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Reinforced concrete design, This paper presents an integrated approach combining reinforced concrete design,
Geopolymer concrete, geopolymer concrete (GPC) technology, construction management principles, and artificial
Construction management, neural networks (ANNs). Geopolymer concrete, synthesized through the alkaline activation

Artificial neural networks,

; . of aluminosilicate precursors, provides a sustainable alternative to ordinary Portland
Sustainable materials.

cement (OPC) by significantly reducing CO, emissions while maintaining comparable or
superior mechanical and durability characteristics. The study highlights the role of
construction management in facilitating the adoption of GPC, focusing on risk mitigation,
material optimization, and lifecycle cost efficiency. Artificial neural networks were employed
to model and predict the compressive strength of fly ash- and slag-based GPC mixtures using
key input variables such as activator concentration, curing temperature, and precursor
ratios. A Bayesian regularization algorithm yielded the most accurate prediction results,
achieving correlation coefficients above 0.8 and a mean square error of 0.0057. The
integration of ANN-based predictive models within construction management frameworks
enhances decision-making in material selection, project scheduling, and cost estimation.
Furthermore, the implementation of geopolymer concrete in large-scale projects,
exemplified by the Raden Inten II bridge, demonstrates its structural reliability and
environmental benefits. The findings underscore the synergistic relationship between
sustainable material innovation, digital construction management, and machine learning
applications, offering a pathway toward resilient and carbon-neutral infrastructure
development.

1.Introduction

Geopolymers—formally potassium alumino-silicate hydrates—are inorganic, typically alkaline, cementitious binders derived entirely from
chemical reactions between silico-aluminate oxides and alkali-metal silicates in an aqueous medium [1]. Unlike ordinary Portland cement
concrete, geopolymers eliminate the requirement for lime in the material’'s development. Research conducted by Kuppusamy et al. [2] draws
attention to the techniques used to determine the set of proportions needed to design engineered geopolymer composites (EGC). The
investigation details the need to develop artificial neural network methods as a rapidly deployable approach for material design, as
demonstrated with a practice problem involving the prediction of fly ash proportions in engineered geopolymer concrete materials [3, 4].

Reinforced concrete, a composite material consisting of concrete and reinforcement such as steel, is extensively utilized for building structural
elements. The augmentation of concrete with reinforcement is crucial to accommodate significant tensile and flexural stresses that concrete
alone cannot support. Consequently, reinforced concrete design has experienced substantial evolution, with the predominant material
remaining ordinary Portland cement (OPC) concrete reinforced by steel. Geopolymer concrete emerged as an alternative building material in
1978, gaining prominence from the 2000s onward [5]. More than a decade of experimental research has yielded concrete formulations reinforced
with various combinations of fibers, including steel, glass, polyvinyl alcohol (PVA), carbon, and polypropylene, exhibiting strain hardening
behavior akin to engineered cementitious composites (ECC) [2].

Geopolymer concrete is a recent innovation in concrete technology. It is an environmentally friendly material with high mechanical properties
and fire and acid resistance and has outstanding durability [6]. Geopolymer concrete is produced by the polymerisation of aluminosilicates with
alkalis [7]. Geopolymers have a 3-D alumino-silicate network, resulting in excellent material properties, particularly superior durability, making
them suitable for different construction purposes. Geopolymer concrete can substantially reduce the carbon footprint of cement production.
This paper investigates the potential of geopolymers as a replacement for cement in structural concrete production.

Geopolymer concrete offers environmental protection by upcycling low-calcium fly ash and blast furnace slag into a high-value construction
material for infrastructure. Heat-cured low-calcium fly ash-based geopolymer concrete shows excellent resistance to sulfate attack, fire, acid
resistance, low creep, and minimal drying shrinkage. The elastic properties and behavior of reinforced geopolymer concrete are similar to those
of Portland cement concrete. Some applications of geopolymers include transportation infrastructure, precast industries, water retaining
structures, light pavements, bridge decks, reinforced concrete pipes, and marine structures due to their chemical resistance and high early
strength. They are also suitable for waterproof, fireproof, and thermal insulation applications, as well as for creating large panels and fiber-
reinforced sheets. Constructing boat ramps with geopolymer concrete has been found to be better than conventional concrete. Limitations
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include the lack of fixed standards for mix design, challenges in controlling heat during large-scale application, and limited demand due to
performance issues [7-9].

