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Keywords: mechanical properties, and microstructure. Workability tests showed WGP
Self-compacting enhances flow properties, while MK reduces them; however, their combined use
concrete; at 15% replacement maintained performance. The ternary mix with 5% MK and
Waste glass powder; 10% WGP (5MK+10WGP) exhibited superior mechanical properties, surpassing
Metakaolin; the control by 7.7% in compressive strength and 3.8% in split tensile strength at
Microstructure 56 days. SEM analysis revealed refined pores, reduced porosity, a denser

microstructure, and well-formed C-S-H gels. XRD confirmed these findings with a
pronounced broad hump in the 29°-34° 20 range, indicative of well-developed C-
S-H phases. This research demonstrates that incorporating 5MK+10WGP
optimally balances workability, strength, and microstructure, providing a
sustainable alternative for cementitious materials in SCC, reducing cement
consumption, CO, emissions, and conserving natural resources.
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1. Introduction

The construction industry has undergone substantial transformation since the advent of self-
compacting concrete (SCC) [1]. A distinguishing feature of SCC is its ability to traverse heavily
reinforced sections without requiring external vibration [2]. SCC flows effortlessly under its self-
weight, filling molds of complex geometries while maintaining uniformity [3-5]. The adoption of
SCC reduces reliance on vibratory tools and minimizes labor expenses [6, 7]. Over the past two
decades, SCC has been a focal point of research globally [8].

However, despite its advantages, concrete remains prone to durability issues, which can lead to
significant structural damage over time. Insufficient strength properties often result in cracks,
reduced load-bearing capacity, and, in extreme cases, structural failure, necessitating costly repairs
and maintenance. These defects have been linked to infrastructure deterioration and building
collapses, particularly in regions where substandard materials are used. To mitigate these risks,
researchers have emphasized the importance of optimizing concrete mix designs with alternative
materials that enhance both mechanical strength and durability [9-12].
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Concrete production also demands high energy consumption, leading to significant CO, emissions
that contribute to environmental degradation [13]. This process exacerbates climate issues
through the release of greenhouse gases [14-16]. Additionally, the continuous extraction of raw
materials like aggregates, cement, and natural additives depletes natural resources, increasing
costs over time [17]. The increasing depletion of natural resources has driven researchers in recent
decades to explore alternative, sustainable materials for construction. One effective approach is the
incorporation of waste materials into concrete, reducing dependence on virgin raw materials and
mitigating environmental impact. Various waste materials, including recycled aggregates from
demolished concrete, waste plastics, glass, rubber, tin scraps, by-product pozzolans, and
agricultural or bio-wastes, have been investigated for their potential application in concrete
production [18].

Among these alternatives, supplementary cementitious materials (SCMs) have gained significant
attention for their ability to partially replace cement in mortar and concrete. Several researchers
have explored SCMs derived from industrial by-products and agricultural residues [19-22].
Examples of commonly used SCMs include fly ash, silica fume, coffee silver skin, ground granulated
blast furnace slag (GGBS), rice husk ash (RHA), and palm oil fuel ash. The incorporation of these
materials has been shown to enhance the strength and durability of concrete while also serving as
an indirect method of reducing CO, emissions into the atmosphere [6].

However, despite their advantages, the application of SCMs in Nigeria is hindered by their limited
availability due to the country’s low level of industrialization. This study aims to contribute to the
growing body of research on sustainable concrete materials by exploring locally available
alternatives that can enhance concrete performance while promoting environmental sustainability.

Glass is widely regarded as a vital material for infrastructural development. However, its global
recycling rate remains significantly low. According to Statista [23], only around 1 out of 5 metric
tonnes of glass produced globally were said to be recovered. Among this production, container
glass accounts for 32%. In Nigeria, recycling rates for waste glass, as well as other materials like
plastic and metal, are notably low due to inadequate infrastructure, the absence of formal recycling
policies, and minimal engagement from manufacturers in waste recovery programmes [24]. These
factors contribute to the growing accumulation of unrecycled glass, necessitating consistent
management. Reusing waste glass to manufacture new products is often impractical due to
variations in its chemical composition [25-27]. As a result, unrecycled glass is typically disposed of
in landfills, where it decomposes extremely slowly [28]. Being chemically inert, glass remains non-
biodegradable for over a million years when buried in soil [29]. This slow decomposition rate
creates environmental challenges by taking up significant dumpsite space that could be utilised for
biodegradable waste. The rising volume of global glass waste highlights the need for innovative
methods to effectively utilise this material [1].

