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This study investigates the effects of glass powder (GP) content and activator-to-
precursor (Ac/Pr) ratio on the properties of slag-based geopolymer mortars
using a central composite design approach. GP content ranging from 0% to 30%
and Ac/Pr ratios between 0.65 and 0.75 were examined. Response surface
methodology was utilized to construct predictive models for slump, 28-day
compressive strength, and porosity. Scanning electron microscopy and energy

keywords: dispersive X-ray spectroscopy were utilized to analyze the microstructure and

chemical composition of the geopolymer matrices. Results indicate that both GP
Geopolymer; content and Ac/Pr ratio significantly influence mortar properties. Increasing GP
Modeling; content and Ac/Pr ratio generally improved workability, while optimal
Glass powder; mechanical performance was achieved at moderate levels of both factors. The
Optimization; optimal formulation, determined through desirability analysis, consisted of
Central composite 18.2% GP content and 0.72 Ac/Pr ratio, yielding predicted outcomes of 16.53 cm
design slump, 46.64 MPa compressive strength, and 15.85% porosity. This study

demonstrates the potential of incorporating waste glass in slag-based
geopolymers and provides a framework for optimizing mix designs to achieve
desired performance characteristics.

© 2024 MIM Research Group. All rights reserved

1. Introduction

The global construction industry faces an unprecedented challenge in the 21st century:
meeting the growing demand for infrastructure while simultaneously reducing its
environmental impact. At the heart of this challenge lies the production of cement, a
process responsible for approximately 8% of worldwide COz emissions [1]. This staggering
figure underscores the urgent need for sustainable alternatives that can mitigate the
environmental footprint of construction activities without compromising on performance
or durability. In recent decades, geopolymers have emerged as a promising solution to this
pressing issue, offering comparable or superior performance to conventional cement while
significantly reducing associated carbon emissions [2, 3].

Geopolymers, a term coined by Joseph Davidovits in the 1970s [4], represent a class of
inorganic polymers synthesized through the alkaline activation of aluminosilicate
materials, including metakaolin, fly ash, and ground granulated blast furnace slag (GGBFS).
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These materials are rich in silicon (Si) and aluminum (Al), which are essential for the
geopolymerization process [5, 6]. The geopolymerization process begins with the
dissolution of these precursor materials in a highly alkaline environment, typically
provided by a combination of sodium or potassium hydroxide and silicate solutions [7].
Once dissolved, the aluminate and silicate species undergo condensation reactions,
forming a gel-like network of aluminosilicate hydrates [8]. This network further
polymerizes into a three-dimensional matrix, primarily consisting of sodium-
aluminosilicate-hydrate (N-A-S-H) gels in low calcium systems or calcium-aluminosilicate-
hydrate (C-A-S-H) gels in high calcium systems like those containing GGBFS [9, 10]. This
process is responsible for the development of mechanical strength and durability in
geopolymer materials [11], making them suitable for various construction applications.

These innovative binding agents offer numerous advantages over traditional Portland
cement, including drastically reduced CO: emissions—up to 80% less compared to
conventional cement production [3]. To regulate sustainability, one must control the kind
and quantity of binder used in concrete mixtures, since they account for over 90% of the
CO; in the mixture [12]. While regular Portland cement emits 306 kg CO2/m? for the same
mechanical qualities, geopolymer releases just 169 kg COz/m3, a 45% reduction in
emissions, as stated by Biernacki et al. [12]. Additionally, according to Davidovits [13], fly
ash-based geopolymers can achieve CO, emissions in the range of 0.09 to 0.25 kg CO, per
kilogram, which translates to a 75 to 90% reduction compared to conventional cement.

Moreover, geopolymers enable the utilization of various industrial by-products,
contributing to circular economy principles and waste reduction. Many geopolymer
formulations exhibit enhanced durability, demonstrating superior resistance to chemical
attack, fire, and extreme temperatures [14], [15], [16]. Perhaps most importantly,
geopolymers can achieve strength and performance characteristics that match or exceed
those of traditional cement-based materials, making them a viable alternative for a wide
range of construction applications.

Despite these compelling advantages, the widespread adoption of geopolymers faces
several challenges related to raw material availability, mix design optimization, and long-
term performance under various environmental conditions. Ongoing research efforts are
focused on addressing these challenges and expanding the application of geopolymers in
construction. A critical aspect of this research involves the careful selection and
optimization of precursor materials, which play a crucial role in determining the
properties and performance of geopolymer systems. Among the various precursors used
in geopolymer production, GGBFS has gained significant attention due to its widespread
availability and favorable chemical composition. GGBFS, a by-product of the iron and steel
industry, is formed when molten iron blast furnace slag is rapidly cooled by water. Its
chemical composition typically consists of CaO, SiOz, and Alz03 [17]. The high calcium
content in GGBFS contributes to the formation of calcium silicate hydrate (C-S-H) gels in
addition to the geopolymeric network [18], [19], [20], resulting in enhanced mechanical
properties and reduced setting times compared to low-calcium precursors.

The Ca/Si and Si/Al ratios in geopolymer systems are critical factors that influence the
reaction mechanisms, microstructure development, and ultimately, the properties of the
hardened material. A higher Ca/Si ratio promotes the formation of C-S-H gels, which can
coexist with the geopolymeric network [21], leading to improved mechanical properties.
However, excessive calcium content can hinder the geopolymerization process by
competing for available silica, potentially reducing long-term strength development [22],
[23]. Similarly, the Si/Al ratio affects the degree of polymerization and the structure of the
aluminosilicate network [24]. Higher Si/Al ratios generally result in increased
compressive strength and improved durability due to the formation of more stable Si-O-Si
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bonds [25], [26]. However, very high Si/Al ratios can lead to unreacted silica and reduced
strength [27]. Optimizing these ratios is crucial for achieving the desired balance between
early strength development, long-term performance, and durability of geopolymer
materials.