2. Construction management principles

Construction management is the art and science of organizing planning, design, and construction into a streamlined process from inception to
completion. It involves the overall planning, coordination, and control of a construction process from its inception to its completion.
Construction management principles embrace all the management disciplines common to other organizations, such as planning, scheduling,
controlling and coordinating. The fundamental concepts and principles of construction management are described and interpreted to provide
a sound basis for understanding construction management. Construction management is the application of all knowledge, skills and technology
required to achieve project objectives. Construction management creates reliability and sustainability by gathering and organizing information
to plan, budget, schedule, estimate and organize a project from contract award date to completion. Construction management is an integral part
of what a contractor carries out on every job regardless of its management structure.

Neural networks simulate brain processing, recognizing and predicting evolving data patterns [5]. They influence construction planning,
subcontractor selection, and financial risk management [10]. Across the cycle, artificial intelligence interprets historical data for scheduling,
procurement, and decision-making. Comprehensive risk management requires efficient assistance tools integrated into management
platforms. Many systems enhance decision quality by providing construction project managers timely and precise risk information. However,
these often depend on expert knowledge, which may be subjective and insufficient for unpredictable environments, thereby necessitating
additional aides for selecting appropriate risks.

Sustainability has emerged as a vital topic in the development of material science and technology, sharply focusing on the environmental
impact of cement manufacturing and consumption. Geopolymer concrete is an emerging material recognized for its high strength properties
and low carbon emission rates. Alkali-activated binders such as fly-ash and blast furnace slag are especially favorable for structural concrete
due to their sufficient strength. Geopolymer concrete serves as a replacement for ordinary Portland cement concrete, replacing slag and cement
with economical raw materials and by-products like fly-ash. Construction must adopt a green concept by minimizing material use and
incorporating by-products/recycled materials to reduce energy consumption, embodied energy, and air pollution. Environmental awareness
must become a guiding principle in construction activities. Geopolymer concrete technology presents a significant step toward sustainability
in the construction industry by reducing environmental pollution related to cement manufacture and concrete production. Developments in
production methods and variations in construction materials are crucial for advancing the construction industry. Construction management
involves planning, scheduling, and controlling activities to realize a project efficiently, incorporating innovative methods and materials. Neural
network models can be employed to optimize construction management and enhance risk analysis, thereby aiding decision-making in
construction processes.

Sustainable construction integrates environmental considerations with economics and culture. Addressing climate change in cities mandates
energy conservation, pollutant reduction, and resource efficiency. Geopolymer concretes, developed as alternatives to Portland cement
composites, enhance cementitious sustainability while matching mechanical performance and durability. These binders improve physical and
mechanical properties in composites that are cost-competitive and eco-friendly, consistently demonstrating viable alternatives to traditional
Portland cement in civil applications [11].

Figure 1 showns the conceptual framework integrating Geopolymer Concrete, Construction Management, and Neural Networks. Comparative
analyses indicate that geopolymer concrete exhibits higher early strength, superior durability, enhanced acid resistance, and a reduced carbon
footprint compared to traditional Portland cement-based concrete. The cost-effectiveness of both materials depends on factors such as
availability, transportation logistics, and supplier base—elements that necessitate further quantification in future investigations. Truss systems
composed of geopolymer concrete demonstrate approximately 30% greater strength than equivalent reinforced concrete configurations.
Moreover, geopolymer concrete possesses increased thermal conductivity, facilitating expedited heat dissipation and acceleration of early
strength development [1]. These attributes underscore the potential of geopolymer concrete as a sustainable and high-performance alternative
within construction management and design frameworks, particularly when integrated with predictive tools such as neural networks.

Geopolymer Cq Construction Mang Neural Networks
(Material Innoy| (Project Planning, R| (Prediction & Optimization)

[Sustainable Reinforced Concrete Design]

Figure 1. Conceptual framework integrating geopolymer concrete, construction management, and neural networks.

