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Proposed simplified
methodological approach

for designing geopolymer concrete
mixtures
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The development of geopolymer concrete offers promising prospects for sustainable construction
practices due to its reduced environmental impact compared to conventional Portland cement
concrete. However, the complexity involved in geopolymer concrete mix design often poses
challenges for engineers and practitioners. In response, this study proposes a simplified approach for
designing geopolymer concrete mixtures, drawing upon principles from Portland cement concrete
mix design standards and recommended molar ratios of oxides involved in geopolymer synthesis. The
proposed methodology aims to streamline the mix design process while optimizing key factors such
as chemical composition, alkali activation solution, water content, and curing conditions to achieve
desired compressive strength and workability. By leveraging commonalities between Portland cement
concrete and geopolymer concrete, this approach seeks to facilitate the adoption of geopolymer
concrete in practical construction applications. The proposed mix design guidelines have been
validated through examples for concrete cured under different conditions, including outdoor and oven
curing. Future research should focus on validating the proposed methodology through experimental
studies and exploring cost-effective alternatives for alkali activation solutions to enhance the
feasibility and scalability of geopolymer concrete production. Overall, the proposed simplified
approach holds promise for advancing the utilization of geopolymer concrete as a sustainable
alternative in the construction industry.
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Geopolymer concrete, known for its sustainable and durable properties, offers an environmentally friendly
alternative to traditional Portland cement-based concrete. Geopolymer concrete has emerged as a promising
alternative to conventional Portland cement-based concrete due to its enhanced sustainability and durability’.
However, the design process for geopolymer concrete mixes can be intricate due to the need to balance various
raw materials and chemical reactions involved in the geopolymerization process, involving complex chemical
reactions and material considerations. In response to this complexity, a proposed simplified methodology is
introduced to streamline the process of geopolymer concrete mix design®°.

From an environmental perspective, there has been a significant increase in carbon dioxide (CO,) emissions
due to factors such as energy consumption, transportation, and industrial activities. Cement, while crucial for
infrastructure construction, contributes substantially to CO, emissions, with statistics indicating that the pro-
duction of one ton of cement results in the release of approximately one ton of CO,. Consequently, there has
been a growing interest in geopolymers as an alternative approach to mitigate CO, emissions associated with
cement processing®”.

The concept of geopolymer chemistry was patented by the Geopolymer Institute in 1979, laying the founda-
tion for the development of novel binder materials. Subsequently, in 1983, Joseph Davidovits and James Sawyer
introduced high strength geopolymer cement, which marked a significant advancement in the field®. Geopolymer
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binders can be sourced from natural or synthetic aluminosilicates, and the process of geopolymerization involves
a chemical reaction between aluminosilicate oxides (known as precursors) and alkali polysilicates, resulting in the
formation of polymeric (Si-O-Al) bonds and the creation of amorphous to semi-crystalline three-dimensional
silicoaluminate structures”®.

One notable aspect is that many waste materials contain silica and alumina, making them suitable candi-
dates for use in geopolymerization reactions and as binder materials. the incorporation waste materials into
the construction industry, there is potential to enhance both the sustainability and economic viability of infra-
structure systems®'’. The reaction mechanism of geopolymer can be shown in Fig. 1. The geopolymerization
process involves the activation of aluminosilicate precursors through an alkaline activator solution, leading
to polycondensation reactions between dissolved silica and alumina species!!. This results in the formation of
polymeric chains consisting of Si-O-Al linkages, which further cross-link to create a three-dimensional network
structure. Gel formation occurs, followed by curing, leading to the development of mechanical properties such
as compressive strength and durability. Overall, geopolymerization offers a sustainable alternative to traditional
cement-based materials, utilizing waste materials and reducing carbon dioxide emissions'2.

This methodology aims to provide a structured and accessible framework for engineers and practitioners
involved in concrete production. By emphasizing key principles and optimizing material selection, mixture
proportions, and testing protocols, this approach seeks to simplify the design process while maintaining the
performance and sustainability benefits of geopolymer concrete!*!%. Additionally, we present a comprehensive
outline of the proposed methodology, highlighting its goals, essential elements, and possible applications within
the construction sector. Through the provision of a simplified method for geopolymer concrete mix design, this
approach intends to promote the uptake of sustainable construction methods and support the development of
eco-friendly building materials’>.

This research integrates ACI 211 standards with specific oxide molar ratios to create a simplified mix design
methodology for geopolymer concrete. It combines conventional concrete mix design principles with the chemi-
cal requirements for geopolymer synthesis, optimizing both mechanical properties and chemical characteristics.
The methodology offers a clear, standardized framework, making geopolymer concrete design more accessible.
It focuses on optimizing key factors like alkali activation solutions and curing conditions, ensuring practical
applicability and cost-effectiveness. This approach facilitates the adoption of geopolymer concrete in the con-
struction industry by aligning with familiar standards and emphasizing experimental validation'®"’. The aim
of this research study is to streamline the design process, emphasize key principles, optimize material selection
and mixture proportions, standardize testing protocols, promote sustainable practices, and facilitate industry
applications. This approach aims to make geopolymer concrete mix design simplified, more practical, and envi-
ronmentally friendly for engineers and practitioners in the construction sector.

Chemical composition and synthesis

Geopolymer concrete is a novel construction material synthesized through a detailed process involving specific
raw materials and chemical reactions. Geopolymer concrete is synthesized using aluminosilicate-rich materi-
als, such as agro-industrial wastes, mixed with an alkaline activator solution containing sodium hydroxide and
sodium silicate. This mixture undergoes polymerization and cross-linking reactions, forming a three-dimensional
network structure of silicoaluminate bonds. As the material sets, it solidifies into a rigid matrix. Curing further
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Figure 1. Reaction mechanism of geopolymer!’.
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enhances its mechanical properties'®. Overall, geopolymer concrete offers a sustainable alternative to traditional
cement-based concrete, with comparable or superior performance characteristics. The following general formula
describes the chemical composition as shown in Eq. (1)%.

Mn[—(SiOZ)Z—AIOZ]n -wH,O (1)

where M is an alkali cation; z is an integer; n is the degree of polymerization and w is the molar amount of water’.
The chemistry matrix is a function of four variables, namely: Si/Al ratio, alkali activator type and concentration,
curing temperature, and water content.

Influence of Si/Al ratio

Geopolymers possess a fundamental structure comprised of (SiO,) and (AlO,) tetrahedrons interconnected by
shared oxygen atoms. The Si/Al ratio in geopolymer concrete is a crucial factor that influences various proper-
ties and performance aspects of the material. The Si/Al ratio, reflecting this arrangement, significantly influ-
ences the behavior of geopolymers. This ratio is inherent to the base material used in geopolymer production®.
While Si—O-Si bonds are stronger than Al-O-Si bonds, optimal geopolymer performance is achieved with an
intermediate Si/Al ratio within a specific alkalinity range. The ideal Si/Al ratio varies depending on the base
material and processing conditions. Certain silicates, like those in quartz, may not actively participate in reactiv-
ity, emphasizing the importance of the amorphous component as the reactive compound?®'. A higher Si/Al ratio
typically leads to faster geopolymerization kinetics and the formation of a denser, more polymerized network
structure. This results in improved mechanical properties such as compressive strength and stiffness, enhanced
chemical resistance, lower thermal conductivity, and reduced shrinkage and creep?’. However, excessively high
Si/Al ratios may lead to brittleness. Therefore, optimizing the Si/Al ratio is essential to achieve the desired balance
of properties for specific application requirements in geopolymer concrete. An increase in the concentration of
alumina and silica accelerates the geopolymerization process within the range of 3.20-3.70%. However, as the
alumina concentration in the mixture increases, neither the formation of the zeolitic phase nor the strength of
the samples improves, as noted by Brew et al.?%. The setting time of the mixture is significantly influenced by the
amount of alumina present, with higher ratios of Si to Al resulting in longer setting times. Moreover, an increase
in the concentration of alumina leads to a reduction in the strength of the concrete®.