In the quest for further enhancing the sustainability and performance of geopolymer
systems, researchers have begun exploring the potential of glass powder (GP) as a
supplementary precursor. Derived from recycled waste glass, GP offers a promising
avenue for incorporating high-silica content materials into geopolymer mixtures. The
chemical composition of GP typically includes SiOz [28]. This high silica content, combined
with the amorphous nature of glass, makes GP an attractive material for geopolymer
production, offering several potential benefits. The incorporation of GP in geopolymer
systems can enhance silicon availability due to the easier dissolution of amorphous glass
in alkaline media, providing readily available silica for geopolymerization reactions. The
spherical shape of glass particles can contribute to better flowability of fresh geopolymer
mixtures, potentially improving workability [29], [30]. Furthermore, the utilization of
waste glass in geopolymers addresses the challenge of glass disposal while reducing the
demand for virgin raw materials, further enhancing the environmental credentials of these
alternative binding materials.

Several studies have explored the incorporation of GP in alkali-activated systems,
demonstrating its potential as a supplementary precursor. Researchers have reported
improved compressive strength and reduced porosity with GP addition up to 30%
replacement in alkali-activated slag mortars [28], [29], [31], [32], [33]. Synergistic effects
have been observed when combining GP with fly ash in geopolymer systems, leading to
enhanced mechanical properties and microstructure development [34], [35]. The
influence of GP fineness on the properties of alkali-activated slag concrete has also been
examined, with finer GP particles leading to improved strength and durability
characteristics [36], [37]. Moreover, the use of GP in combination with calcined clay for
geopolymer production has shown promise, with studies reporting increased compressive
strength and reduced water absorption upon GP incorporation. The introduction of GP as
a silica-rich source in geopolymer systems offers several advantages for optimizing the
critical Ca/Si and Si/Al ratios. The high silica content of GP allows for fine-tuning of the
Si/Al ratio, potentially leading to improved mechanical properties and durability. In slag-
based systems, GP can help moderate the high calcium content, promoting a more balanced
formation of C-S-H gels and geopolymeric networks. The amorphous nature of GP can
contribute to increased dissolution rates and overall system reactivity, potentially
accelerating strength development. Furthermore, the incorporation of GP may lead to a
more compact and refined microstructure [38], [39], reducing porosity and enhancing
long-term performance.

Despite the promising results reported in literature, there remains a need for a
comprehensive understanding of the effects of GP incorporation on the properties of slag-
based geopolymer systems. Moreover, the development of predictive models for
optimizing mix designs is crucial for the practical implementation of GP in geopolymer
production. This research aims to address these knowledge gaps by investigating the
influence of GP as a partial replacement for GGBFS on the mechanical and physical
properties of eco-geopolymer mortars. The primary objective of this study is to elucidate
the effects of GP replacement levels (0-30%) and activator-to-precursor ratio (Ac/Pr) on
the fresh and hardened properties of slag-based geopolymer mortars. To achieve this, the
response surface methodology will be utilized to develop predictive models for slump,
compressive strength, and porosity as a function of GP content and Ac/Pr ratio. This
approach will enable the optimization of mix designs based on desired performance
criteria. Furthermore, microstructural analysis using Scanning Electron Microscopy (SEM)
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coupled with Energy Dispersive X-ray (EDX) spectroscopy will be employed to examine
the morphological characteristics and chemical composition of the geopolymer matrices,
providing insights into the formation of C-A-S-H gels and their distribution within the
microstructure. This comprehensive analysis will elucidate the relationship between mix
composition, microstructural development, and macroscopic properties of the geopolymer
mortars

By addressing these research goals, this study aims to contribute to the development of
more sustainable and high-performance geopolymer materials, paving the way for their
increased adoption in construction applications. The findings of this research will provide
valuable insights into the optimal utilization of GP in slag-based geopolymer systems,
offering a pathway for the valorization of waste glass while enhancing the environmental
credentials of alternative cementitious materials. Ultimately, this work seeks to advance
the state-of-the-art in eco-friendly construction materials, contributing to the global effort
to reduce the environmental impact of the built environment while meeting the growing
demands for infrastructure development.

2. Materials and Methods
2.1. Materials

This study utilized several key materials to produce the slag-based geopolymer mortars,
such as GBFS, GP, sand, and alkaline activators. GGBFS and GP served as the primary
precursors for the geopolymer binder. The GGBFS was sourced from a regional steel
manufacturer (El-Hadjar complex, Annaba, Algeria) as spherical grains with a particle size
of 0/5 mm, which were then crushed to achieve a fineness of 237.1 m?/kg. The glass waste
(sourced from local recycling facilities in Setif, Algeria) was subjected to grinding
processes, resulting in a fineness of 280.8 m?/kg. The appearance of both GGBFS and GP is
displayed in Fig. 1.

Fig. 1. Visual appearance of precursors (a) GGBFS (b) GP

The chemical compositions of GGBFS and GP are presented in Table 1, which shows their
major oxide constituents. Table 2 provides the physical properties of GGBFS and GP,
including their densities and Blaine surface areas, which are crucial parameters affecting
their reactivity and water demand in the mixtures.