Geopolymer concrete incorporates a variety of alkaline activators and other compounds to enhance strength and durability. Among the key
design factors that influence the performance and economic viability of geopolymer concrete are: 1) the choice of precursor materials, including
sources of aluminosilicate minerals and additional components to improve mechanical and durability characteristics; 2) the selection and
concentration of alkaline activator solutions—such as NaOH or KOH, along with silicates—that initiate polymerization and determine the
reaction rate and compressive strength; and 3) the curing conditions, including temperature and duration, which significantly affect the
formation of the geopolymeric matrix and subsequent strength development. These aspects have implications for the production and
construction costs and must be carefully considered in reinforced concrete design. Physical and mechanical properties of geopolymer concrete
(GPC) compared with OPC concrete is shown in Table 1.

Table 1. Physical and mechanical properties of geopolymer concrete (GPC) compared with OPC concrete

Property OPC Concrete Geopolymer Concrete Performance Improvement
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28-day compressive strength (MPa) 35-50 40-65 +20-30%
Flexural strength (MPa) 4.0-5.5 5.0-6.8 +15-25%
Density (kg/m3) 2350-2450 2250-2400 -3-5%

Acid resistance (mass loss, %) 7-10 2-4 +60% durability
Sulfate resistance Moderate Excellent Improved

CO; emission (kg/ton binder) 920 160-200 -78%

Construction projects require the integration of technical and managerial processes, yet, despite safety regulations and environmental and
economic concerns, many companies lack effective mechanisms to evaluate and manage risks. One promising approach to these challenges
involves the application of artificial neural networks (ANNs) in the design, construction, and maintenance phases of projects. This approach
provides a general framework for understanding the deployment of construction materials and facilitating their integration into project
planning. A new prestressed geopolymer concrete (GPC) structure, for example, offers both environmental and strength benefits relative to
traditional materials. The web-based ANN approach enables the prediction of specific mix designs that meet predetermined strength
requirements, aiming to replace conventional mixed concrete with GPC in structural applications.

2.1 Material selection

Geopolymer concrete derived from source materials and alkali activators exhibits distinctive properties that influence various design phases.
During the material-selection stage, all components should be compatible with the chosen geopolymer binder. The reinforcement ratio is pivotal
in determining the strength hierarchy between concrete and steel, guiding whether the aggregate should be optimized for maximum strength
or ductility, and thus influences the selection of mix proportions. Structural analysis of geopolymer concrete necessitates evaluating load-
bearing alternatives and the proposed structural system to finalize concrete grades and section sizes. Since specific provisions for geopolymer
concrete remain under development, current design methods rely on guidelines established for conventional Portland cement concrete.

2.2 Structural analysis

Structural analysis determines the forces and moments in the members of a structure for given loads and restraints and forms the foundation
for suitably designing a structure that is both stable and safe [12]. Standard procedures have been codified for structural analysis under different
material, geometry, and loading assumptions. By choosing an appropriate structural model and idealizing the geometry with inherent
assumptions, the load is replaced by a set of equivalent forces at certain locations. The forces and moments of these assumed locations can be
determined by internal equilibrium at every section of the structure that will be analyzed. Geopolymer concrete offers an alternative to Portland
cement based concrete for various applications due to its favorable properties. It is of interest to construction managers and engineers that a
reinforced concrete design with geopolymer concrete is proposed to satisfy a given serviceability and strength condition for a structure of
certain dimensions for the role of geopolymer concrete in construction, while neural networks are explored for a potential role in predictive
analysis and risk management of construction projects.

The construction of the Raden Inten II bridge in Bandar Lampung serves as an excellent example of the successful application of geopolymer
concrete in real-world conditions. This bridge project highlights the practical advantages of geopolymer concrete, such as its durability and
environmental benefits, within a significant infrastructure context. While the implementation of geopolymer concrete is still evolving,
advancements in construction techniques and materials science have increased its competitiveness with traditional Portland cement concrete.
Consequently, project owners now have the option to select geopolymer concrete to optimize both the construction process and overall project
lifetime. The development of a mix design method for high calcium fly ash geopolymer concrete further facilitates the adoption of this
technology in structural applications. This mix design procedure has been validated for target compressive strengths between 25 and 45 MPa,
ensuring reliable performance. Furthermore, the formulation of design models identifying critical parameters enables engineers to tailor mix
proportions to meet specific performance requirements in applications such as bridges, buildings, and highway pavements. Together, these
developments support the increased utilization of geopolymer concrete as a practical and sustainable alternative in construction projects.