Influence of alkali solution on geopolymer concrete

In general, hydroxide and silicate-based solutions are commonly employed either individually or in various
proportions for the synthesis of geopolymers. The composition and concentration of alkali solutions, including
hydroxide, silicate-based, and water, significantly influence the performance of geopolymers®. Typically, sodium
silicate (Na,SiO;), comprising sodium oxide (Na,0), silica dioxide (SiO,), and water (H,0), is utilized as a
silicate-based solution, and can be mixed proportionally with sodium hydroxide (NaOH), potassium hydroxide
(KOH), or a combination of both?. The activator parameters for sodium silicate are determined by the silica
modulus (Ms) or the Na,O content, with the silica modulus representing the molar ratio of SiO, to Na,O, and the
Na,O content expressed as a percentage of the weight of the raw material in its dry state. Increasing these param-
eters decreases the porosity of the mixtures, thereby improving density and maximizing compressive strength
values®. The concentration of hydroxyl ions can be measured in terms of molarity, with the optimal concentration
of NaOH dependent on the curing temperature. For geopolymers containing agro-industrial waste, the NaOH
concentration significantly influences the geopolymerization process and impacts the mechanical and physical
properties. A low concentration of NaOH in the alkali solution leads to the dissolution of calcium, facilitating the
formation of CSH (calcium silicate hydrate) gel, resulting in homogeneous and dense products®**. Conversely,
a high NaOH dosage promotes the formation of calcium hydroxide, inhibiting the formation of CSH gel. In this
scenario, variable parameters include the weight ratio of low-calcium to high-calcium raw materials and the
molar ratio of Na,O to SiO,. Additionally, unburnt carbon acts as an inert particulate, increasing the demand
for activation solution due to absorption. Mechanical activation has recently been investigated as a partial or
full replacement for chemical activation in certain geopolymers, yielding promising results and achieving high
compressive strength values when used in conjunction with activators®.

Influence of curing mode on geopolymer concrete

The optimization of geopolymer properties is significantly influenced by the curing temperature due to water
evaporation. However, excessively high curing temperatures can be detrimental and destabilize the geopolymeri-
zation process’'. Typically, a heat-curing regime is predominantly utilized in geopolymer applications, comprising
two main components. Firstly, the curing time ranges from 4 to 96 h, with an optimal practical duration of 24
h. Secondly, the temperature ranges from a minimum of 30 °C to a maximum of 90 °C. Curing methods include
steam-curing, curing in covered molds, or dry-curing, each of which affects total porosity, average pore diameter,
and microstructural characteristics®. Interestingly, Ground Granulated Blast Furnace Slag geopolymers can be
optimized at lower curing temperatures compared to low calcium geopolymers*®. It’s worth noting that there is
flexibility within the heat-curing regime. For instance, the curing process can be postponed for up to five days
without degradation. In precast concrete, there may be instances where molds need to be removed before the
completion of the curing time for reuse in another casting, leading to a two-stage curing process. While this
flexibility is beneficial for practical purposes, full curing outside the molds remains a subject of debate®*.
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Influence of water content

The impact of water content is quantified by a single parameter known as the water-to-geopolymer solids ratio
by mass. This parameter significantly influences both the compressive strength and workability of geopolymer
concrete. The total water mass comprises the combined mass of water in the sodium silicate solution, the water
used to produce the sodium hydroxide solution, and any additional water required, if applicable®. Conversely,
the geopolymer solids mass encompasses the dry raw materials and the solids present in the activator solution,
such as those in the sodium hydroxide and sodium silicate solutions (Na,O and SiO,). Increasing the water-to-
geopolymer solids ratio enhances the workability of the concrete®®. However, there exists an optimal value for
this ratio to achieve maximum compressive strength while maintaining acceptable workability. This optimal
value is influenced by the type of raw materials and the activator used*.

Geopolymer concrete (GPC)

The main difference between geopolymer concrete (GPC) and conventional Portland cement-based concrete
lies in their binder materials and chemical processes. In conventional Portland cement concrete (PCC), Portland
cement acts as the binder, forming calcium silicate hydrate (C-S-H) gel through hydration reactions with water?.
On the other hand, geopolymer concrete (GPC) uses aluminosilicate-rich materials activated with alkaline solu-
tions to form a geopolymer binder through polymerization reactions. This geopolymer binder results in denser
microstructures and reduced porosity, leading to enhanced mechanical properties and durability compared to
PCC™. This distinction leads to variations in properties such as strength, durability, and environmental impact.
However, the conventional methods that are used in the production of Portland cement concrete (PCC) can be
utilized to produce geopolymer concrete. Figure 2 shows a typical description of one cubic meter of the volume
of Portland cement concrete and geopolymer concrete®’. GPC also offers environmental benefits by utilizing
industrial by-products, reducing carbon dioxide emissions and improved resistance to chemical attack compared
to conventional concrete. Overall, while both materials are essential in construction, GPC presents a promising
alternative with improved performance and sustainability characteristics*"*2.

Proposed simplified method of geopolymer concrete mix design

A simplified mix design methodology is proposed, integrating principles from the ACI 211* standard with
recommended molar ratios of oxides crucial for geopolymer synthesis. This approach aims to achieve a desired
compressive strength while ensuring workability falls within an acceptable range, as per the standards outlined in
ACI 211%. The mix design draws parallels between Portland cement concrete and geopolymer concrete mixtures,
considering the unique properties of geopolymer concrete. By harmonizing these methodologies, an efficient
and effective mix design process can be established for geopolymer concrete applications*+*.

Water content
The water content for geopolymer concrete is a critical factor that influences the workability, strength, and
durability of the final product. The amount of water required in geopolymer concrete mixtures depends on

several factors, including the characteristics of the raw materials, the desired properties of the concrete, and the
46,47

specific mix design*®*’. Generally, the water-to-geopolymer solids ratio is used to determine the water content
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in geopolymer concrete mixtures. This ratio represents the mass of water divided by the mass of geopolymer
solids (including both dry raw materials and solids in the activator solution). The water content in geopolymer
concrete should be optimized to achieve a balance between workability and strength. Insufficient water can result
in a stiff and difficult-to-handle mixture, leading to poor compaction and decreased strength*. On the other
hand, excess water can cause segregation, bleeding, and reduced strength due to increased porosity. To determine
the appropriate water content for geopolymer concrete, it is essential to conduct mix design trials, considering
factors such as the type and proportion of raw materials, the activator solution concentration, and the desired
properties of the hardened concrete®. Trial mixes should be evaluated for workability, consistency, and strength
to identify the optimal water-to-geopolymer solids ratio for the specific application. Additionally, adjustments
to the water content may be necessary based on environmental conditions, such as temperature and humidity,
during mixing and curing®. According to ACI 211* standard, the maximum water content can be determined
from the maximum size of aggregate, as is shown in Table 1.

Alkaline activator solution content

The alkaline activator solution content is a critical parameter in geopolymer concrete mix design, composed
primarily of alkalis like sodium hydroxide and sodium silicate. It initiates the geopolymerization reaction, influ-
encing factors such as reaction kinetics and bond strength. The content varies based on factors like alkali type/
concentration, ratio to geopolymer precursors, water content, and project requirements’'. Proper determination
involves mix design trials to achieve desired properties like workability and strength. If no additional water is
required for the mixture, the water content is solely derived from the alkaline activator solution®?. According
to Heath et al.’}, mix oxide molar ratios can be utilized for geopolymer production when employing sodium or
potassium hydroxide and silicate (Na,0.nSiO, or K,0.nSi0,) activators, as outlined in Table 2, where M repre-
sents Na or K. The choice of alkaline solution will be based on molarity and concentration, adjusted according
to the desired water content. Should the selected alkaline solution necessitate less water, any remaining amount
required will be added to the mixture as extra water>*.

Water-to-geopolymer solids ratio
The water-to-geopolymer solids ratio is a crucial parameter in geopolymer concrete mix design, representing the
ratio of water mass to the mass of geopolymer solids. This ratio is essential for determining the proper amount of
water needed to achieve the desired workability and strength in the concrete mixture*%. The water-to-geopolymer
solids ratio is typically expressed as a numerical value or percentage, indicating the amount of water relative to
the mass of geopolymer precursors (such agro-industrial waste) and the solids present in the activator solution®>.
Achieving the optimal ratio involves balancing workability and mechanical properties through careful consid-
eration and mix design trials. Higher ratios enhance workability but may compromise strength and durability,
necessitating a balance tailored to project requirements and environmental conditions. Optimization of this
ratio is essential for producing high-quality geopolymer concrete with desired performance characteristics™.
In PCC, the water-to-cement ratio is determined based on the compressive strength at 28 days, as specified
by the ACI 211* standard. Likewise, the water-to-geopolymer solids ratio can be chosen using the standard
water-to-cement ratio curve presented in Fig. 3 and Table 3.