Table 1. Chemical composition of precursors

% Ca0 SiO2 Al203 Fe203 K0 Naz0 MgO S03 LOI
GGBFS 43.1 41.2 6.99 2.9 0.33 0.5 49 0.25 0.03
GP 8.31 70.97 1.36 0.47 0.56 14.72 2.41 0.34 0.79
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Table 2. Physical properties of precursors

GGBFS GP
Bulk density (kg/m?) 2951 2533
Specific surface area (m2/kg) 2371 280.8

The particle size distribution of GGBFS and GP was determined using a laser diffraction
analyzer (Cilas 1090), which provides detailed information on particle size by measuring
the angle and intensity of light scattered by particles in suspension. This method allows for
precise determination of particle size distribution across a wide range of sizes, ensuring
the reliability of the data presented. Fig. 2 illustrates the particle size distributions of
GGBFS and GP, offering insights into their fineness and potential packing behavior within
the geopolymer matrix The particle size distribution of GGBFS ranges from 1.65 pm (d10)
to 56.16 um (d90), meaning that 10% of GGBFS particles are finer than 1.65 um, and 90%
are finer than 56.16 pm. This indicates a broader range of particle sizes, which can
contribute to a denser microstructure due to improved packing efficiency. In contrast, the
GP's particle size distribution is more uniform, ranging from 4.18 pm (d10) to 68.37 pm
(d90), with a median particle size of 18.55 pm. This distribution suggests different
mechanical performance characteristics, as the uniformity of GP may influence the
reactivity and strength development differently from GGBFS.
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Fig. 2. Particle size distribution of precursors

The broader particle size distribution observed in GGBFS offers the potential for a denser
microstructure due to better packing efficiency. When particles of varying sizes are
present, smaller particles can fill the voids between larger particles, leading to a more
compact arrangement and reducing the overall porosity of the material [40], [41]. This
reduction in porosity is directly correlated with increased compressive strength, as the
denser structure can better resist the applied loads without fracturing [42]. Additionally,
a well-packed microstructure may also contribute to improved durability by reducing the
permeability of the geopolymer [43]. On the other hand, the more uniform particle size
distribution of GP might lead to different mechanical performance characteristics. While
the uniformity in size can promote more consistent reactivity throughout the matrix, it
may also result in a less dense microstructure compared to GGBFS if the packing is not
optimized. This could lead to higher porosity and potentially lower compressive strength
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[44]. However, the use of a uniform particle size distribution can also be advantageous in
controlling the workability of the geopolymer mixture, as it may prevent excessive
segregation or bleeding, ensuring a more homogenous mixture that can be easily placed
and compacted.

The alkaline activation of the precursors was achieved using a combination of sodium
hydroxide (NaOH) and sodium silicate (NazSiOs3) solutions. NaOH was provided by the
SPECILAB laboratory, distributed by the company PROCHIMA SIGMA located in Tlemcen,
Algeria, with a density 2130 kg/m3 and a purity of 99%. NaOH solution was prepared at a
concentration of 10M, while Na;SiO3 solution contained 26% SiOz and 8% Naz20 by mass.
The chemical properties of sodium silicates are presented in Table 3.

Table 3. Characteristics of sodium silicates used

Parameter Composition
Si02 (%) 26
Naz0 (%) 8
pH 13.01
Density at 20° C 1,53
Concentration (%) 45
Si02/Naz0 3.25

These activators were combined in a ratio of Na2SiO3 to NaOH of 3:1 to provide the optimal
alkalinity and silica content for geopolymerization. The sand used in this study was
sourced from the Oued Souf dunes in Algeria. This sand is characterized by its high silica
content and rounded, smooth-surfaced grains, making it ideal for mortar applications. Its
physical properties include an apparent density of 2623 kg/m?, a fineness modulus of 1.99,
and a sand equivalent of 86.49%. The particle size distribution of the sand is well-graded,
with a maximum grain size not exceeding 4.0 mm, ensuring good workability and compact
packing in the mortar matrix.

2.2. Methodology

One common statistical method for designing and optimizing experiments is the central
composite design, or CCD. This research used a two-pronged approach to examine the
impact of GP content (0%-30%) and Ac/Pr ratio (0.65, 0.7, and 0.75) on geopolymer
mortar characteristics. With its capacity to fit quadratic models and capture higher-order
interactions between the components, the CCD efficiently minimizes the number of
experimental runs, making it an attractive choice. As shown in Table 4, the CCD for this
investigation comprised nine distinct formulations.

Slump, compressive strength, and water-accessible porosity were the intended outcomes
of the nine strategic formulations' data collection efforts. The purpose of analyzing these
reactions was to shed light on how the input parameters, individually and in combination,
affected the physical and mechanical characteristics of the manufactured mortars.