One promising approach suggested by researchers is incorporating waste glass into concrete
production [30, 31]. Glass primarily consists of silica (Si0;), although its composition may vary [32,
33]. Typically, pulverised glass (depending on its particle size) is used as a substitute for fine
aggregates or cement in concrete mixes [30, 34]. When used in powdered form, glass can chemically
interact with cement components during hydration, influencing the qualities of the resulting
hardened concrete. However, the contribution of glass powder to the workability of SCC remains a
subject of debate. Bisht et al. [34] and Tanwar et al. [35] recorded that blending of cement with
glass waste negatively influenced the workability of the concrete. While others suggest improved
workability in glass-modified mixes, often attributed to the smoothness as well as the sharp edges
of the glass particles [36, 37].

Despite its potential, glass tends to react with the calcium hydroxide from cement hydration in a
process known as alkali-silica reaction (ASR), leading to the formation of ASR gel, which
subsequently absorbs water, causing expansion and cracking of the concrete [38-40]. However,
studies have shown that the inclusion of SCMs like fly ash and metakaolin (MK) can mitigate ASR
by reacting with calcium hydroxide from cement hydration to form additional hydrates. These
hydrates refine the pore structure, reduce alkali availability, and enhance the overall properties of
concrete [41].
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Metakaolin (MK), a calcined product of kaolinite clay processed at 600-900°C [42, 43], is widely
used in cement-based composites for its ability to enhance both mechanical and durability
performance [44]; mitigate ASR expansion [41, 45]. However, MK reduces concrete fluidity and
workability, requiring more water in the mix [46, 47]. Its strength gains are attributed to pozzolanic
reactions with calcium hydroxide, enhanced hydration, and filler effects [48].

While many studies have explored the use of waste glass powder (WGP) and metakaolin (MK) as
partial replacements for cement individually, their synergistic effects as a ternary blend in self-
compacting concrete (SCC) remain largely underexplored. This research seeks to fill this gap by
investigating the combined influence of MK and WGP on the flow and strength properties of SCC.

1.1. Research Significance

Recent research trends have increasingly focused on using supplementary cementitious materials
(SCMs), such as metakaolin, silica fumes, rice husk ash and waste glass powder (WGP), in concrete
to mitigate the environmental impacts of cement production [49-51]. Numerous studies have
demonstrated that incorporating WGP into conventional concrete can significantly enhance both
mechanical and durability properties. However, a major concern with the use of glass in concrete
is its potential to trigger harmful alkali-silica reaction (ASR) expansion. To address this issue,
research has shown that SCMs like fly ash and metakaolin can effectively mitigate ASR [52-54].
Despite these findings, the combined effect of WGP and metakaolin (MK) as a ternary blend on the
rheology and strength properties of self-compacting concrete remains largely unexplored.
Understanding the synergistic effect of ternary blended waste glass powder (WGP) and metakaolin
(MK) as partial replacements for cement will contribute to environmental protection, enhance
energy conservation, promote the production of sustainable concrete, and improve concrete
performance across various applications.

2. Materials and Methods
2.1. Materials

The materials utilized in this study include; cement, fine aggregate (FA), coarse aggregate (CA),
waste glass powder (WGP), metakaolin (MK), superplasticizer, and potable water. The details of
the physical and particle distribution properties are further discussed in section 3.3 of this paper.

e Cement: Portland Limestone Cement of grade 42.5 (Dangote brand), sourced from a local
retailer in Malete, Kwara State, Nigeria, was used in accordance with the requirements of BS
EN197-1 [55]. Fine Aggregate (FA): Fine aggregate used in the study was river sand obtained
from the Asa-dam River in Ilorin, which passed through a BS 4.75 mm sieve. The sand
complies with the specifications of BS EN 12620 [56].

e Coarse Aggregate (CA): The coarse aggregate used was crushed granite with a maximum size
of 9.6 mm, obtained from a local supplier in Ilorin. It was retained on a BS 4.75 mm sieve and
met the requirements of BS EN 12620 [56].

e Waste Glass Powder (WGP): WGP was obtained from local aluminum glass window
fabricators in Ilorin, processed into fine powdered passing through a BS 0.125 mm sieve. The
characterization of WGP was conducted using X-ray Diffraction (XRD), X-ray Fluorescence
(XRF), and Scanning Electron Microscopy (SEM) to analyze its crystallinity, oxide
composition, and morphological properties.

e Metakaolin (MK): Commercially available metakaolin, sourced from the Nigeria Building and
Road Research Institute (NBRRI) in Ota, Ogun State, was used. Similar to WGP, MK was
characterized using XRD, XRF, and SEM to analyze its crystallinity, oxide composition, and
morphology.

e Chemical Admixture: KONKRETO SP561, a superplasticizer purchased from PURECHEM
MANUFACTURING LTD, was used as water reducing admixture.

e Water: Potable water sourced from the concrete laboratory at KWASU was used for both
mixing and curing. It meets the requirements of BS EN 1008 [57].
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2.2. Methods
2.2.1 Physical Property Test on Materials

The physical properties of cement, metakaolin, and waste glass—such as specific gravity, fineness,
standard consistency, and initial and final setting times—were assessed in line with the standards
outlined in BS EN197-1 [55]. Similarly, the physical characteristics of fine and coarse aggregates,
including specific gravity, bulk density, particle size distribution (via sieve analysis), fineness
modulus, and water absorption, were evaluated following the requirements of BS EN 1097-6 [58].