Aluminosilicate precursor content

Geopolymer precursor content denotes the quantity of raw materials employed in creating geopolymer concrete.
These materials, often agro-industrial waste with aluminosilicate content, are key constituents that undergo
geopolymerization to create the concrete’s binding matrix. Precursor content significantly impacts concrete
properties and performance, influencing factors like strength, workability, and durability”>*. Higher precursor
content can enhance strength but may reduce workability and increase shrinkage. Adjustments to precursor

Water quality in kg/m® for the nominal maximum
aggregate size (mm)
Slump 95 [125 |19 (25 |375 (50 |75 |100
25-50 207 | 199 190 | 179 | 166 154 | 130 | 113
75-100 228 |216 | 205 | 193 |181 169 | 145 | 124
150-175 243 | 228 216 | 202 | 190 178 | 160 |-
Entrapped air (%) |3 25 2 1.5 |1 05 |03 |02

Table 1. Estimated water and air content Specifications for various slumps and maximum aggregate sizes in
non-air-entrained PCC*.

Oxide ratio Si0,:AL0, M,0:8i0, H,0:M,0 M,0:AL0;
Molar ratio range 3.5-45 0.2-0.28 15-17.5 0.8-1.2

Table 2. Alkali activator molar ratios for mixing oxides*’. M represents either sodium (Na) or potassium (K).
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Figure 3. Curve depicting the relationship between strength and water-to-cement ratio®.

28 days Compressive strength (MPa) 41 35 28 21 14

‘Water-cement ratio 0.41 0.48 0.57 0.68 0.82

Table 3. Relationship between water-cement ratio and compressive strength of Portland cement concrete,
according to ACI 211* standard.

content are made to achieve desired characteristics, ensuring optimal performance in specific applications and
are crucial for producing high-quality geopolymer®.

Once the water content and water-to-geopolymer solids ratio (W/GS) have been established, the geopolymer
solids content (GS) can be computed using the method outlined in Egs. (2-5).

GS = % )

GSss = mgs x %GSss 3)
GSsu = msy x %GSsy (4)
GS = GSp + GSss + GSs (5)

where GS is geopolymer solid content; GSgs is solid content of Na,SiO3; GSgy solid content of NaOH; mg is the
content of Na,SiO; solution; mgy; is content of NaOH solution; GS is raw material content.

Entrapped air content volume

The entrapped air content volume in geopolymer concrete refers to the volume of air pockets unintentionally
trapped within the mixture during production. Similar to traditional concrete, excessive entrapped air can
weaken the material and cause defects. Measuring and controlling this volume is essential for ensuring desired
strength, durability, and workability®. Techniques such as proper mixing, equipment calibration, and optimizing
raw materials are vital for minimizing entrapped air content volume and producing high-quality geopolymer
concrete structures. Table 1 displays the percentage of entrapped air in PCC, varying with the maximum aggre-
gate size. However, trials with agro-industrial-based geopolymer have shown higher air content compared to
conventional concrete with the same coarse aggregate size®'. According to ACI 211*, a maximum coarse aggre-
gate size of 19 mm corresponds to a 2% air content volume percent. Conversely, for agro-industrial waste-based
geopolymer with a maximum coarse aggregate size of 20 mm, the air content volume percent was found to be
3.29%. This discrepancy suggests that geopolymer concrete typically has a higher entrapped air percentage than
conventional concrete. In this proposed method, the entrapped air content in geopolymer concrete is assumed
to be 3.29 V% based on the findings of Ferdous et al.*.

Superplasticizer content in geopolymer

The superplasticizer content in geopolymer concrete refers to the amount of superplasticizer additive added
to enhance the workability and flowability of the mixture. It helps overcome the low workability inherent in
geopolymer binders by reducing water content and improving particle dispersion. The optimal superplasticizer
content depends on factors like the type of superplasticizer, binder characteristics, desired workability, and ambi-
ent conditions®. Careful selection and dosing are crucial to avoid issues and ensure optimal performance of the
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concrete. Geopolymer concrete inherently possesses greater stiffness and stickiness compared to conventional
concrete. Consequently, using the same water content in geopolymer concrete would result in reduced work-
ability. To enhance workability, options include increasing water content or incorporating superplasticizers like
carboxylic ether polymer-based or naphthalene-based types®. However, augmenting water content has a more
detrimental impact on geopolymer concrete strength compared to incorporating superplasticizers. Hence, add-
ing superplasticizers is a preferable approach to improving geopolymer concrete workability. The recommended
dosage of superplasticizer typically falls within the range of 0.8 to 1.5% of the binder content®.

Geopolymer coarse aggregate volume

This refers to the quantity of coarse aggregates incorporated into geopolymer concrete mixtures. These aggregates,
typically gravel or crushed stone, contribute to the concrete’s strength, durability, and workability. They also help
reduce costs and improve dimensional stability. The volume of coarse aggregates is carefully determined based
on desired concrete properties and specific project requirements®”. Overall, their inclusion is essential for opti-
mizing geopolymer concrete performance in various construction applications. As per the ACI 211* standard,
the selection of coarse aggregate volume is based on two factors: the nominal maximum size of coarse aggregate
and the fineness modulus of fine aggregate, as detailed in Table 4. It's important to highlight that the determina-
tion of coarse aggregate volumes follows the method of oven-dry-rodded weights outlined in ASTM C29*8,

Geopolymer fine aggregate content

Geopolymer fine aggregate content refers to the proportion of fine aggregates, such as sand or crushed stone dust,
used in geopolymer concrete mixtures. Fine aggregates fill voids, enhance compactness, improve workability,
and contribute to strength and dimensional stability. Mix designs carefully balance fine aggregate content to
achieve desired performance characteristics®*’’. Overall, the inclusion of fine aggregates is crucial for optimizing
geopolymer concrete properties for various construction applications. Once the volumes of all other ingredients
are established, the remaining percentage represents the volume percentage of fine aggregate®.

The aggregates’ moisture content

The moisture content of aggregates is a key factor in concrete production, influencing workability, strength, and
durability. Excess moisture can lead to reduced workability and weakened concrete, while insufficient mois-
ture hinders hydration and strength development. Moisture content is measured through various methods and
affected by factors such as weather conditions, storage, and aggregate type”!. Proper control and management,
including storage practices and quality control measures, are essential to ensure consistent and high-quality
concrete mixes. The moisture content of aggregates impacts two factors: the weight of the aggregates and the
amount of mixing water required. Adjustments to the aggregate weight and mixing water content are determined
by the saturation level of the batched aggregates®.

Mixing, casting and compacting of geopolymer concrete
The process of mixing, casting, and compacting geopolymer concrete involves thorough mixing of dry ingre-
dients followed by the preparation of alkaline activator solutions. Wet mixing combines the activator solution
with the dry mixture, ensuring proper blending and activation of the geopolymer reaction’?. During casting,
formwork is prepared, and the concrete is poured into place, with consolidation techniques used to eliminate
voids. Compaction, either mechanical or manual, further enhances density and strength. Proper attention to
each step is crucial for ensuring the quality and durability of geopolymer concrete structures’”*. One of the
defining features of geopolymer concrete lies in its alkaline activator solution, commonly comprised of sodium
hydroxide and sodium silicate. Sodium hydroxide solution is prepared by dissolving sodium hydroxide pellets
in distilled water and should be shielded from atmospheric exposure for at least 24 h to prevent potential reac-
tions with atmospheric carbonate’®. Sodium silicate solution, often used in conjunction with sodium hydroxide,
can be obtained from manufacturers in specific concentrations. This solution is prepared by dissolving sodium
silicate in sodium hydroxide to achieve the desired concentration, with a minimum 24-h preparation period to
ensure equilibrium’®77.

Alternatively, the addition of amorphous silica with sodium hydroxide can substitute for sodium silicate, as
the alkali activator is the costliest component in geopolymer concrete. Once the activator solution is prepared,
dry materials and aggregates are mixed for at least three minutes before adding the alkaline liquid, which has

Fineness modulus of fine

aggregate
Nominal maximum aggregate size (mm) 24 |26 |28 |3
9.5 0.5 048 |0.46 |0.44
12.5 0.59 |0.57 |0.55 |0.53
19 0.66 |0.64 |0.62 |0.6
25 0.71 |0.69 |0.67 |0.65
37.5 0.75 10.73 |0.71 |0.69
50 0.78 10.76 |0.74 |0.72

Table 4. Coarse aggregate volume in 1 cubic meter of PCC*.
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been pre-mixed with superplasticizer and any required additional water’®”°. Wet mixing should continue for a
minimum of four minutes. Fresh concrete remains workable for up to 120 min after mixing. Unlike Portland
cement concrete (PCC), where dry materials are initially mixed followed by the addition of activator solution, in
geopolymer mortar or concrete, the liquid gel (alkali activator solution + precursor + superplasticizer) is formed
first before adding and mixing the aggregates. Conducting trial mixes before main experiments is crucial. Com-
paction procedures for geopolymer concrete mirror those used for conventional concrete®.