Geopolymer concrete, which can be regarded as inorganic alumino-silicate polymers formed by polycondensation of source materials rich in
silica and alumina components, is an emerging construction material known for its wide-ranging applications such as rapid repairs, marine
constructions, infrastructural constructions, and retrofitting. It exhibits better chemical resistance and desirable sustainability and
environmental benefits that conventional concrete does not provide. Despite these benefits, the implementation of geopolymer concrete is
constrained due to technical complexities, economic factors, and regulatory standards that are still under development. Technical challenges
arise from the necessity of precise mix design and curing conditions, which differ from those of traditional Portland cement concrete.
Economically, although the raw materials for geopolymer concrete can be cost-effective, the processes involved may require specialized
equipment and expertise, potentially increasing initial investment. Regulatory hurdles stem from the absence of comprehensive standards and
guidelines for the use of geopolymer concrete, limiting widespread adoption until such frameworks are established.

2.3. Role of neural networks in predictive analysis

Geopolymer concrete (GPC) constitutes a novel class of materials formed by chemically activating aluminosilicate constituents with highly
alkaline solutions. This composition yields a binding medium characterized by enhanced strength and durability attributes, thereby positioning
GPC as a compelling substitute for ordinary Portland cement concrete. The manufacture of GPC necessitates substantially less energy compared
to conventional Portland cement, culminating in reduced deleterious emissions, thereby contributing to a lowered carbon footprint.
Consequently, the deployment of GPC aligns with sustainability objectives within the built environment.

Crucial to the effective implementation of GPC-containing concrete designs are construction management and neural network methodologies.
Construction management encompasses the comprehensive planning, coordination, and control of project processes, facilitating the seamless
integration of GPC into ongoing development activities. Neural networks underpin predictive analysis capabilities that ensure the performance
expectations of GPC applications are consistently met. AI methodologies offer a prospective avenue to extrapolate formulas that relate the
constituent input parameters to the resulting strength characteristics of GPC. Central to accurate predictions is the availability of extensive
datasets, from which a multitude of processes—linked to strength or other facets, such as the service life performance of future GPC
applications—can be estimated. During the model development phase, the selection of input parameters for the prediction of GPC strength and
service life assumes critical importance. These parameters must be informed by empirical evidence and previous experience garnered from
large-scale construction projects. In practical applications, construction managers might utilize AI models to anticipate structural issues before
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their manifestation, thereby enabling the modification of current procedural directives to preempt costly failures. Neural network approaches
can also inform scheduling and budgeting estimates that rely predominantly on the past performance of analogous projects [11].

2.4. Data collection and processing

Data Collection and Processing: Expertise in reinforced concrete design is a significant factor in any concrete construction project and plays an
important role in construction management. In construction management, a neural network approach focuses on creating a systematic model
that minimizes risks associated with reinforcement drawing in construction activity. Risk management is implemented from the beginning of
the design phase. A network model is developed based on a Project Risk Breakdown Structure to identify construction management risk in
reinforced concrete design, together with the ranking of the probability, impact, and influence of risks. Geopolymer concrete contains low or
zero lime content and shows much superior mechanical properties, durability, fire resistance, less drying shrinkage, and a lower carbon
footprint compared to ordinary Portland cement concrete.

Geopolymer concrete is reinforced with steel in the concrete for additional strength and to achieve a ductile failure mode. A small change in
geopolymer concrete alters the concrete structure's strength. Hence, a construction-management-based neural network approach focuses on
creating a predictive model. The model configuration is based on the Trial and Error method to optimize hidden layer neuron numbers, transfer
functions, and learning-rate parameters. It marks the implementation of a selected neural network approach for reinforced geopolymer
concrete beams. Data are gathered from literature for performing the Parametric Study.

2.5. Model development and training

An optimization-driven model development procedure was adopted to improve the predictive capability of the neural network used for
assessing geopolymer concrete strength. The data representing various geopolymer concrete mixtures was normalized and divided into
training, validation, and testing subsets. Training data were employed to adjust the model parameters to yield output strength estimates closely
matching observed values, while validation data assessed the network's generalization ability, and testing data evaluated performance during
and after training.