2.2.2 Mix Proportion, Mixing and Casting of SCC Specimens

The mix design procedure adopted for this study was based on the EFNARC [59], [60] provisions,
with some modifications since there is no standardized mix design procedure for SCC. Multiple trial
mixes were performed in the laboratory to identify the optimal proportions that would ensure SCC
with no segregation or bleeding while satisfying both fresh and hardened state performance
criteria. In total, 22 SCC mix designs were developed for this research, their mix contents and labels
are presented in Table 1.

Table 1. Concrete mix proportion

S/N Mix Label Cement MK WGP Sand Granite Water SP
(kg) (kg) (kg) (kg) (kg) (kg) (ml)
1 Control 4.6 0.0 0.0 9.2 6.1 2.3 69.0
2 5MK 4.4 0.2 0.0 9.2 6.1 2.3 92.0
3 10MK 4.2 0.5 0.0 9.2 6.1 2.3 92.0
4 15MK 3.9 0.7 0.0 9.2 6.1 2.3 92.0
5 20MK 3.7 0.9 0.0 9.2 6.1 2.3 92.0
6 25MK 3.5 1.2 0.0 9.2 6.1 2.3 92.0
7 30MK 3.2 1.4 0.0 9.2 6.1 2.3 92.0
8 5WG 4.4 0.0 0.2 9.2 6.1 2.3 69.0
9 10WG 4.2 0.0 0.5 9.2 6.1 2.3 69.0
10 15 WG 3.9 0.0 0.7 9.2 6.1 2.3 69.0
11 20 WG 3.7 0.0 0.9 9.2 6.1 2.3 69.0
12 25 WG 3.5 0.0 1.2 9.2 6.1 2.3 69.0
13 30 WG 3.2 0.0 1.4 9.2 6.1 2.3 69.0
14 5MK5WG 4.2 0.2 0.2 9.2 6.1 2.3 69.0
15 5MK10WG 3.9 0.2 0.5 9.2 6.1 2.3 69.0
16 5MK15WG 3.7 0.2 0.7 9.2 6.1 2.3 69.0
17 10MK5WG 3.9 0.5 0.2 9.2 6.1 2.3 69.0
18 10MK10WG 3.7 0.5 0.5 9.2 6.1 2.3 69.0
19 10MK15WG 3.5 0.5 0.7 9.2 6.1 2.3 69.0
20 15Mk5WG 3.7 0.7 0.2 9.2 6.1 2.3 69.0
21 15MK10WG 3.5 0.7 0.5 9.2 6.1 2.3 69.0
22 15MK15WG 3.2 0.7 0.7 9.2 6.1 2.3 69.0

EFNARC [59] limits the cement content in SCC to 500 kg/m? to control temperature rise and
thermal shrinkage cracking, while the total powder content ranges between 380-600 kg/m?3. For
this design, the cement content was maintained at the maximum value of 500 kg/m? since no other
powder was included in the control mix. The water-cement ratio was maintained at 0.5, as this falls
within the acceptable limit, resulting in 250 kg of water per cubic meter of concrete.

The total aggregate weight of 1650 kg/m?> was obtained by subtracting the weight of cement and
water from the unit weight of concrete (i.e., 2400 - 500 - 250). To achieve the required workability
in the fresh state, the sand fraction was increased from the recommended 55% to 60% of the total
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aggregate volume, while the remaining 40% constituted the coarse aggregate (crushed granite)
fraction. The superplasticizer dosage was based on the manufacturer’s guidelines, which
recommend a maximum of 2 liters per 100 kg of cement. The applied dosage ranged between 1.5
to 2 liters per 100 kg of cement. Typical mix design details for 0.03 m® of SCC, as adopted in the
study, are presented in Table 1.

A laboratory drum mixer was used for blending the materials. Initially, dry ingredients including
cement, metakaolin, waste glass powder, fine aggregate, and coarse aggregate were measured
according to the mix design and added to the drum mixer. The mixing process was carried out in
three stages: (1) the dry materials were mixed for 60 seconds, (2) 50% of the water was added and
mixed till a homogenous mix is achieved, and (3) the remaining water and superplasticizer were
incorporated, followed by two additional minutes of mixing. Fresh concrete tests, including slump
flow, V-funnel, and L-box tests, were conducted immediately after mixing to ensure adherence to
EFNARC [60] standards. The concrete was then placed into cleaned and oiled molds and allowed to
set for 24 hours. A total of 396 samples were produced, comprising 198 cubes (100 x 100 x 100
mm) and 198 cylinders (100 mm @ x 200 mm height). After a day, the concrete specimens were
demolded and submerged in water for curing. Compressive strength and split tensile strength tests
were carried out at 7, 28, and 56 days.