Steps in the preparation of agro waste-based geopolymer concrete

Agro waste-based geopolymer concrete refers to a type of concrete that utilizes agricultural waste materials,
such as rice husk ash, sugarcane bagasse ash, wheat straw ash, banana peel, and others, as a partial or complete
replacement for traditional cementitious materials like Portland cement. The process of producing agro waste-
based geopolymer concrete involves converting these agricultural by-products into reactive materials through
pre-processing techniques like drying and grinding®"%2. The required preparation steps are:

a. Agro Waste Selection: Choose suitable agro waste materials such as rice husk ash, sugarcane bagasse ash,
wheat straw ash, banana peel or any other appropriate waste material.

b. Pre-processing: Process the agro waste by drying it to remove moisture and then grinding it into a fine
powder. This step ensures uniform particle size and improves reactivity.

c. Alkaline Activator Preparation: Prepare an alkaline activator solution by mixing alkaline materials such
as sodium hydroxide (NaOH) with a source of silica and alumina. Common sources of silica and alumina
include sodium silicate (Na,SiO5). The proportions of the activator components depend on the desired
geopolymer mix design.

d. Mixing: Combine the processed agro waste powder with the alkaline activator solution. Mix them thoroughly
until a homogeneous paste is formed. The mixing process can be done manually or by using mechanical
mixing equipment.

e. Molding: Pour or cast the geopolymer mixture into molds or formwork, similar to traditional concrete.
Ensure proper compaction to eliminate air voids and achieve good consolidation of the mixture.

f.  Curing: Place the molded geopolymer concrete in a curing environment. Curing conditions may vary, but
commonly the concrete is kept in a temperature-controlled environment (such as an oven or curing chamber)
at a temperature around 60-80 °C. The curing period typically lasts for 24-48 h to promote geopolymeriza-
tion and strength development.

g. Demolding and Further Curing: After the initial curing period, remove the molds and allow the geopolymer
concrete to further cure under ambient conditions or by providing additional moisture. This post-curing
stage helps enhance the strength and durability of the concrete.

It is important to note that the specific proportions of agro waste, activator solution, and curing conditions
may vary depending on the desired properties of the geopolymer concrete. Additionally, it is recommended
to conduct laboratory tests and trials to optimize the mix design and fine-tune the process parameters for the
specific agro waste materials being used®>*,

The approach to designing mixes for geopolymer concrete

A straightforward mix design procedure is proposed for geopolymer concrete (GPC) using sugarcane bagasse
ash (SCBA) and banana peel ash (BPA) as precursor, following the steps of the ACI 211* specification design
for cement concrete®.

Step 1: Calculate target strength (F)

Target strength in concrete mix design refers to the desired level of compressive strength that concrete should
achieve after a specified curing period. This strength is essential because it ensures that the concrete meets the
structural and durability requirements for its intended application. Achieving the target strength is crucial for
the safety, performance, and longevity of the structure. Considering the aim of the research study the target
compressive strength for SCBA-BPA precursor mix is obtained after 28 days of the oven (heat) and outdoor
curing as shown in Eq. (6)7.

(B) = foc + 16554 ©)

where f; is the target average compressive strength of GPC at 28 days, f, is the characteristic compressive strength
at 28 days and S is the Standard Deviation.

Step 2: Choice of the slump:

The choice of slump depends on the type of work and the appropriate value can be assumed according to
workability requirement.

Step 3: Approximate air content

The approximate air content for GPC is an important factor influencing its properties, especially workability
and durability. Approximate air content in SCBA-BPA blended GPC is also taken at 1% by volume of low calcium
precursor GPC.

Step 4: Selection of binder proportion and alkaline/binder ratio

The binder proportion selection is primarily influenced by the required compressive strength and workability
of the concrete. Workability is a critical parameter that varies with binder proportions. The alkaline solution/
binder ratio, defined as the mass of the alkaline solution (NaOH + Na,SiO;) to the mass of the precursor binder
(SCBA +BPA) in a GPC mix, significantly impacts the concrete’s quality and compressive strength. A lower
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alkaline/binder ratio results in a stiffer mix with reduced compressive strength. Experimental studies have shown
that increasing the alkaline/binder ratio enhances compressive strength. For instance, at a ratio of 0.45, the mix
was stiff, whereas at 0.60, it tended to segregate. Given that different binder contents, aggregate-binder ratios,
aggregate sizes, and other characteristics can produce varying compressive strengths under outdoor and oven
curing conditions, it is preferable to establish the relationship between strength and alkaline-binder ratio for
specific in situ conditions®.

Step 5: Selection of aggregate/binder ratio for the required target strength (for SCBA + BPA)

Based on experimental findings from relevant literatures, it’s noted that higher aggregate-binder ratios lead
to reduced compressive strength, resembling trends seen in regular concrete. The choice of aggregate-binder
ratio is influenced by strength needs, binder quantity, and alkaline-binder ratio. In geopolymer concrete (GPC)
formulations incorporating agro wastes (SCBA and BPA) with varying binder levels, the disparities in compres-
sive strength are minimal, indicating that aggregate content has negligible impact on high-strength GPC®.

Step 6: Selection of binder content for the required target strength

The choice of binder content should ensure that the desired strength is achieved with the maximum binder
content. It is also influenced by the proportion of sugarcane bagasse ash (SCBA) and banana peel ash (BPA), as
well as the alkaline-binder ratio. The amount of binder needed to achieve the same compressive strength may vary
depending on the degree of SCBA or BPA and their physicochemical properties. Moreover, curing temperature
affects binder content requirements. Therefore, selecting the appropriate binder content depends on factors such
as strength requirements, availability of source materials, workability, and curing conditions®®.

Step 7: Estimation of coarse aggregate (CA) and fine aggregate (FA) content

Figure 4 illustrates the variation of binder content with the coarse aggregate (CA) to total aggregate ratio.
Through this graphical presentation, the CA to total aggregate ratio in the geopolymer concrete can be estimated
for different selected binder contents. Based on the obtained ratios, the amounts of coarse aggregate and fine
aggregate can be calculated using the expression in Eqns. 7-8%%,

Quantity of CA = (CA/Total aggregate ratio) x Total aggregate content 7)

Quantity of FA = Total aggregate — CA (8)

Step 8: Determine alkaline content

After determining the quantities of the alkaline activator solution and binder content, the amounts of coarse
and fine aggregates can be calculated. Based on literature and experimental findings, the optimal mass ratio of
Na,SiOs; solution to NaOH solution is established as 2.5. Consequently, the required quantities of Na,SiOs and
NaOH solutions are determined using the formula shown in Eqgs. (9-11). Additionally, considering the strength
and workability requirements, the molarity of NaOH is set at 10 M.

Alkaline solution = NaOH + Na,SiO3 9)
Na,SiO3/NaOH solution = 2.5 (10)

Na,SiO3 = 2.5 NaOH (11)
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Figure 4. Binder content Vs coarse aggregate-total aggregate ratio for (360-450 kg/m?)®.
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Hllustration of mix proportions utilizing the suggested method
The mix design of geopolymer concrete (GPC) is detailed below, serving as an exemplar for the proposed
methodology. Assume that geopolymer concrete made with SCBA and BPA is designed for a target strength of
30 MPa at 28 days with a slump of 50 mm. The resulting consistency and compressive strength suggest that the
concrete has lower strength and reduced workability. Based on key details from relevant literature on design
specifications, for a target compressive strength of 30 MPa, the total binder content is set at 375 kg/m37>8456,
The alkaline-binder ratio is chosen as 0.55, leading to total aggregate-binder ratio of 5.02. The optimal dosage
of Na,SiO5/NaOH is set at 2.5, using a 10 M NaOH solution.

To determine the quantity of the alkaline activator solution, the total binder content is multiplied by the ratio
of the alkaline activator solution to the binder content =375 kg/m?x 0.55 =206.25 kg/m?.