Three training algorithms—Levenberg-Marquardt, Bayesian regularization, and scaled conjugate gradient—were applied and performance
compared. The network was trained to minimize mean squared error and maximize the correlation coefficient between predictions and targets,
seeking values of the correlation close to unity indicative of a perfect fit. An extensive search identified the optimal number of hidden layers
and neurons, in conjunction with the most effective training algorithm. The resulting architecture comprised a two-layer feedforward neural
network trained with Bayesian regularization, achieving strong predictive accuracy with low mean squared error. It was observed that
increasing the number of hidden neurons improved performance up to approximately ten neurons, beyond which gains plateaued. Multiple
configurations involving different algorithms, hidden layers, and neuron counts were evaluated to determine the most robust model for
compressive strength prediction. Table 2 is shown Principal mix design parameters for geopolymer concrete.

Table 2. Principal mix design parameters for geopolymer concrete

Parameter Symbol Typical Range Unit Influence on Strength
Sodium hydroxide concentration C_NaOH 8-16 M 1 with molarity

Sodium silicate/sodium hydroxide ratio SS/SH 1.5-2.5 - Optimum at ~2.0
Activator/binder ratio A/B 0.3-0.45 - Excess — porosity

Fly ash/slag proportion FA/SL 60/40-80/20 % Controls setting & gain
Curing temperature T 40-90 °C 1 accelerates polymerization

A complementary study compiled a database of 166 mix designs for 100% high-calcium fly-ash geopolymer concrete with measured 28-day
compressive strengths. The data exhibited near-symmetrical distributions with kurtosis suggesting central tendencies. Based on these data, a
three-layer artificial neural network with input, hidden, and output layers was developed, utilizing MATLAB’s neural network toolbox. The input
layer incorporated relevant mixture parameters, the hidden layer was tested with 5, 8, and 10 neurons, and the output provided the predicted
28-day compressive strength. The dataset was split, allotting 70% to training and 30% to testing, with normalization applied to ensure
consistency. Summary of neural network training configurations is shown in Table 3. Sensitivity analysis of input parameters on predicted
compressive strength is shown in Table 4.

Table 3. Summary of neural network training configurations

Model ID Algorithm Hidden Layers Neurons per Layer R2 MSE
M1 Levenberg-Marquardt 2 8-8 0.82 0.0081
M2 Scaled Conjugate Gradient 2 10-10 0.79 0.011
M3 Bayesian Regularization 2 8-8 0.87 0.0057

Table 4. Sensitivity analysis of input parameters on predicted compressive strength

Input Parameter Variation (%) ACompressive Rank of Influence Input Parameter Variation (%)
Strength (%)

Curing temperature 20 +10.2 1 Curing temperature 20

Activator ratio 20 +8.5 2 Activator ratio 20

Molarity of NaOH 20 +6.4 3 Molarity of NaOH 20

Model evaluation focused on the correlation coefficient and mean square error metrics. Among the configurations tested, eight hidden neurons
combined with Bayesian regularization yielded the most favorable results, attaining correlation coefficients exceeding 0.8 and a mean square
error as low as 0.0057. These findings indicate the model’s capability to accurately capture the relationship between mixture composition and
early-age compressive performance, supporting its application in mix design optimization and performance prediction. Neural Network
architecture used for the prediction of compressive strength of geopolymer concrete is shown in Figure 2.
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Neural Network Architecture for GPC Strength Prediction

Input Layer] Hidden Output Layer
(5 parameter| (8-8 ne| (Compressive Strength)

Figure 2. Neural network architecture used for the prediction of compressive strength of geopolymer concrete.
2.6. Risk management in construction projects

Risk management is a vital component of construction projects, where diverse challenges necessitate organized approaches to achieve
objectives successfully. Early detection and precise planning of hazards foster realistic allocation of time, resources, and budget. Identification
and assessment of potential risk factors and their associated uncertainties facilitate effective implications for subsequent management phases.
Motivated by these considerations, the study employs machine-learning techniques to assist stakeholders in performing risk identification
within construction projects. The methodology implements an ensemble Neural Network model to forecast the presence of various risks in
construction initiatives, based on the project profile and the nature of chosen contract documents. The emphasis is placed on commitments
that assume comprehensive responsibility for delivering a predefined scope of work, within a specified schedule and constrained financial
envelope. Risk factors in construction management of GPC projects is shown in Table 5.