2.2.4 Fresh Property Tests of Concrete

To evaluate the workability of self-compacting concrete (SCC), several tests were conducted as
follows:

2.4.2.1 Slump Flow and Tsocm Slump Flow

The filling ability of SCC containing waste glass and metakaolin was assessed through the slump
flow and Tsocm tests as shown in Fig. 1. Concrete was poured into a standard slump cone, and the
resulting flow diameter was measured. Additionally, the time taken for the concrete to spread to a
50cm diameter (Tsocm) was recorded. These tests were conducted in accordance with BS EN 12350-
2 [61].

Fig. 1. Slump flow testing of the fresh concrete

2.2.4.2 V-Funnel and V-Funnel at 5 Minutes

The V-funnel test was performed to determine the flowability and viscosity of the SCC. The time
taken for the concrete to flow through a funnel-shaped mold (see Fig. 2) was measured both
immediately after mixing and after a 5-minute delay to evaluate any changes in flow characteristics
over time. This test complied with BS EN 12350-9 [62].
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Fig. 2. V-Funnel tests on fresh concrete

2.2.4.3 L-Box Test

The passing ability of the SCC was measured using the L-box test shown in Fig.3 . Concrete was
poured into an L-shaped mold, and the ratio of the concrete height in the horizontal section to that
in the vertical section was calculated. This ratio indicates the concrete's ability to flow through
narrow spaces and around obstacles. The test adhered to BS EN 12350-10 [63].

Fig.3. L-Box test

2.2.5 Concrete Hardened Property Tests
2.2.5.1 Compressive Strength Test

Compressive strength tests were performed on three 100mm cube specimens for each mix at
curing ages of 7, 28, and 56 days, following BS EN 12390-3 [64] guidelines. Concrete samples were
prepared using the mix proportions detailed in Table 1. The compressive strength (f.) of the
specimens containing waste glass powder and metakaolin was calculated by dividing the maximum
load at failure (Pmax) by the cross-sectional area of the cube. The load was applied at a rate of 0.5
MPa/s using a compressive testing machine.

2.2.5.2 Split Tensile Strength test

Split tensile strength tests were performed on three cylindrical specimens with dimensions of
100mm diameter and 200mm height for each mix, conforming to BS EN 12390-6 [65]. A diametral
load was applied at a rate of 0.05 MPa/s using a compression testing machine. The splitting tensile
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strength (fs:) of the concrete containing waste glass powder and metakaolin was calculated using

the formula:

f — 2Bnax (1)
St mLD

where: Pmaxis the maximum load at failure, L is the length of the cylinder, and D is its diameter.

(b)
Fig. 4. Compressive and tensile strenght test on hardened concrete specimen (a) Compressive
and (b) Tensile
2.2.6 Microstructural Analysis of Concrete Specimen
2.2.6.1 Scanning Electron Microscopy (SEM) Test for Concrete Specimen

Concrete specimens were prepared for SEM analysis by collecting chunks from SCC cube samples
tested after 28 days cutting them into smaller pieces (Fig. 5), embedding in epoxy resin, polishing
with silicon carbide paper, mounting on aluminum stubs, and coating with layer of carbon to enable
high-resolution imaging of the concrete microstructure.

Fig. 5. Sample preparation for SEM analysis

3.2.6.2 X-Ray Diffraction (XRD) Test for Concrete Specimen

Concrete specimens were prepared for XRD analysis by further crushing the cube samples tested
after 28 days into smaller fragment using mortar and pestle. The fragments were then grounded
into fine powder using grinder to ensure uniform particle size. The powder was subsequently
sieved through a 63micromes sieve to remove any other larger particles, and then stored in an
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airtight container shown in Fig. 6 to prevent moisture absorption. The powdered samples were
analyzed at the National Steel Raw Materials Exploration Agency, Kaduna State, where EMPYREAN
DIFFRACTOMETER was used for the analysis.

Fig. 6. Powdered concrete specimen prepared for XRD analysis

3. Results and Discussion

3.1 Physical Properties of Used Materials

Table 2 presents the outcomes of the physical properties tests conducted on the binder materials,
including cement, waste glass, and metakaolin. The evaluated properties cover specific gravity,
standard consistency, fineness, as well as the initial and final setting times. The findings indicate
that all binder materials comply with the requirements specified for SCC binder ingredients, as
outlined in BS EN197-1 [55]. Similarly, the physical properties of fine and coarse aggregates, such
as water absorption, fineness modulus specific gravity and bulk density are detailed in Table 2. The
findings indicate that these aggregates comply with the recommended ranges for SCC production,
as specified in BS EN 1097-6 [58].