With the Na,SiO3/NaOH ratio of 2.5 known, the individual quantities of each alkaline solution can be cal-
culated as shown:

Solution of NaOH = 206.25/3.5 = 58.93 kg/m’
Solution of Na,SiO3 = 58.93 x 2.5 = 147.33 kg/m®

To determine the aggregate content for the geopolymer concrete mix, we multiply the obtained total aggregate
to binder ratio of 5.02 by the total binder content (375 kg/m?):

Total aggregate content = 5.02 x 375 kg/m® = 1882.5 kg/m°.

Total aggregate content =5.02 x 375 kg/m® = 1882.5 kg/m”.
To calculate the coarse aggregate (CA) content, we apply Eq. 7 by multiplying the Coarse aggregate/Total
aggregate ratio (0.582) which Is derived from Fig. 4 by the calculated total aggregate content:

CA = 1882.5 x 0.582 = 1095.62 kg/m3.

To calculate the fine aggregate (FA) content, we apply Eq. 8 by subtracting the coarse aggregate content cal-
culated from the total aggregate content:

FA = 1882.5 kg/m® — 1095.62 kg/m*® = 786.88 kg/m’

Table 5 presents the mix proportions for geopolymer concrete (GPC) designed to achieve a compressive
strength of 30 MPa, cured at elevated temperatures (oven curing) and outdoor curing. Using these proportions,
concrete cubes measuring 150 x 150 X 150 mm were cast and subjected to the specified curing method. The cubes
were tested at various ages and under the two different curing conditions, with the obtained experimental results
detailed in Table 6. The compressive strength results indicate that strength development significantly slowed
after 28 days of curing. The variation between the target strength achieved for these mixes and the analytically
developed results is less than 5% for all mixes. Therefore, the developed table is effective for all the proposed
mixes under both outdoor and oven curing conditions for the specified target compressive strength. Specifically,
for in situ conditions, the proposed mixes under outdoor conditions yield precise results®>*®.

GPC ingredients Quantity (kg/m?)
Precursor (SCBA + BPA) 375

Alkaline activator solution 206.25

NaOH 58.93
Na,SiO, 147.33
Coarse aggregate (CA) 1095.62
Fine Aggregate (FA) 786.88

Table 5. Mix proportion of 30 MPa grade SCBA-BPA-GPC.

Curing age (days) | Average compressive strength (oven curing) (MPa) | Average compressive strength (outdoor curing) (MPa)
1 25.89 18.78
3 28.14 20.62
7 29.95 24.03
28 32.76 30.11

Table 6. Average compressive strength results curing for 30 MPa concrete.
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Conclusion

In conclusion, the proposed simplified approach for designing geopolymer concrete mixtures offers a structured
and accessible framework for engineers and practitioners involved in concrete production. By emphasizing key
principles and optimizing material selection, mixture proportions, and testing protocols, this approach seeks
to streamline the design process while maintaining the performance and sustainability benefits of geopolymer
concrete.

a. The approach includes steps such as selecting suitable raw materials, determining the alkaline activator solu-
tion, and adjusting mix proportions based on desired concrete properties. It also incorporates considerations
for curing methods, testing procedures, and quality control measures.

b. The determining factors (including chemical composition, alkali activation solution, water content, and
curing conditions) of geopolymer are highly dependent on the source material utilized.

c. The application of heat curing restricts the practical usage of geopolymer concrete, mainly confining its use
to precast concrete applications.

d. The expense associated with synthesizing geopolymer concrete using sodium silicate is comparatively high.

e. 'This study proposes a novel simplified mix design for geopolymer concrete (GPC), drawing from the prin-
ciples of Portland cement concrete (PCC) mix design outlined in ACI 211 (2009), along with recommended
molar ratios of oxides involved in geopolymer synthesis. This streamlined approach aims to optimize the
key factors influencing geopolymer concrete to achieve optimal compressive strength while maintaining
acceptable workability. This method leverages commonalities between PCC and GPC, particularly in terms
of water and aggregate.

f.  Future research should explore the potential substitution of sodium silicate with amorphous silica sources
such as silica fume, rice husk ash, or ground waste glass in the activator solution to mitigate production costs.

Opverall, the proposed methodology aims to facilitate the adoption of geopolymer concrete in construction
projects by providing a practical and user-friendly guide. By promoting the use of alternative binders and sus-
tainable materials, this approach contributes to the advancement of environmentally friendly building practices
and helps address challenges associated with traditional cement-based concrete production. Further research
and development in this area are crucial for optimizing mix designs, refining manufacturing processes, and
promoting widespread adoption of geopolymer concrete technologies.

Recommendations for future study
For future work on the proposed simplified approach for designing geopolymer concrete mixtures, several rec-
ommendations can be made to further enhance its effectiveness and applicability:

a. Experimental Validation: Conduct experimental studies to validate the proposed methodology under vari-
ous environmental conditions, aggregate types, and curing regimes. This will provide empirical data to sup-
port the accuracy and reliability of the approach.

b. Optimization of Mix Proportions: Explore optimization techniques to refine the mix proportions and
achieve the desired performance characteristics of geopolymer concrete. This may involve investigating the
effects of different activator concentrations, curing temperatures, and aggregate types on the properties of
the concrete.

c. Life Cycle Assessment: Perform a comprehensive life cycle assessment (LCA) to evaluate the environmental
impact of geopolymer concrete produced using the proposed approach compared to traditional cement-based
concrete. This will help quantify the potential environmental benefits and identify areas for improvement.

d. Field Applications: Apply the proposed methodology in real-world construction projects to assess its prac-
tical feasibility and performance in diverse applications. Field trials can provide valuable insights into the
challenges and opportunities associated with implementing geopolymer concrete on a larger scale.

e. Standardization and Guidelines: Work towards the development of standardized guidelines and specifica-
tions for geopolymer concrete mix design based on the proposed approach. Collaboration with industry
stakeholders and regulatory bodies will be essential to ensure widespread adoption and acceptance of geo-
polymer concrete technologies.

f. Education and Training: Provide education and training programs to engineers, contractors, and other
stakeholders to familiarize them with the principles and practices of geopolymer concrete production. This
will help build capacity and foster innovation in the construction industry.

By addressing these recommendations, future research on the proposed simplified approach for designing
geopolymer concrete mixtures can contribute to the advancement and adoption of sustainable construction
practices while minimizing the environmental impact of concrete production.

Consent to participate
All authors were highly cooperative and involved in research activities and preparation of this article.

Data availability
All data generated or analyzed during this study are included in this published article.

Scientific Reports |

(2024) 14:15191 | https://doi.org/10.1038/541598-024-66093-y nature portfolio



www.nature.com/scientificreports/

Received: 21 February 2024; Accepted: 27 June 2024
Published online: 02 July 2024

References

1.
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Zakka, W. P, Lim, N. H. A. S. & Khun, M. C. A scientometric review of geopolymer concrete. J. Clean Prod. 280, 124353 (2021).
Jiang, X. et al. A comparative study on geopolymers synthesized by different classes of fly ash after exposure to elevated tempera-
tures. J. Clean. Prod. 270, 122500 (2020).

Abdel-Ghani, N. T, Elsayed, H. A. & AbdelMoied, S. Geopolymer synthesis by the alkali-activation of blastfurnace steel slag and
its fire-resistance. HBRC J. 14(2), 159-164. https://doi.org/10.1016/j.hbrcj.2016.06.001 (2018).

. Onyelowe, K. C., Van, D. B., Ubachukwu, O., Ezugwu, C., Salahudeen, B., Van, M. N,, Ikeagwuani, C., Amhadi, T, Sosa, F., Weiwu,

T. T. D., Subburaj, S., \& Ugorji, B. Recycling and reuse of solid wastes; a hub for ecofriendly, ecoefficient and sustainable soil,
concrete, wastewater and pavement reengineering. Int. J. Low-Carbon Technol. 2019, 1-12, The Author(s) 2019. Published by
Oxford University Press. https://doi.org/10.1093/ijlct/ctz028

. Onyelowe, K.A., Salahudeen, B., Eberemu, A., Ezugwu, C., Amhadi, T., & Alaneme, G. Oxides of carbon entrapment for envi-

ronmental friendly geomaterials ash derivation. In H. Ameen et al. (Eds.) Springer Nature Switzerland AG 2020 GeoMEast 2019,
SUCI, pp. 58-67. https://doi.org/10.1007/978-3-030-34199-2_4(2020).