The optimal mix design derived from the desirability analysis, prediction expressions,
response surface profiler, and analysis of variance (ANOVA) results are the products of this
statistical methodology. To optimize the geopolymer mortar formulation for the intended
mechanical and physical properties, these outputs offer useful insights into the effects of
the input parameters and how they interact with the responses.
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Table 4. Experimental runs and mix composition using CCD

. GGBFS GP Sodium  \o o Sand
MIXID- GROR) AP i) (g/my) S kg/me) (kg/m)
M1 0 0.65 587,65 0,00 286,48 95,49

M2 15 0.65 499,50 88,15 286,48 95,49

M3 30 0.65 411,36 176,30 286,48 95,49

M4 0 0.7 587,65 0,00 308,52 102,84

M5 15 0.7 499,50 88,15 308,52 102,84 1250
M6 30 0.7 411,36 176,30 308,52 102,84

M7 15 0.75 499,50 88,15 330,55 110,18

M8 30 0.75 411,36 176,30 330,55 110,18

M9 0 0.75 587,65 0,00 330,55 110,18

2.3. Sample Preparation

GGBFS, GP, and sand have been carefully weighed according to the proportions specified
in the previous formulations. These dry components have been thoroughly mixed to
ensure their homogeneity. At the same time, an alkaline activator solution was prepared
by mixing NaOH and NazSiOs solutions in a ratio of 1 to 3 to ensure uniformity and
consistency in the geopolymerization reaction [45], [46]. Then the dry mixture was
combined with the activator solution using a mechanical mixer for 90 seconds, thus giving
rise to a homogeneous geopolymer paste. This preparation was then poured into a
spreading cone to evaluate its maneuverability before being carefully poured into molds
of dimensions 4x4x4 cm? (Fig. 3). To facilitate geopolymerization reactions, the specimens
were demolded after one day and transferred to a controlled environment, kept at a
temperature of 20 + 2 °C and a relative humidity of = 95%, where they remained until they
reached the desired test age.

Fig. 3. Preparation of geopolymer mortars (a) preparation of raw materials (b) molding (c)
curing
2.4. Experimental Tests

This study conducted three key tests to evaluate the performance of the slag-based
geopolymer mortars: slump test, compressive strength test, and water accessible porosity
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test. Each test was performed three times according to standard procedures to ensure
reliability and reproducibility of results.

The slump test was carried out to assess the workability of the fresh geopolymer mortar
mixtures (Fig. 4). The test was performed in accordance with ASTM standard [47] using a
mini-slump cone. The cone, with dimensions of 70 mm top diameter, 100 mm base
diameter, and 50 mm height, was filled with the fresh mortar and lifted vertically. The
resulting spread of the mortar was measured in two perpendicular directions, and the
average value was recorded as the slump flow.

Fig. 4. Slump test of geopolymer mortar

The compressive strength of the hardened geopolymer mortars was determined following
the procedures outlined in EN 196-1 standard [48] after 28 days of curing (Fig. 5). The
specimens were subjected to uniaxial compression using a hydraulic testing machine. The
load was applied at 5 mm/min displacement rate on a 400 kN compression capacity testing
machine until failure occurred. The maximum load sustained by each specimen was
recorded, and the compressive strength was calculated by dividing this load by the cross-
sectional area of the specimen.

Fig. 5. Compressive strength test of geopolymer mortar

The water accessible porosity of the hardened geopolymer mortars was determined using
the vacuum saturation method, following the principles outlined in NBR 9778 [49]. The
specimens were first oven-dried to constant mass, then placed in a vacuum chamber and
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saturated with water under vacuum conditions. The saturated surface-dry mass and the
submerged mass of the specimens were then measured. The water accessible porosity was
calculated as the ratio of the volume of water absorbed to the total volume of the specimen,
expressed as a percentage. This test provides insights into the porosity and the ability of
geopolymer mortars to absorb water, which influences their durability and transport
properties. The results from these standardized tests form the basis for optimizing the
geopolymer mortar formulations and understanding the effects of GP content and Ac/Pr
ratio on the material's performance.

3. Results and Discussion
3.1. Analysis of Variance

The analysis of variance (ANOVA) elucidates the effects of GP content and Ac/Pr on the
properties of geopolymer mortars (Table 5). For compressive strength, the ANOVA reveals
that the model is statistically significant, with the intercept, Ac/Pr, GP?, and Ac/Pr? all
being significant factors (p<0.05). The linear effect of GP and the interaction term
GP*Ac/Pr are not statistically significant. This suggests that the activator-to-precursor
ratio has a strong influence on compressive strength, both in its linear and quadratic terms.
The slump model shows significance for both GP and Ac/Pr linear effects, as well as the
intercept, while the quadratic terms and interaction term are not statistically significant.
For porosity, the model indicates significance for the intercept, GP?, and Ac/Pr? while the
linear terms and interaction are not statistically significant.

Table 5. ANOVA metrics

Intercept GP Ac/Pr  GP*Ac/Pr GP? Ac/Pr?

C"S“t“r’;f;tsﬁ"e 467022 -074 260333 1095 iaaa 4 o
p-values 0,03 03376  0.0279 02627  0.0207  0.0257

Slump 15.5 0916667 1.83333  -0.125 0.25 '“fZE'
p-values 0,01 00154  0.0021  0.6163  0.4883  1.0000
Porosity 15.1967  -0.56  0.178333  -0.4275 1.65 3.195
p-values 0,028 01238 05473 02774  0.0364  0.0060

The perturbation plots (Fig. 6) offer a visual representation of these effects. For slump,
both GP and Ac/Pr demonstrate positive effects, with Ac/Pr showing a stronger linear
influence as indicated by its steeper slope. GP exhibits a slight curvature, suggesting a
minor quadratic effect, though this is not statistically significant according to the ANOVA.
The compressive strength plot reveals quadratic effects for both GP and Ac/Pr, with
optimal points near the center of the design space. The Ac/Pr curve shows a more
pronounced quadratic effect, consistent with its significant linear and quadratic terms in
the ANOVA. The GP curve also displays a quadratic trend, but with a lower optimal point,
indicating that increasing GP beyond a certain point may decrease strength. The porosity
plot demonstrates strong quadratic effects for both factors, forming U-shaped curves. The
Ac/Pr curve shows a more pronounced effect, especially at the extremes of the range, while
the GP curve has a shallower U-shape, indicating a less severe impact on porosity at the
extremes. Both factors appear to have an optimal point (minimum porosity) near the
center of the design space.
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These results collectively suggest that slump is positively influenced by both GP content
and Ac/Pr ratio, with Ac/Pr having a stronger linear effect. Compressive strength is
optimized at moderate levels of both GP and Ac/Pr, with significant quadratic effects.
Porosity is minimized at moderate levels of both factors, with strong quadratic effects,
particularly for Ac/Pr. These findings highlight the complex interplay between GP content
and Ac/Pr ratio in determining the properties of the geopolymer mortar