Table 2. Physical properties of used materials

Property Cement Waste glass Metakaolin Fine Coarse
powder aggregate aggregate

Specific gravity 3.1 2.4 2.6 2.60 2.72
Consistency (%) 29 - - - -
Fineness test (%) 2.93 64.19 46.3 - -
Initial setting time 120 - - - -
Final setting time 360 - - - -

Fineness modulus - - - 2.70 5.97

Water absorption - - - 2.20 0.80

Bulk density(kg/m3) - - - 1585 1679

The particle size distribution curves for fine and coarse aggregates, shown in Fig. 7, provide critical
parameters for assessing gradation. For fine aggregate, the coefficient of curvature (1.03) falls
within the range recommended by [66], while the coefficient of uniformity (2.7) is slightly below
the standard range, classifying the fine aggregate as well graded. For coarse aggregate, both the
coefficient of curvature (1.2) and coefficient of uniformity (4.1) lie within the recommended ranges
of ASTM C1602/C1602M [66], classifying it as well graded. These gradation characteristics indicate
the suitability of both aggregates for use in SCC.
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Fig. 7. Particle size distribution graph of fine and coarse aggregate

3.2 Characterization of Waste Glass and Metakaolin

The XRD diffractogram offers valuable insights into the crystalline or amorphous nature of waste
glass powder and metakaolin. Fig. 8 displays the diffractograms plotted for these materials,
revealing that the majority of waste glass powder and metakaolin exist in an amorphous state, with
distinct Quartz (SiO2) crystals evident at certain sharp peaks. The broad hump observed in the
graphs of both materials indicates their amorphous characteristics, qualifying them as pozzolanic
materials. In addition, the result of the XRF showing the chemical and oxide composition of waste
glass and metakaolin are presented in Table 3. The result shows a slightly lower (SiO; + Al;O3
+Fe;03 (%) than ASTM C618 recommended percentage for both MK and WGP.
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Fig. 8. XRD of materials characterization

Table 3. Chemical composition of Cement, Metakaolin and Waste glass powder (XRF results)

Composition (%) Cement Waste glass powder Metakaolin
Si0; 20.62 64.6 42.5
Fe;03 3.07 1.4 9.3
Al,03 5.35 2.7 15.2
S03(< 4) - 0.1 0.5
Si02 + Al,03+Fe;03(270%) 68.8 67
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SEM image shows the micrograph of WG and MK at the magnification of 250. Fig. 8a and 8b shows
micrograph for WGP and MK respectively. Fig. 8a shows that waste glass powder has angular
irregular shape particles with smoother surfaces that are loosely packed together. Fig. 3b shows
that metakaolin have particles that are closely packed with little micropores. The particles are
irregular with rough surfaces and high surfaces area.

250 x 100KV ETD  Migh vacuum

(b)
Fig. 8. (a) SEM image for waste glass powder, and (b) SEM image for Metakaolin

3.3 Fresh Properties of Concrete
3.3.1 Slump Flow and Tsocm Slump flow

The effects of binary blends of WGP and MK with cement, as well as the ternary combination of
WGP+MK with cement, on the slump flow diameter and Tsocm flow time are illustrated in Fig. 9. The
results reveal that increasing the MK content decreases the slump flow diameter while increasing
the Tsoem flow time, thereby reducing the overall flowability. In contrast, WGP exhibits improved
slump flow diameters, and reduced Tsocm flow times compared to both MK and the control mix,
indicating enhanced flowability. However, a reduction in flow diameter is observed when the
replacement level exceeds 10%. This observation is consistent with findings by Guignone etal. [69].
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Fig. 9. Slump flow diameter and T50cm Slump flow of the SCC mixes
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The ternary blend demonstrates improved slump flow diameters and lower Tsocm flow times at
replacement levels of up to 20%, signifying better flowability. However, beyond the 20%
replacement level, both the slump flow diameter and Tsocm flow times fall below the EFNARC [60]
recommended range for flowability.

3.3.2 V-funnel and V-funnel @Tsminute

The low workability beyond 20% for the ternary blended mixtures could be due to increased
surface area, higher water demand, and reduced cementitious content. The fine particles of glass
powder and metakaolin absorb more water, leaving less free water for flow, while excessive
replacement reduces the cement content, weakening paste cohesion. Additionally, the optimal
particle packing effect diminishes at high replacement levels, leading to a stiffer mix with lower
flowability.

