from CO3

2− (calcite) at the wavenumber of 2347 cm−1

was sparingly observed in the blended silica/glass (ternary) binder. The reduction in
hydroxyl-based compounds in glass/silica-fume concrete caused the OH− vibration peak
at 3642 cm−1 to become shallow with the reduced intensity and vibrational frequency at the
wavenumbers of 3638 cm−1 and 3642 cm−1 in the binary silica-fume (C90G0S10) and ternary
blended silica/glass (C90GxS10−x) concretes, respectively. In this regard, the incorporation
of WGP and SF in blended concrete further enhanced its durability in terms of the reduction
in carbonation due to the consumption of portlandite to form CSH.
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3.5. Effect of Elemental Ratio on the Concrete Characteristics

Generally, the spectrum of blended silica-fume paste indicates that the Ca/Si ratio
decreased with the increase in the amount of amorphous silica present in the products, as
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shown in Table 4 by the energy dispersion spectroscopy (EDS) results. Region 8 (Figure 10)
comprises both calcium silica hydrate (CSH) and calcium aluminosilicate hydrate (CASH).

Table 4. Elemental ratio in silica fume and glass-blended silica-fume paste.

Elements Silica-Cement Glass-Silica-Cement

Ca/Si 3.34 3.78
Si/Al 7.11 4.20
Ca/C 2.75 3.98
Ca/F 2.04 19.74
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Figure 10. X-ray diffraction spectroscopy of the silica fume and glass/silica-fume binder. (a) Silica-
fume blended paste (b) Glass/silica-fume ternary blended paste.

The interaction of amorphous silica with tetracalcium aluminosilicate (C4AF) and
tricalcium silicate (C3A) led to the formation CASH, as indicated in region 8 of the blended
silica-fume paste. Spectra 9 and 23 have the presence of Fe but spectra 8 and 24 do not.
The Ca/Fe ratio was 19.73 in the ternary blended paste, but drastically reduced to 2.04
in the absence of glass powder. This suggests that glass induces the reactivity of C4AF
hydrations that could lead to the formation of hydrogarnet (CASH). Moreover, a lower
calcium–carbon ratio (Ca/C = 2.75) in the blended silica binder in contrast to 3.78 in the
blended glass/silica-fume (ternary) samples indicates that glass changes the nucleation site
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of the hydration products within the matrix through the infusion of amorphous silica into
portlandite to form CSH by preventing or limiting the occurrence of Equation (2).

Ca(OH)2 + CO2 → CaCO3 + H2O (2)

This explains why carbonation was noted to have reduced by the incorporation of
glass in the blended silica-fume- or OPC-based concrete. Similarly, the microstructure
shown in Figure 10 in the glass/silica binder was found to be non-uniform and full of
micropores due to the heterogeneity or incompatibility of the glass particle with both the
cement and silica-fume particle sizes thereby causing more ITZs within the crack region
(Figure 10b).

Figure 11 shows the diffractogram of ternary (glass/silica fume) blended paste (SGC),
blended silica-fume (SC) paste and hydrated cement paste (CMT). The SGC paste was more
amorphous compared to the SC and CMT. The inclusion of glass induced the formation of
larnite (L-hydrated calcium silicate compound, 2CaOSiO2 PDF#96-200-0096) around the
2-theta angle of 39.5◦ (Region 2) while calcite (CaCO3-CC-PDF#99-200-0080) formation was
noticed to reduce in the SGC compared to SC. This was due to the additional pozzolanic
effects that caused the conversion of portlandite (P- PDF# 96-900-8367) to additional CSH
via a secondary hydration, as shown in Equations (2) and (3) (Figure 11).

CH + S→ CSH (3)
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Figure 11. X-ray diffractogram of glass-blended silica-fume concrete.

The presence of amorphous silica interferes with tricalcium aluminate (C3A) in the
process of the formation of early ettringite and the hydration of C4AF (CF PDF#96-200-
0015) to form calcium aluminosilicate silicate hydrate (CA(S)H—Region 2, Figure 11) or
an octahedral form of hydrogarnet [33–35]. The absence of the peak of C4AF (CF PDF#96-
200-0015—Region 1) suggested the possibility of such a reaction. The ettringite formed in
glass-infused silica-fume concrete was seen to be less ordered in comparison with the OPC
concrete (Figure 11).

The reaction of gypsum with C3A and CF increased the setting time due to the forma-
tion of ettringite C3A·3CaSO4·32H2O (E-AlCa3H34O24.5S1.5—PDF# 99-200-0093) at 2-theta
angle of 10–13◦ or led to the later formation of monosulphate hydrate (C3A·CaSO4·12H2O)
in the excess of belite (C2S). It has been reported [33,34] that amorphous silica could modify
the hydration of CF and C3A to form hydrogarnet (CAH—Region 4). The formation of
hydrogarnet [3CaO(Al·Fe)2O3·3(H20)·2SiO2] is supported by the presence of Ca, Al and Fe
in the EDS in spectra 9 and 23 (Figure 10).
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4. Conclusions

The use of environmental waste in concrete production is very important to improving
the characteristics and cost efficiency of the resultant concrete on one hand, and to get rid of
the solid waste culminating against public health on the other. This study has investigated
the impact of the ternary blending of ordinary Portland cement (OPC), waste glass powder
(WGP) and silica-fume (SF) powders on the fresh property, workability, strength, bond
characteristics and microstructure of the concrete. The conclusions are the following:

• Glass addition to silica-fume concrete synergistically enhances the workability of
the concrete

• The blending of glass powder with silica fume in OPC concrete increased its water
absorption due to the proliferation of interfacial transition zones, which arose from the
size incompatibility between the silica fume, glass particle and OPC particles. Silica
fume reduced the absorption of concrete owing to the microfilling effect, while WGP
enhanced it due to shape angularity and its higher capillary action that enhances water
molecule transfer to adjacent particles.

• The fresh or wet density of OPC concrete (C100G0S0) was found to be more than that
of ternary blended (WGP, SF and OPC) concrete due to the higher relative density of
cement (3.15) in comparison with WGP and SF.

• Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) revealed
that the incorporation of WGP in synergy with blended SF concrete enhanced silicate
reorganization, enhanced the product amorphousness and reduced hydroxyl-based
compounds such as portlandite due to amorphous silica infusion.

• The addition of glass waste in blended silica-fume concrete caused heterogeneity in
the microstructure and the proliferation of weak interfacial transition zones, leading
to the formation of microcracks in the morphology as noted in the scanning electronic
microscope and energy dispersive spectroscopy (SEM/EDS) results.

• Economic and cost-efficient ternary blended concrete with a 28-day compressive
strength beyond 40 MPa can be produced if the WGP is partly and synergistically
substituted for SF such that the percentages of glass waste and silica fume are kept
within 2.5–5% and 5–7.5%, respectively.
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