3.2. Response Surface Plots
3.2.1 Slump

The contour and iso-response surface plots for the slump response (Fig. 7) provide
valuable insights into the effects of GP and Ac/Pr contents on the workability of the
geopolymer mortar. The contour plot, represented by the 2D color-coded image, shows a
clear gradient from blue to red, indicating an increase in slump values from approximately
13 cm to 18.5 cm across the experimental range. This gradient demonstrates that both GP
content and Ac/Pr ratio have significant influences on the slump of the geopolymer mortar.
The iso-response curves, represented by the contour lines, further illustrate this
relationship. The upward sloping nature of these curves from left to right indicates that
increasing both GP content and Ac/Pr ratio generally leads to higher slump values,
suggesting improved workability of the mixture. The 3D surface plot corroborates these
observations, showing a rising plane from the lower left corner to the upper right corner
of the plot.

Slump (cm)

Ac/Pr
Slump (cm)

0 6 12 18 24 30
G p (%) slllmp (ﬂﬂ)

13 [ 85

Fig. 7. Contour plot and iso-response curve of slump response

This three-dimensional representation clearly visualizes the combined effects of GP and
Ac/Pr on slump. The steeper gradient along the Ac/Pr axis compared to the GP axis
suggests that the Ac/Pr ratio has a more pronounced effect on slump than the GP content.
This is evident from the more rapid color change and steeper slope in the Ac/Pr direction.
The highest slump values, represented by the red region in the contour plot and the peak
of the 3D surface, are achieved at high levels of both GP content and Ac/Pr ratio. This
indicates that increasing both factors simultaneously lead to the most significant
improvement in workability. Conversely, the lowest slump values, shown in blue, occur at
low levels of both factors. The relatively linear nature of the iso-response curves suggests
that there is limited interaction between GP and Ac/Pr in their effects on slump. Instead,
they appear to have additive effects, with each factor independently contributing to
increased workability. This linear trend aligns with the earlier ANOVA results, which

11
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showed significant linear effects for both factors on slump. The continuous increase in
slump with increasing GP content can be attributed to the spherical nature of GP particles,
which may enhance the flowability of the mixture [30]. The positive effect of increasing
Ac/Pr ratio on slump is likely due to the higher liquid content in the mixture, which
naturally improves workability.

3.2.2 Compressive Strength

The contour and iso-response surface plots for compressive strength (Fig. 8) reveal a
complex relationship between GP and Ac/Pr, and the mechanical performance of the
geopolymer mortar. The plots exhibit a distinct dome-shaped surface, indicating the
presence of an optimal region for compressive strength. This optimal zone is centered
around 14.2% GP content and 0.71 Ac/Pr ratio, where the highest compressive strength
values are achieved. The contour plot shows concentric elliptical patterns, with the peak
strength region colored in red at the center. As we move away from this optimal point, the
colors transition through yellow and green to blue, representing a gradual decrease in
compressive strength. This pattern suggests that both excess and insufficient amounts of
GP or Ac/Pr can lead to reduced strength performance.

Compressive Strength (MPa)

SRR
“\‘x\‘f

Compressive Strength (MPa)

GP Compressive Strength (MPa)

324 | 467

Fig. 8. Contour plot and iso-response curve of compressive strength response

The 3D surface plot further emphasizes this quadratic relationship, displaying a clear peak
in the central region. The curvature of the surface is more pronounced along the Ac/Pr axis
compared to the GP axis, indicating that the Ac/Pr ratio has a more significant impact on
compressive strength than GP content. This observation aligns with the ANOVA results,
which showed that both linear and quadratic terms for Ac/Pr were statistically significant.

The existence of an optimal region can be explained by considering the effects of GP and
Ac/Pr on the geopolymerization process and the resulting microstructure. The
incorporation of GP introduces additional silica into the system, which can modify the
Ca/Si and Si/Al ratios of the binder phase. At the optimal GP content (around 14%), there
is likely an ideal balance between these ratios that promotes the formation of a strong and
stable calcium aluminosilicate hydrate (C-A-S-H) gel structure.

The C-A-S-H gel, which is the primary binding phase in slag-based geopolymers, is sensitive
to the Ca/Si ratio. As GP content increases, it initially enhances the Si/Al ratio, potentially
leading to a more polymerized and stronger gel structure [24]. However, beyond the
optimal point, excessive silica may disrupt the balance, possibly leading to unreacted

12



Berkouche et al. / Research on Engineering Structures & Materials x(x) (xxxx) Xx-xx

particles or a weaker gel structure, thus explaining the decrease in strength at higher GP
levels.

The Ac/Pr ratio plays a crucial role in providing the alkaline environment necessary for
the dissolution of slag and GP particles and subsequent geopolymerization. The optimal
Ac/Pr ratio of 0.71 likely represents the point where there is sufficient alkaline activator
to promote adequate dissolution and reaction of the precursors, without excess liquid that
could lead to increased porosity and reduced strength.