The segregation resistance of SCC is evaluated using a V-funnel, which measures the time required
for concrete to flow through a V-shaped funnel. The results presented in Fig. 10 indicate that the V-
funnel flow time (Vf) for the concrete mixtures ranges between 5.6s and 7.17s, aligning with the
recommended EFNARC limits, except for certain outliers among the ternary mixes. The data reveals
that incorporating WGP enhances the flow properties of the mix, resulting in reduced flow times,
whereas MK has the opposite effect, increasing the flow time by reducing the concrete's fluidity.

For Tsminutes, the flow times for MK and WGP mixes range between 6.26s and 9.55s, remaining within
the EFNARC [60] recommended limits. Specifically, the inclusion of WGP consistently reduces
Tsminutes flow times, ranging from 8.66s at 5% WGP to 7.83s at 30% WGP. However, the flow times
for MK-blended mixtures show erratic behaviour, with the 30% MK mix recording the highest
Tsminutes flow time of 9.55s, confirming MK's negative impact on concrete flow. The incorporation of
WGP as part of a ternary blend with MK mitigates this effect, improving the flow time of MK-
blended mixtures.
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Fig. 10. V-funnel and V-funnel @ Tsminutes 0f the SCC mixes

3.3.3 L- Box Result

The results of the L-box test, presented in Fig. 11, evaluate the ability of SCC to flow through and
fill narrow spaces while navigating around obstacles. The blocking ratio, which represents the
ability of SCC to pass through obstacles without segregation, is computed as the ratio of the final
concrete height at the end of the L-box test to the initial height. This metric is crucial in evaluating
the passing ability of SCC, ensuring that the mix can flow smoothly through reinforcement without

11
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blockage. The findings indicate that the blocking ratio for all binary mixes of MK and WGP ranges
between 0.81 and 1, meeting the EFNARC [60] recommended values for the L-box test. Notably, the
binary mixture of WGP and cement, up to a 10% replacement level, exhibits the highest blocking
ratio, demonstrating superior passing ability. However, for the ternary combination, the blocking
ratio drops below the recommended range when the replacement level exceeds 20%.
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Fig. 11. L- box tests results to determine the passing ability SCC mixes

3.4 Hardened Properties of Concrete
3.4.1 Compressive Strength

The experimental results for the compressive strength of concrete samples with varying
percentages of binary and ternary combinations of MK and WGP with cement are presented in
Figures 12, 14, and 17. The binary blend of MK with cement, shown in Fig. 12, demonstrates that
compressive strength improves with increasing MK content, reaching its peak at 15% replacement
across all curing ages. This observation aligns with the findings of Chavali et al. [70] and Ofuyatan
etal. [71], who identified 15% MK replacement as the optimum level for enhancing the compressive
strength of concrete compared to the control mix.

At 7 days, 10MK and 15MK mixes were able to achieve strength similar to or slightly greater than
the control. The improvement in compressive strength at 7 days with metakaolin (MK)
replacement is primarily due to hydration acceleration and filler effects, with minimal pozzolanic
contribution at this stage. MK's fine particle size and high surface area enhance nucleation,
accelerating the formation of hydration products like calcium silicate hydrate (C-S-H) and boosting
early-age strength. Its filler effect reduces voids, improves packing density, and refines the
microstructure, further contributing to strength. While the pozzolanic reaction between MK and
calcium hydroxide (Ca(OH),) begins during this period, its impact remains limited, as significant
pozzolanic activity typically develops after 7 days. Beyond 15% replacement, the dilution effect
becomes significant. The amount of cement available for hydration decreases, resulting in less
primary C-S-H formation.

At 56 days, only the 15% metakaolin (MK) replacement surpasses the control strength, while 5%
and 10% replacements show improvements but do not exceed it. This is due to the optimal balance
at 15%, where pozzolanic activity and hydration synergize to produce additional calcium silicate
hydrate (C-S-H), significantly densifying the matrix. At lower replacements, MK enhances the
microstructure and contributes moderately through pozzolanic reactions, but the cement content
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remains dominant, limiting the overall strength gain. Higher replacements dilute the cement
content, reducing hydration products and leaving unreacted MK, which acts as an inert material.
Thus, 15% MK replacement provides the best long-term performance by maximizing both
hydration and pozzolanic contributions. A similar observation was reported by Lekhya and Kumar
[72] on the utilisation of silica fume (SF) in high-performance concrete, where they noted that a
15% replacement exhibited compressive strength surpassing the control mixes at both 28 and 90
days. Almari et al. [73] also observed a 3.13% increase in compressive strength at 28 days due to a
ternary blend of cement, 10% fly ash, and silica (25 kg/m?), whereas a combination of cement, 15%
metakaolin, and silica (25 kg/m?) enhanced strength by 4.1%.