. Davidovits., J.,. Geopolymer cements to minimise carbon-dioxide greenhouse-warming. Ceramic Trans. 37(1), 165-182 (1993).
. Davidovits, J. 30 years of successes and failures in geopolymer applications. Market trends and potential breakthroughs. In Geo-

polymer 2002 Conference, pp. 1-16 (2002). https://doi.org/10.1017/CB0O9781107415324.004.

. Davidovits, ]. Geopolymers—Inorganic Polymeric New Materials. J. Therm. Anal. 37(8), 1633-1656. https://doi.org/10.1007/BF019

12193 (1991).

. Onyelowe, K., Salahudeen, A. B., Eberemu, A., Ezugwu, C., Amhadi, T., Alaneme, G., & Sosa, F. Utilization of solid waste deriva-

tive materials in soft soils re-engineering. In Ameen, H., et al. (Eds.): GeoMEast. (Springer, Nature Switzerland AG 2020), SUCI
(2020) pp. 49-57. https://doi.org/10.1007/978-3-030-34199-2_3.

Verma, M. & Dev, N. Review on the effect of different parameters on behavior of geopolymer concrete. Int. J. Innov. Res. Sci. Eng.
Technol. 6,11276-11281 (2017).

Alawi, A. et al. Eco-friendly geopolymer composites prepared from agro-industrial wastes: a state-of-the-art review. Civil. Eng.
4(2), 433-453. https://doi.org/10.3390/civileng4020025 (2023).

Imtiaz, L., Rehman, S. K. U., Memon, A. S., Khizar, K. M. & Faisal, J. M. A review of recent developments and advances in eco-
friendly geopolymer concrete. Appl. Sci. 10, 7838 (2020).

Alaneme, G. U,, Olonade, K. A. & Esenogho, E. Critical review on the application of artificial intelligence techniques in the pro-
duction of geopolymer-concrete. SN Appl. Sci. 5, 217. https://doi.org/10.1007/s42452-023-05447-z (2023).

Iro, U. I et al. Optimization of cassava peel ash concrete using central composite design method. Sci. Rep. 14, 7901. https://doi.
0rg/10.1038/s41598-024-58555-0 (2024).

Shehata, N., Sayed, E. T. & Abdelkareem, M. A. Recent progress in environmentally friendly geopolymers: A review. Sci Total
Environ. 762, 143166 (2021).

Mohamed, O. & Zuaiter, H. Fresh properties, strength, and durability of fiber-reinforced geopolymer and conventional concrete:
A review. Polymers (Basel). 16(1), 141. https://doi.org/10.3390/polym16010141 (2024).

Oti, J., Adeleke, B. O., Anowie, E. X, Kinuthia, J. M. & Ekwulo, E. Mechanical properties of a sustainable low-carbon geopolymer
concrete using a pumice-derived sodium silicate solution. Materials (Basel). 17(8), 1792. https://doi.org/10.3390/mal17081792
(2024).

Li, N., Shi, C., Zhang, Z., Wang, H. & Liu, Y. A review on mixture design methods for geopolymer concrete. Compos. Part B: Eng.
178(April), 107490. https://doi.org/10.1016/j.compositesb.2019.107490 (2019).

Oyebisi, S., Ede, A., Olutoge, F. & Omole, D. Geopolymer concrete incorporating agro-industrial wastes: Effects on mechanical
properties, microstructural behaviour and mineralogical phases. Const. Build. Mater. 256, 119390 (2020).

Krishnan, L., Karthikeyan, S., Nathiya, S. & Suganya, K. Geopolymer concrete an eco-friendly construction material. Int. J. Res.
Eng. Technol. 3, 164-167 (2014).

Xu, H. & Van Deventer, J. S. J. The geopolymerisation of alumino-silicate minerals. Int. J. Miner. Proc. 59(3), 247-266. https://doi.
0rg/10.1016/S0301-7516(99)00074-5 (2000).

Zheng, L., Wang, W. & Shi, Y. The effects of alkaline dosage and Si/Al ratio on the immobilisation of heavy metals in municipal
solid waste incineration fly ash-based geopolymer. Chemosphere 79(6), 665-671. https://doi.org/10.1016/j.chemosphere.2010.02.
018 (2010).

Kubba, Z. et al. Impact of curing temperatures and alkaline activators on compressive strength and porosity of ternary blended
geopolymer mortars. Case Stud. Constr. Mater. 9, €00205. https://doi.org/10.1016/j.cscm.2018.e00205 (2018).

Brew, D. R. M. & MacKenzie, K. J. D. Geopolymer synthesis using fumed silica and sodium aluminate. J. Mater. Sci. 42(11),
3990-3993 (2007).

De Silva, P,, Sagoe-Crenstil, K. & Sirivivatnanon, V. Kinetics of geopolymerization: Role of AL,O; and SiO,. Cem. Concr. Res. 37(4),
512-518 (2007).

Provis, J. L. & Bernal, S. A. Geopolymers and related alkali-activated materials. Annu. Rev. Mater. Res. 44, 299-327 (2014).
Zhang, B., MacKenzie, K. J. & Brown, I. W. Crystalline phase formation in metakaolinite geopolymers activated with NaOH and
sodium silicate. J. Mater. Sci. 44(17), 4668-4676 (2009).

Uwadiegwu, A. G. & Michael, M. E. Characterization of bambara nut shell ash (BNSA) in concrete production. Jurnal Kejuruteraan.
33(3), 621-634. https://doi.org/10.17576/jkukm-2021-33(3)-21 (2021).

Silva, G. et al. Analysis of the production conditions of geopolymer matrices from natural pozzolana and fired clay brick wastes.
Constr. Build. Mater. 215, 633-643. https://doi.org/10.1016/j.conbuildmat.2019.04.247 (2019).

Bondar, D., Lynsdale, C. J., Milestone, N. B., Hassani, N. & Ramezanianpour, A. A. Engineering properties of alkali activated
natural pozzolan concrete. ACI Mater. ] 108, 64-72 (2011).

Chindaprasirt, P., De Silva, P,, Sagoe-Crentsil, K. & Hanjitsuwan, S. Efect of Si02 and Al203 on the setting and hardening of high
calcium fy ash-based geopolymer systems. J. Mater. Sci. 47, 4876-4883 (2012).

Abdullah, M. M. et al. The relationship of NaOH molarity, Na2SiO3/NaOH ratio, fly ash/alkaline activator ratio, and curing
temperature to the strength of fly ash-based Geopolymer. AMR. 328-330, 1475-1482 (2011).

Chi, M. Effects of the alkaline solution/binder ratio and curing condition on the mechanical properties of alkali-activated fly ash
mortars. Sci. Eng. Compos. Mater. 24, 773-782 (2017).

De Vargas, A. S. et al. The efects of Na20/SiO2 molar ratio, curing temperature and age on compressive strength, morphology and
microstructure of alkali-activated fy ash-based geopolymers. Cem. Concr. Compos. 33, 653-660 (2011).

Ikpa, C. C. et al. Evaluation of water quality impact on the compressive strength of concrete. J. Kejuruteraan 33(3), 527-538. https://
doi.org/10.17576/jkukm-2021-33(3)-15 (2021).

Shoaei, P, Musaeei, H. R. & Farinaz Mirlohi, S. Waste ceramic powder-based geopolymer mortars: Effect of curing temperature
and alkaline solution-to-binder ratio. Constr. Build. Mater. 227, 116686. https://doi.org/10.1016/j.conbuildmat.2019.116686 (2019).

Scientific Reports |

(2024) 1415191 | https://doi.org/10.1038/s41598-024-66093-y nature portfolio


https://doi.org/10.1016/j.hbrcj.2016.06.001
https://doi.org/10.1093/ijlct/ctz028
https://doi.org/10.1007/978-3-030-34199-2_4
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1007/BF01912193
https://doi.org/10.1007/BF01912193
https://doi.org/10.1007/978-3-030-34199-2_3
https://doi.org/10.3390/civileng4020025
https://doi.org/10.1007/s42452-023-05447-z
https://doi.org/10.1038/s41598-024-58555-0
https://doi.org/10.1038/s41598-024-58555-0
https://doi.org/10.3390/polym16010141
https://doi.org/10.3390/ma17081792
https://doi.org/10.1016/j.compositesb.2019.107490
https://doi.org/10.1016/S0301-7516(99)00074-5
https://doi.org/10.1016/S0301-7516(99)00074-5
https://doi.org/10.1016/j.chemosphere.2010.02.018
https://doi.org/10.1016/j.chemosphere.2010.02.018
https://doi.org/10.1016/j.cscm.2018.e00205
https://doi.org/10.17576/jkukm-2021-33(3)-21
https://doi.org/10.1016/j.conbuildmat.2019.04.247
https://doi.org/10.17576/jkukm-2021-33(3)-15
https://doi.org/10.17576/jkukm-2021-33(3)-15
https://doi.org/10.1016/j.conbuildmat.2019.116686

www.nature.com/scientificreports/

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

. Ban, C. C,, Ken, P. W. & Ramli, M. Effect of sodium silicate and curing regime on properties of load bearing geopolymer mortar
block. J. Mater. Civ. Eng. 29, 1-9 (2017).