The significant quadratic effects observed in the ANOVA for both GP? and Ac/Pr? support
the curvilinear relationship seen in the response surface plots. These quadratic effects
indicate that both factors have an optimal range, beyond which their benefits diminish or
become detrimental to strength development. The interaction between GP content and
Ac/Pr ratio, while not statistically significant according to the ANOVA, may still play a
subtle role in determining the exact shape and position of the optimal region. This
interaction could be related to how the alkaline activator interacts with the different
proportions of slag and GP, affecting the dissolution rates and the formation of reaction
products.

3.2.3 Porosity

The contour plot and iso-response surface plot for porosity (Fig. 9) reveal a complex
relationship between GP content, Ac/Pr ratio, and the resulting porosity of slag-based
geopolymer mortars. The optimal region for minimizing porosity is observed
corresponding to 17% GP and 0.7 Ac/Pr ratio, where porosity values reach their minimum
of around 15%. As we move away from this optimal region, porosity increases, reaching a
maximum of about 21.5% at high GP content and high Ac/Pr ratio.

Porosity (%)

073

on

Ac/Pr

069

Porosity (%)

067 8

GP (%) Porosity (%)
1532 [ 215

Fig. 9. Contour plot and iso-response curve of porosity response

The interaction between GP content and Ac/Pr ratio is evident from the non-linear contour
lines and curved surface in the 3D plot. This interaction suggests that the impact of GP on
porosity is influenced by the Ac/Pr ratio, and vice versa. At lower Ac/Pr ratios, the effect
of increasing GP content on porosity is less pronounced, possibly because there is
insufficient activator to fully react with the glass powder, leading to a more compact
structure with unreacted GP particles filling voids. Conversely, at higher Ac/Pr ratios,
increasing GP content has a more significant effect on porosity, as there is more liquid
available to react with the GP, potentially creating a more open pore structure.
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The optimal region of low GP content and low Ac/Pr ratio likely represents a balance
where there is sufficient activator to react with the slag precursor without excess liquid,
resulting in a denser C-A-S-H gel network with lower porosity. In this region, the formation
of C-A-S-H gel is maximized, and the development of voids is minimized. As we move away
from this optimal region, either by increasing GP content or Ac/Pr ratio, the balance is
disrupted, leading to increased porosity through different mechanisms. Higher GP content
may result in more unreacted particles and a less interconnected C-A-S-H gel network,
while higher Ac/Pr ratios may lead to excess liquid that creates additional voids upon
evaporation, thus increasing the absorption capacity of mortars. This phenomenon can be
attributed to the formation of capillary pores as the liquid phase evaporates, leaving
behind voids that contribute to a more porous microstructure. The study by Das et al.
[50]emphasizes that elevated water absorption values are typically correlated with
increased surface porosity. This surface porosity not only influences the immediate
physical and mechanical properties of the mortar but also has long-term implications on
its durability.

At higher Ac/Pr ratios, the increase in porosity is accompanied by a decrease in
compressive strength. This inverse relationship can be explained by the fact that the
presence of more voids within the mortar matrix reduces the density and integrity of the
structure, leading to weaker mechanical performance. As the porosity increases, the
material's ability to bear loads diminishes, which directly affects its compressive strength.
Moreover, the interconnected pore network created by the excess liquid not only weakens
the material but also makes it more susceptible to the ingress of harmful agents, further
compromising its structural capacity over time.

3.3. Model Diagnostics

To create thorough regression models for a range of response variables, the central
composite design was used. Strong predictive performance is shown in the fit summary for
these models (Table 6), where high R-squared values, ranging from 0.96 to 0.98, indicate
excellent model fit. The models are assessed using the mean response values as baseline
standards. Furthermore, for all replies, the appropriate precision values—which evaluate
the signal-to-noise ratio—are significantly higher than the suggested cutoff point of 4. This
suggests that the models have a strong capacity to consistently navigate the design space,
indicating that they are appropriate for forecasting how GP and Ac/Pr would affect the
properties of mortar.

Table 6. Fit summary

Response Mean R? Adjusted R? Ad.e(.]'
Precision
Slump (cm) 15.67 0.98 0.93 15.01
Compressive strength 40.24 0.95 086 10.87
(MPa) . . . .
Porosity (%) 18.43 0.96 0.89 11.4

The model's accurate predictions across the range of each response variable are shown in
the actual vs predicted plots (Fig. 10). The model's predictions and the actual data are well
aligned in these graphs, demonstrating the validity and dependability of the regression
models created with the central composite design. This alignment is further supported by
the strong R-squared values, which demonstrate the models' capacity to represent the
underlying relationships between the response variables and the input factors.
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Furthermore, the residual plots (Fig. 11) show a random residual dispersion around zero,
suggesting that the models have successfully and fairly accounted for the data's variability.
This randomness shows that all systematic patterns have been described by the regression
models and that the models are well-specified. This demonstrates how well the models
capture the important correlations between the response and input variables. The central
composite design was used to create all-encompassing regression equations for porosity,
compressive strength, and slump. The complex relationship between GP content and
Ac/Pr ratio is described by the slump equation Eq. (1), a model of second-order
polynomials. The link between Ac/Pr and GP, which includes their interaction, is revealed
by the compressive strength model (Eq. (2)). The impact of Ac/Pr and GP on porosity is
illustrated by the porosity equation, Eq. (3).