E Control ®m5MK 10MK m®15MK ®m20MK 25MK m30MK

I
7 days ) 28 days | ) 56 days
Curing age of various mixes

40

==, W W
un © U1 © U1 O Ul

Compressive Strength (MPa)

Fig. 12. Compressive strength tests result of binary blended MK with cement

The microstructural evolution of the hardened concrete samples at 56 days observed with
increasing MK replacement levels is illustrated in the SEM images (Figs. 13a, 13b, and 13c). Fig. 13a
(control sample) shows visible porosity and some unreacted cement particles but maintains a
relatively uniform microstructure. This uniformity supports adequate hydration and structural
stability. Fig. 13b reveals disrupted microstructure due to incomplete pozzolanic reactions
between MK and calcium hydroxide, resulting in a less cohesive matrix. Fig. 13c, corresponding to
15% MK replacement, shows a denser and more refined microstructure with reduced porosity and
improved particle packing, which likely contributes to the enhanced strength observed in
mechanical tests.

The XRD patterns, presented in Fig. 14, confirm the hydration products of the hardened concrete
samples. The 15% MK sample shows broader humps rather than sharp peaks in the 27°-35° 20
range, with a noticeable intensity around 29.3° 20, indicating the presence of calcium silicate
hydrate (C-S-H), the primary strength-giving phase. Additionally, the 15% MK sample exhibits
other hydration products such as portlandite (Ca(OH),) and ettringite.

(b)
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(c)
Fig 13. (a)SEM image control, (b) SEM image of 5MK, and (c) SEM image of 15MK
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Fig. 14. XRD Comparison of various Metakaolin replacements

This more complete hydration, compared to the control (0% MK) and 5% MK samples, leads to a
denser microstructure, which correlates with the improved compressive strength observed in the
15% MK mix. The enhanced C-S-H formation contributes significantly to the increased strength,
supporting the role of MK in improving the mechanical properties of concrete. Fig. 15. shows a
similar trend for the binary blend of WGP with cement as observed with MK, where the
compressive strength increases with increasing WGP content up to 15% replacement. Beyond this
point, further increases in WGP replacement led to a reduction in strength. This slightly exceeds
the 10% optimum replacement level reported by Fonchou et al. [74] and Shamsudeen et al. [75].

The microstructural characteristics observed with 5% and 15% replacement of cement with WGP,
relative to the control, are illustrated in the SEM images (Figs. 16a, 16b, and 16c). Fig. 16b reveals
a modest enhancement in the microstructure due to the pozzolanic reaction of WGP, though the
strength remains slightly below that of the control. In contrast, Fig. 16c exhibits a significantly
denser and more refined microstructure, characterized by reduced porosity and increased
formation of C-S-H gels. This improved microstructure underpins the superior strength achieved
at the 15% replacement level compared to both the control and the 5% replacement.
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Fig. 15. Compressive strength tests result of binary blended WGP with cement

The XRD patterns of the hardened binary blends of WGP and cement for the control, 5%
replacement, and 15% replacement levels are shown in Fig. 17 The 5% replacement sample
exhibits a reduction in the intensity of crystalline peaks, such as portlandite, alongside a subtle
broad hump, suggesting the onset of C-S-H formation. In contrast, the 15% replacement sample
displays a more pronounced broad hump within the 27°-35° 20 range, indicating more extensive
or complete C-S-H formation. The reduction in crystalline peaks compared to the control signifies
increased pozzolanic activity, which contributes to a denser microstructure and the higher strength
observed in the sample with 15% WGP replacement.

The ternary mix SMK+10WGP, as shown in Fig. 18, achieved the highest compressive strength
among all tested concrete mixes, establishing it as the optimum replacement level. However, its
early-age compressive strength was lower than that of the control mix. This behaviour aligns with
findings by Guignone et al. [69], who reported that ternary blends of WGP and MK with cement
could support up to 20% replacement while maintaining compressive strength.

The reduced early-age strength may be attributed to the slow nature of pozzolanic or secondary
hydration reactions. These reactions depend on the availability of calcium hydroxide (CH) released
during primary hydration of the cement and its interaction with amorphous silica from the
pozzolans, processes which inherently progress at a slower rate [76]. However, the ternary mix of
ultrafine silica fume (UFFA) and fly ash at 10% and 15% replacement (a total of 25%) in HPC
achieved higher replacement level, exhibiting a significant improvement in compressive strength
of around 12% at 90 days due to the extended pozzolanic reaction of SF and UFFA [72].