Dao, D. V,, Ly, H. B, Trinh, S. H,, Le, T. T. & Pham, B. T. J. M. Artificial intelligence approaches for prediction of compressive
strength of geopolymer concrete. Materials 12, 983 (2019).

Ghafoor, M. T. & Fujiyama, C. Mix design process for sustainable self-compacting geopolymer concrete. Heliyon. 9(11), e22206.
https://doi.org/10.1016/j.heliyon.2023.e22206 (2023).

Lloyd, N. A., & Rangan, B. V. Geopolymer concrete with fly ash, pp. 1493-1504. In 2nd International Conference on Sustainable
Construction Materials and Technologies. Vol. 7 (2010).

Akeke, G. A. et al. Experimental investigation and modelling of the mechanical properties of palm oil fuel ash concrete using
Scheffe’s method. Sci. Rep. 13, 18583. https://doi.org/10.1038/s41598-023-45987-3 (2023).

Agor, C. D., Mbadike, E. M. & Alaneme, G. U. Evaluation of sisal fiber and aluminum waste concrete blend for sustainable con-
struction using adaptive neuro-fuzzy inference system. Sci. Rep. 13, 2814. https://doi.org/10.1038/541598-023-30008-0 (2023).
ACI 211, Committee. Standard Practice for Selecting Proportions for Normal, Heavy-Weight, and Mass Concrete (2009).
Pavithra, P, Srinivasula Reddy, M., Pasla Dinakar, B. & Hanumantha Rao, B. K. A mix design procedure for geopolymer concrete
with fly ash. J. Clean. Prod. 133(May), 117-125. https://doi.org/10.1016/j.jclepro.2016.05.041 (2016).

Ewa, D. E. et al. Optimization of saw dust ash and quarry dust pervious concrete’s compressive strength using Scheffe’s simplex
lattice method. Innov. Infrastruct. Solut. 8, 64. https://doi.org/10.1007/s41062-022-01031-3 (2023).

Zuhua, Z., Xiao, Y., Huajun, Z. & Yue, C. Role of water in the synthesis of calcined kaolin-based geopolymer. Appl. Clay Sci. 43(2),
218-223 (2009).

Chimmaobi, O., Mbadike, E. M. & Alaneme, G. U. Experimental investigation of cassava peel ash in the production of concrete
and mortar. Umudike J. Eng. Technol. 6(2), 10-21. https://doi.org/10.33922/j.ujet_v6il_1 (2020).

Krivenko, P, Dilenko, A. & Rudenko, P. Infuence of water absorption on mechanical properties of geopolymer binders. Proc. Eng.
108, 547-554 (2015).

Mishra, A. et al. Efect of concentration of alkaline liquid and curing time on strength and water absorption of geopolymer concrete.
ARPN J. Eng. Appl. Sci. 3, 14-18 (2008).

Iro, U. L et al. Optimization and simulation of saw dust ash concrete using extreme vertex design method. Adv. Mater. Sci. Eng.
5082, 139. https://doi.org/10.1155/2022/5082139 (2022).

51. Ferndndez-Jiménez, A., Cristelo, N., Miranda, T. & Palomo, A. Sustainable alkali activated materials: Precursor and activator
derived from industrial wastes. J. Clean Prod. 162, 1200-1209 (2017).

52. Albitar, M., Mohamed, A. M. S., Visintin, P. & Drechsler, M. Durability evaluation of geopolymer and conventional concretes.
Constr. Build. Mater. 136, 374-385 (2017).

53. Heath, A., Paine, K. & McManus, M. Minimising the global warming potential of clay based geopolymers. J. Clean. Prod. 78, 75-83.
https://doi.org/10.1016/j.jclepro.2014.04.046 (2014).

54. Amran, Y. H., Alyousef, R., Alabduljabbar, H. & El-Zeadani, M. Clean production and properties of geopolymer concrete: A review.
J. Clean. Prod. 251, 119679 (2020).

55. Yusslee, E. & Beskhyroun, S. The effect of water-to-binder ratio (W/B) on pore structure of one-part alkali activated mortar. Heliyon.
9(1), €12983. https://doi.org/10.1016/j.heliyon.2023.e12983 (2023).

56. Risdanareni, P. & Ekaputri, J. J. The influence of alkali activator concentration to mechanical properties of geopolymer concrete
with trass as a filler. Mater. Sci. Forum 803, 125-134 (2015).

57. Pereira, A. et al. Mechanical and durability properties of alkali-activated mortar based on sugarcane bagasse ash and blast furnace
slag. Ceram. Int. 41, 13012-13024 (2015).

58. Alaneme, G. U. et al. Mechanical strength optimization and simulation of cement kiln dust concrete using extreme vertex design
method. Nanotechnol. Environ. Eng. 7(4), 467-490. https://doi.org/10.1007/s41204-021-00175-4 (2022).

59. Tchadjie, L. N. & Ekolu, S. O. Enhancing the reactivity of aluminosilicate materials toward geopolymer synthesis. J. Mater. Sci. 53,
4709-4733 (2018).

60. Mohamed, R. et al. Heat evolution of alkali-activated materials: a review on influence factors. Constr. Build. Mater. 314, 125651
(2022).

61. Aygormez, Y., Canpolat, O. & Al-mashhadani, M. M. Assessment of geopolymer composites durability at one year age. J. Build
Eng. 32, 101453 (2020).

62. Zhan, ], Fu, B. & Cheng, Z. Macroscopic properties and pore structure fractal characteristics of alkali-activated metakaolin-slag
composite cementitious materials. Polymers (Basel). 14(23), 5217. https://doi.org/10.3390/polym14235217 (2022).

63. Ferdous, M. W,, Kayali, O., & Khennane, A. A detailed procedure of mix design for fly ash based geopolymer concrete. In Proceed-
ings of the 4th Asia-Pacific Conference on FRP in Structures, APFIS 2013 (December), pp. 11-13 (2013).

64. Nguyen, T. T., Goodier, C. I. & Austin, S. A. Factors affecting the slump and strength development of geopolymer concrete. Constr.
Build. Mater. 261, 119945 (2020).

65. Aliabdo, A., Elmoaty, A. & Salem, H. A. Effect of water addition, plasticizer and alkaline solution constitution on fly ash based
geopolymer concrete performance. Constr. Build. Mater. 121, 694-703 (2016).

66. Carabba, L., Manzi, S. & Bignozzi, M. C. Superplasticizer addition to carbon fly ash geopolymers activated at room temperature.
Materials (Basel). 9(7), 586. https://doi.org/10.3390/ma9070586 (2016).

67. Alaneme, G. U, Olonade, K. A. & Esenogho, E. Eco-friendly agro-waste based geopolymer-concrete: A systematic review. Discov.
Mater. 3, 14. https://doi.org/10.1007/s43939-023-00052-8 (2023).

68. ASTM C29/C29M-17a, Standard Test Method for Bulk Density (“Unit Weight”) and Voids in Aggregate, ASTM International,
West Conshohocken, PA. https://doi.org/10.1520/C0029_C0029M-17A (2017).

69. Ukpata, J. O. et al. Effects of aggregate sizes on the performance of laterized concrete. Sci. Rep. 14, 448. https://doi.org/10.1038/
$41598-023-50998-1 (2024).

70. Ewa, D. E. et al. Scheffe’s simplex optimization of flexural strength of quarry dust and sawdust ash pervious concrete for sustainable
pavement construction. Materials. 16(2), 598. https://doi.org/10.3390/ma16020598 (2023).

71. Khater, H. M. & Abd El Gawaad, H. A. Characterisation of alkali activated geopolymer mortar doped with MWCNT. Constr. Build.
Mater. 102, 329-337. https://doi.org/10.1016/j.conbuildmat.2015.10.121 (2016).