Slump (cm) = 15.5 + 092 = GP + 1.83 * Ac/Pr —0.125 * GP  Ac/Pr (1
+ 0.25 * GP? —1.57e"(—16) * Ac/Pr?
Compressive strength (MPa)
=46.7—-0.74 = GP + 2.6 x Ac/Pr + 1.09 * GP = Ac/Pr (2)
—5.04 x GP?>—4.65 * Ac/Pr?
Porosity (%) = 15.1967 — 0.56 * GP + 0178333 * Ac/Pr — 04275 (3
* GP x Ac/Pr + 1.65 * GP? + 3.195 * Ac/Pr?

3.4. SEM/EDX Analysis

Microstructural analysis was conducted using SEM to investigate the morphological
characteristics and compositional nature of the geopolymer matrices. Fig. 12 presents SEM
micrographs of two key specimens: M1 (0% GP and 0.65 Ac/Pr) and M5 (15% GP and 0.7
Ac/Pr). The SEM image of specimen M1 reveals a heterogeneous microstructure
characterized by the presence of C-A-S-H gels, which appear as the predominant binding
phase. These C-A-S-H formations are evident as dense, amorphous regions within the
matrix. The microstructure also exhibits notable features such as pores and microcracks.
The presence of pores, varying in size and distribution, indicates the complex nature of the
geopolymerization process and its impact on the material's porosity. In contrast, the SEM
micrograph of specimen M5 demonstrates a more refined and homogeneous
microstructure. The incorporation of 15% GP and the slightly higher Ac/Pr ratio (0.7)
appear to have resulted in a denser matrix with fewer visible pores and cracks. The C-A-S-
H gel formation in M5 seems more uniform and interconnected, suggesting a more
complete geopolymerization reaction. This observation is consistent with the work of
Zhang et al. [51] who found that the incorporation of GP in slag based-geopolymers leads
to a more compact microstructure.

To confirm the chemical composition of the binding phases, EDX spectroscopy was
performed on three distinct points within the samples, as indicated in Fig. 13. The EDX
spectra reveal the elemental composition of the C-A-S-H gels, which are primarily
composed of O, Si, Al, Na, and Ca, with minor amounts of Mg. Spectrum (1) shows a high
content of Si (21.05%) and O (38.98%), indicative of the silica-rich nature of the
geopolymer gel. The presence of Al (5.81%) and Na (11.53%) confirms the formation of
sodium aluminosilicate hydrate (N-A-S-H) gels, which are typical in geopolymer systems.
The notable Ca content (9.99%) suggests the coexistence of C-A-S-H gels, likely due to the
calcium-rich nature of the slag precursor. These findings are in line with recent research
by Wang et al. [52], who observed similar elemental distributions in slag-based
geopolymers and highlighted the importance of Ca in forming robust C-A-S-H networks.
Spectra (2) and (3) show similar elemental compositions but with varying proportions.
The increase in Ca content from spectrum (1) to (2) (14.23%) and (3) (21.23%) indicates
a higher degree of C-A-S-H gel formation in these regions. This variation in Ca content
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across different points suggests a heterogeneous distribution of reaction products within
the geopolymer matrix.

Microscoples
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Fig. 12. Scanning electron microscopy micrographs of key mixtures M1 and M5

The presence of Mg in all spectra (1.63%, 0.77%, and 3.06% respectively) can be attributed
to the MgO content in the original slag, which has been incorporated into the gel structure
during geopolymerization, a phenomenon also reported by Chitsaz et al. [53] and Jin et al.
[54] in their study of alkali-activated slag systems. The EDX results corroborate the visual
observations from the SEM images, confirming the formation of C-A-S-H gels as the
primary binding phase in these slag-based geopolymers. The incorporation of GP in
specimen M5 appears to have promoted a more uniform distribution of these gels,
resulting in a denser and potentially more durable microstructure. This is consistent with
findings by Varma et al. [55] , who demonstrated that the addition of GP in geopolymers
leads to a more homogeneous gel formation due to the pore-filling effect of fine glass
particles and enhanced dissolution of silica.
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3.5. Optimization

Using a desirable approach, the formulation of the geopolymer mortar was fine-tuned to
achieve maximum slump and compressive strength with minimum porosity. Considering
their weights and relative importance, the desirability method enables the optimization of
numerous responses at once (Table 7). Level 5 weight 0.5 was given to compressive
strength because of its crucial significance in determining the geopolymer system's long-
term structural performance. Since the slump is so important for making sure the mortar
is workable, it was given a weight of 0.3 and an importance level of 5. As a measure of
durability that does not have an immediate effect, porosity was given the lowest weight of
0.2 and the fifth most important level.

Table 7. Criteria of desirability analysis

Lower Upper Lower Upper

Name Goal Limit Limit Weight Weight Importance
Compressive o
Strength (MPa) maximize 324 46.7 0.5 1 5
Slump (cm) maximize 13 18.5 0.3 1 5
Porosity (%) minimize 15.32 21.5 1 0.2 5

The optimal formulation that comes from the desirability analysis may be easily seen in
Fig. 14's contour and iso-response plots. A GP content of 18.2% and an Act/Pr ratio of 0.72
are recommended by the ideal solution.

Desirability

075

Ac/Pr
Desirability

Ac/Pr

Desirability

o [ o%

Fig. 14. Contour plot and iso-response curve of optimized formulation

GP (%)

For this optimized mixture, the predicted outcomes are shown in Fig. 15: a slump of 16.53
cm, a compressive strength of 46.64 MPa, and a porosity of 15.85%. A high level of
satisfaction with the goals and importance levels assigned to each answer variable is
shown by the total desirability value obtained of 0.95.