—— 100 g ———— ) et | vac mode
A 10.00kV _ ETD  High vacuum
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Fig 16. (a) SEM image of control, (b) SEM image of 5WGP, and (c) SEM image of 15WGP
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Fig. 17. XRD of various waste glass replacement

The SEM images of the ternary blended hardened concrete are presented in Figs. 19a, 19b, and 19c.
Fig. 19b shows the densest microstructure, with well-formed C-S-H gels filling the pores,
contributing to the highest strength in the mix after 56 curing days. The ternary blend of 10% WGP
and 5% MK (Fig. 19b) promotes additional pozzolanic reactions, enhancing the overall matrix. Fig.
19c (10% MK and 5% WGP) displays a microstructure denser than the control but less so than the
10% WGP and 5% MK blend, with fewer visible C-S-H gels. Some micro cracks and pores remain in
the 10% MK and 5% WGP ternary mix, resulting in lower strength compared to the ternary blend
of 10% WGP and 5% MK. The XRD graph of the ternary blended hardened concrete is presented in
Fig. 20. The 5SMK10WG mix revealed a more pronounced hump in the 26 range of 29°-34°,
indicating a higher formation of C-S-H. Additionally, the reduction in the intensity of the portlandite
peaks suggests more complete hydration and pozzolanic reaction, which is consistent with the SEM
results, correlating with its highest strength. The 10MK5WG mix shows a moderate hump in the 26
range of 29°-34°, indicating C-S-H formation, but it is less intense than the 5MK10WGP mix. There
are also noticeable peaks for unreacted phases, which correlates with the observed lower strength
compared to the 5SMK10WGP mix.
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Fig. 18. Compressive strength tests result of ternary blended MK AND WGP with cement
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Fig. 19. (a) SEM image of control (b) SEM image of 5SMK10GP, and (c) SEM image of
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3.4.2 Split Tensile Strength

The experimental results for the split tensile strength of concrete samples containing varying
percentages of binary and ternary combinations of MK and WGP with cement are illustrated in Figs.
21, 22, and 23. The results indicate that the split tensile strength improves as the curing duration
increases, with all samples showing a consistent increase from 7 days to 56 days. Fig. 21 reveals
that the split tensile strength rises with MK replacement up to 15%, beyond which further
replacement results in a decline in strength.

5 mControl ®m5MK wm10MK ®15MK ®m20MK ®25MK m®m30MK
4,5
4
3,5
3

Split tensile strength (MPa)
[\
(@2}

7 days 28days 56 days
Curing age

Fig. 21. Split tensile strength tests result of binary blended MK with cement

A similar pattern is evident in Fig. 22, where increasing the waste glass powder (WGP) content
enhances the split tensile strength up to a 15% replacement level, after which further replacement
results in a decline in strength. This partially aligns with the findings of Shamsudeen et al. [75], who
identified 10% as the optimal replacement level of cement with WGP for achieving maximum split
tensile strength in their study. Fig. 23 shows that the ternary mix SMK10WG performs better
having the highest split tensile strength compared to the control and other mixes, thus the optimum
replacement level for the split tensile strength.
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Fig. 22. Split tensile strength tests result of binary blended WGP with cement
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Fig. 23. Split tensile strength tests result of ternary blended MK and WGP with cement

4. Conclusions
In conclusion, the following can be drawn based on the outcomes of this research work

e XRD analysis confirmed that the Metakaolin (MK) and Waste Glass Powder (WGP) particles
are predominantly amorphous and can be classified as pozzolan, though the combined Al,Os3,
Si0Oz, and Fe,03 content in both materials are slightly below the ASTM C618 recommended
threshold.

e The mixtures with WGP exhibited higher slump values and reduced flow time compared to
those containing MK, indicating greater workability. This could be attributed to
microstructural properties, where MK particles are densely packed with minimal
micropores, irregular shapes, rough surfaces, and high surface area, while WGP particles
have angular, irregular shapes with smoother surfaces, and are more loosely packed.

e The compressive strength results reveal that 15% replacement is the optimum level for both
binary and ternary combinations, with the 5MK10WGP mix achieving the highest
compressive strength compared to the control and other mixes at 56 days. This performance
could be attributed to enhanced pozzolanic reactions, which facilitated improved C-S-H
formation and a reduction in portlandite content. The denser microstructure observed, with
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well-formed C-S-H gels filling pores in the SMK10WGP mix, further validates its superior
strength development.

e Although samples with 5MK10WGP was optimum in terms of both compressive and tensile
strength after 90days of curing, the mix SMK15WGP (20% replacement) also demonstrated
consistently good performance at both 28 and 90 days as per compressive strength.
However, the tensile strength was very low compared to 5SMK10WGP samples probably due
to the brittle nature of the glass material.

e The split tensile strength results also indicate that 15% replacement is the optimum level for
all blended combinations, with the 15MK and 5MK10WGP mixes achieving the highest
strength compared to the control at 56 days. This outcome can be linked to enhanced
pozzolanic reactions, which improve the bond between aggregates and the cement matrix, as
well as the denser microstructures observed in these mixes, resulting in superior tensile
strength development.

e Among all the mixes, the ternary mix with 5% MK and 10% WGP (5MK+10WGP)
demonstrated superior mechanical properties, surpassing the control mix by 7.7% in
compressive strength and 3.8% in split tensile strength after 56 days of curing.
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