72. Oyebisi, S. et al. 14 molar concentrations of alkali-activated geopolymer concrete. IOP Conf. Ser. Mater. Sci. Eng. https://doi.org/
10.1088/1757-899X/413/1/012065 (2018).

73. Alaneme, G. U,, Mbadike, E. M., Attah, I. C. & Udousoro, I. M. Mechanical behaviour optimization of saw dust ash and quarry
dust concrete using adaptive neuro-fuzzy inference system. Innov. Infrastruct. Solut. 7, 122. https://doi.org/10.1007/s41062-021-
00713-8 (2022).

74. Alaneme, G. U. & Mbadike, E. M. optimization of strength development of bentonite and palm bunch ash concrete using fuzzy
logic. Int. J. Sustain. Eng. 14(4), 835-851. https://doi.org/10.1080/19397038.2021.1929549 (2021).

75. Ojha, A. & Aggarwal, P. Fly ash based geopolymer concrete: A comprehensive review. Silicon 14, 2453-2472. https://doi.org/10.
1007/s12633-021-01044-0 (2022).

76. Ahmad, A. et al. Prediction of geopolymer concrete compressive strength using novel machine learning algorithms. Polymers 13,
3389 (2021).

Scientific Reports|  (2024) 14:15191 | https://doi.org/10.1038/s41598-024-66093-y nature portfolio


https://doi.org/10.1016/j.heliyon.2023.e22206
https://doi.org/10.1038/s41598-023-45987-3
https://doi.org/10.1038/s41598-023-30008-0
https://doi.org/10.1016/j.jclepro.2016.05.041
https://doi.org/10.1007/s41062-022-01031-3
https://doi.org/10.33922/j.ujet_v6i1_1
https://doi.org/10.1155/2022/5082139
https://doi.org/10.1016/j.jclepro.2014.04.046
https://doi.org/10.1016/j.heliyon.2023.e12983
https://doi.org/10.1007/s41204-021-00175-4
https://doi.org/10.3390/polym14235217
https://doi.org/10.3390/ma9070586
https://doi.org/10.1007/s43939-023-00052-8
https://doi.org/10.1520/C0029_C0029M-17A
https://doi.org/10.1038/s41598-023-50998-1
https://doi.org/10.1038/s41598-023-50998-1
https://doi.org/10.3390/ma16020598
https://doi.org/10.1016/j.conbuildmat.2015.10.121
https://doi.org/10.1088/1757-899X/413/1/012065
https://doi.org/10.1088/1757-899X/413/1/012065
https://doi.org/10.1007/s41062-021-00713-8
https://doi.org/10.1007/s41062-021-00713-8
https://doi.org/10.1080/19397038.2021.1929549
https://doi.org/10.1007/s12633-021-01044-0
https://doi.org/10.1007/s12633-021-01044-0

www.nature.com/scientificreports/

77. Bayuaji, R., Yasin, A. K., Susanto, T. E. & Darmawan, M. S. A review in geopolymer binder with dry mixing method (geopolymer
cement). AIP Conf Proc. 1887, 020022 (2017).

78. Manzi, S., Baldazzi, L. & Saccani, A. Formulating geopolymer mortars through construction and demolition waste (CDW) recy-
cling: A comprehensive case study. Materials (Basel). 16(23), 7304. https://doi.org/10.3390/ma16237304 (2023).

79. Zerfu, K. & Ekaputri, J. ]. Review on alkali-activated fly ash based geopolymer concrete. Mater. Sci. Forum. 841, 162-169. https://
doi.org/10.4028/www.scientifc.net/msf.841.162 (2016).

80. ElyamanyHafez, E., AbdElmoatyAbd, E. M. & ElshabouryAhmed, M. Magnesium sulfate resistance of geopolymer mortar. Constr.
Build. Mater. 184, 111-127 (2018).

81. Alaneme George, U. ‘Modelling of the mechanical properties of concrete with cement ratio partially replaced by aluminium waste
and sawdust ash using artificial neural network. M. SN Appl. Sci. 1, 1514. https://doi.org/10.1007/s42452-019-1504-2 (2019).

82. Alaneme, G. U. & Mbadike, E. M. Experimental investigation of Bambara nut shell ash in the production of concrete and mortar.
Innov. Infrastruct. Solut. 6, 66. https://doi.org/10.1007/s41062-020-00445-1 (2021).

83. Bondar, D., Lynsdale, C. J., Milestone, N. B., Hassani, N. & Ramezanianpour, A. A. Engineering properties of alkali activated
natural pozzolan concrete. ACI Mater J. 108, 6 (2011).

84. Ojha, A. & Aggarwal, P. Development of Mix design guidelines for low calcium fly ash-based geopolymer concrete—a quantitative
approach. Silicon 15, 3681-3694. https://doi.org/10.1007/s12633-023-02299-5 (2023).

85. Gill, P. Development of detailed mix design methodology for low calcium fly ash based geopolymer concrete incorporating OPC
and crumb rubber. Infrastructures 7, 149. https://doi.org/10.3390/infrastructures7110149 (2022).

86. Mallikarjuna Rao, G. & Gunneswara Rao, T. D. A quantitative method of approach in designing the mix proportions of fly ash and
GGBS-based geopolymer concrete. Aust. J. Civ. Eng. https://doi.org/10.1080/14488353.2018.1450716 (2018).

87. Bhina, M. R,, Liu, K. Y., Hu, J. H. & Tsai, C. T. Investigation of the mechanical properties of quick-strength geopolymer material
considering preheated-to-room temperature ratio of sand, Na,SiO;-to-NaOH Ratio, and Fly Ash-to-GGBS ratio. Polymers (Basel).
15(5), 1084. https://doi.org/10.3390/polym15051084 (2023).

Acknowledgements
The authors of this review article acknowledge the support of Kampala International University, Uganda for the
PhD studies of George Uwadiegwu Alaneme.

Author contributions

GUA, (Conceptualization: Lead; Formal analysis: Lead; Investigation: Equal; Methodology: Equal; Project admin-
istration: Supporting; Resources: Lead; Software: Lead; Writing—original draft: Lead; Writing—review & editing:
Supporting). KAO, (Conceptualization: Supporting; Formal analysis: Supporting; Investigation: Equal; Methodol-
ogy: Lead; Project administration: Lead; Supervision: Lead; Validation: Lead; Writing—review & editing: Lead).
EE, (Conceptualization: Supporting; Formal analysis: Supporting; Investigation: Supporting; Methodology: Sup-
porting; Project administration: Equal; Software: Equal; Supervision: Lead; Validation: Lead; Writing—review &
editing: Supporting). MML, (Formal analysis: Supporting; Investigation: Supporting; Methodology: Supporting;
Project administration: Equal; Software: Equal; Supervision: Supporting; Writing—review & editing: Supporting).
All authors have declared and agreed to publish this research article.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.U.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024, corrected publication 2024

Scientific Reports |

(2024) 1415191 | https://doi.org/10.1038/s41598-024-66093-y nature portfolio


https://doi.org/10.3390/ma16237304
https://doi.org/10.4028/www.scientifc.net/msf.841.162
https://doi.org/10.4028/www.scientifc.net/msf.841.162
https://doi.org/10.1007/s42452-019-1504-2
https://doi.org/10.1007/s41062-020-00445-1
https://doi.org/10.1007/s12633-023-02299-5
https://doi.org/10.3390/infrastructures7110149
https://doi.org/10.1080/14488353.2018.1450716
https://doi.org/10.3390/polym15051084
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Proposed simplified methodological approach for designing geopolymer concrete mixtures
	Chemical composition and synthesis
	Influence of SiAl ratio
	Influence of alkali solution on geopolymer concrete
	Influence of curing mode on geopolymer concrete
	Influence of water content

	Geopolymer concrete (GPC)
	Proposed simplified method of geopolymer concrete mix design
	Water content
	Alkaline activator solution content
	Water-to-geopolymer solids ratio
	Aluminosilicate precursor content
	Entrapped air content volume
	Superplasticizer content in geopolymer
	Geopolymer coarse aggregate volume
	Geopolymer fine aggregate content
	The aggregates’ moisture content

	Mixing, casting and compacting of geopolymer concrete
	Steps in the preparation of agro waste-based geopolymer concrete
	The approach to designing mixes for geopolymer concrete
	Illustration of mix proportions utilizing the suggested method


	Conclusion
	Recommendations for future study
	Consent to participate

	References
	Acknowledgements