The point prediction (Table 8) provides valuable statistical information about the
predicted responses for the optimized formulation of the slag-based geopolymer mortar.
The predicted mean compressive strength of 46.64 MPa, slump of 16.52 cm, and porosity
of 15.85% all demonstrate favorable performance characteristics. The relatively small
standard deviations for each property (1.59204 MPa, 0.448764 cm, and 0.645938%
respectively) indicate good consistency in the mix. The narrow 95% confidence intervals
for all three properties suggest high precision in the predictions. The wider 95% tolerance
intervals for 99% of the population account for natural variability between samples, with
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compressive strength ranging from 32.14 to 61.14 MPa, slump from 12.44 to 20.61 cm, and
porosity from 9.96% to 21.73%.

(a) (b)

13 185 324 46.7

Slump = 165261 Compressive Strength = 46,6436

(c)

T

1532 215

Porosity = 15,8477

Fig. 15. Predicted responses of (a) slump (b) compressive strength (c) porosity

The relatively narrow confidence intervals for all responses indicate good precision in the
predictions, suggesting the model is well-fitted to the experimental data. The small
standard deviations, particularly for slump and porosity, suggest that the optimized
formulation should produce consistent results in terms of workability and microstructure.
The predicted compressive strength is robust, with even the lower bound of the tolerance
interval (32.14 MPa) being acceptable for many applications. This indicates that the
optimized mix is likely to meet strength requirements consistently.

Table 8. Point prediction

Compressive

Response Strength (MPa) Slump (cm) Porosity (%)
Predicted Mean 46.6436 16.5261 15.8477
Predicted Median 46.6436 16.5261 15.8477
Std Dev 1.59204 0.448764 0.645938
SE Mean 1.07329 0.302541 0.435469
95% CI low for Mean 43.2279 15.5633 14.4619
95% CI high for Mean 50.0593 17.4889 17.2336
95% TI low for 99% Pop 32.1433 12.4387 9.96452
95% TI high for 99% Pop 61.1439 20.6134 21.7309
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The predicted slump range suggests good workability, with even the extremes of the
tolerance interval (12.44 to 20.61 cm) being manageable for most construction
applications. While the mean porosity prediction is good, the wider tolerance interval
reflects the inherent variability in this property. This variability should be considered
when designing for applications where porosity is critical. The fact that all responses have
reasonably narrow prediction ranges suggests that the optimized formulation is robust
and should perform consistently across batches.

4., Conclusions

This comprehensive investigation into the impact of GP incorporation and Ac/Pr ratio on
slag-based geopolymer mortars has produced several key insights:

22

The use of central composite design and response surface methodology proved
effective in modeling and optimizing the complex interactions between input
factors (GP content and Ac/Pr ratio) and response variables (slump, compressive
strength, and porosity). These approaches provided reliable predictive models for
each response variable, evidenced by high R-squared values (ranging from 0.95 to
0.98) and narrow confidence intervals, laying a strong foundation for future
geopolymer optimization studies.

GP content and Ac/Pr ratio were found to significantly influence the properties of
slag-based geopolymer mortars, with their effects varying across different
performance metrics. This emphasizes the necessity of precisely controlling these
variables to achieve targeted performance outcomes.

Workability, as measured by slump, generally improved with increased GP content
and Ac/Pr ratio, likely due to the spherical nature of glass particles and the higher
content of activators. This has practical implications for improving the placement
and compaction of geopolymer mortars in construction settings.

Compressive strength displayed a quadratic relationship with both factors,
reaching its peak at moderate GP content and Ac/Pr ratios, indicating an optimal
formation of C-A-S-H gel structures. The highest compressive strength was
achieved with 14.2% GP and a 0.71 Ac/Pr ratio, demonstrating that these optimized
mixes can meet or exceed the strength requirements of many construction
applications.

Porosity was minimized at moderate levels of both factors, with notable quadratic
effects, especially for the Ac/Pr ratio. This underlines the need for a carefully
balanced mix design to achieve a dense microstructure while preserving sufficient
workability.

Microstructural analysis using SEM and EDX revealed that incorporating GP at
optimal levels (e.g., specimen M5 with 15% GP) led to a more refined and
homogenous microstructure with a denser C-A-S-H gel network. The EDX spectra
confirmed that C-A-S-H gels were the primary binding phase, with elemental
composition varying across different matrix regions. This microstructural
improvement supports the observed gains in mechanical properties and reduced
porosity at optimal GP content and Ac/Pr ratios.

Desirability analysis identified an optimal formulation with 18.2% GP content and
a 0.72 Ac/Pr ratio, balancing workability, strength, and porosity. The optimized
mixture is predicted to yield a slump of 16.53 cm, a compressive strength of 46.64
MPa, and a porosity of 15.85%, making it well-suited for practical applications.
The predictive models developed in this study demonstrated high accuracy and
robustness, as reflected in the strong R-squared values and narrow confidence
intervals.



Berkouche et al. / Research on Engineering Structures & Materials x(x) (xxxx) XX-xx

These findings highlight the potential for using GP in slag-based geopolymer systems,
contributing to more sustainable construction materials without compromising
performance. The optimization approach presented offers a valuable methodology for
customizing geopolymer mix designs to meet specific performance goals.

Future research should focus on long-term durability assessments of these optimized
mixtures, as well as evaluating their performance under varying curing conditions and
environmental exposures. Additionally, life cycle assessments could further quantify the
environmental advantages of incorporating waste glass in geopolymer formulations.
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