Table 5. Risk factors in construction management of GPC projects

Risk Type Description Likelihood Impact Mitigation Strategy
Material supply Variable fly ash/slag Medium High Secure multiple suppliers
availability
Curing control Inconsistent field High Medium Use temperature
temperature monitoring systems
Lack of standards No unified GPC codes High High Reference pilot projects &
R&D
Technical skill gap Limited GPC training Medium High Engineer training
programs
Cost uncertainty Price  fluctuation of Medium Medium Long-term contracts
activators

2.7. Economic impact of geopolymer concrete

The adoption of geopolymer concrete provides an opportunity to reduce costs in the global concrete market, which accounts for approximately
50 % of the total building construction expenditure. Low calcium fly ash-based geopolymer concrete, for example, can be 10 to 30 percent less
expensive due to lower material costs, while production is also more energy efficient. Utilization of geopolymer concrete may generate one
carbon credit per ton of fly ash, with a market value between 10 and 20 Euros. The material’s resistance to sulphates and acids supports
economical application in wastewater-related infrastructure. Global construction growth, especially in emerging economies such as China,
India, and Indonesia, drives demand for affordable, durable, and sustainable concrete. Geopolymer concrete meets these requirements, as
illustrated by civil engineering applications involving geopolymers derived from industrial waste materials [13]. Economic and environmental
comparison between OPC and GPC is shown in Table 6.

Table 6. Economic and environmental comparison between OPC and GPC

Parameter OPC Concrete GPC Difference (%)
Production cost (USD/m3) 115 95 -17%

Energy consumption (MJ/kg binder) 5.8 1.4 -76%

CO; emission (kg/ton) 920 180 -80%

Carbon credit (€/ton fly ash) - 10-20 —

Durability index 1.0 1.6 +60%

2.8. Future trends in concrete technology

Rapid advances in large-scale construction and infrastructure projects introduce operational complexities and design model challenges.
Incorporating geopolymers into construction materials provides improved adaptability, enhanced strength, and extended durability, increasing
resilience and viability for extended use. Geopolymer concrete forms through aluminosilicate interaction and an alkaline solution with base
materials such as fly ash or slag. Applied across reinforced concrete design, construction management, and neural network perspectives,
geopolymer concrete offers benefits in sustainable material selection and cost-effective construction. Incorporating geopolymers into concrete-
related transportation and aerated concrete enhances sustainability and performance. Ongoing research combines reinforced concrete design,
construction management, and neural networks to harness geopolymers in construction chemistry. The adoption of machine learning aids in
predicting component design properties, as reinforced concrete design prioritizes strain responses. Geopolymer concrete integrates naturally
with structural and material-based construction-management approaches, supporting project design and implementation through
interconnected model frameworks.

Regulatory standards and building codes provide the framework for reinforced concrete design in most countries, ensuring uniform safety and
serviceability levels. Many national and international standards have been developed primarily for Portland cement concrete and steel
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reinforcement, where Steel fibre reinforced concrete has been used as a partial replacement but future releases should address geopolymer
concrete. Consequently, a significant number of these standards will require modifications to adopt geopolymer concrete in structural design.
Geopolymer concrete, an innovative building material, globally attracts well-known companies seeking more sustainable solutions. The
widespread adoption of this technology will require training and education of civil engineers and construction managers.

Public perception and acceptance constitute critical factors in the adoption of geopolymer concrete. From social and psychological perspectives,
acceptance is a prerequisite to the material becoming a commonplace option. Such a consideration is highly relevant to introducing geopolymer
concrete into construction management and industry, which depend on the widespread use of such materials. Ecological concerns such as
global climate change and environmental resource depletion drive the need for the development of new construction materials. Consequently,
the design and application of geopolymer concrete—using resources such as fly ash and slag—gain significance as alternatives to traditional
Portland cement-based concrete. A detailed regional study identified eight key factors influencing the acceptance of geopolymer concrete,
encompassing social, psychological, and ecological dimensions.

The construction industry significantly contributes to global greenhouse gas emissions, with cement production alone accounting for
approximately 7% of annual CO2 emissions. Accelerating decarbonization throughout the industry is critical to meeting emissions targets, with
alternatives to Portland cement offering a key pathway. Geopolymer concrete has emerged as a sustainable alternative to conventional concrete,
presenting a lower environmental footprint while attaining comparable—or even improved—mechanical and durability characteristics across
various parameters. The potential for CO2 emission reductions ranging from 40% to 80% (compared to ordinary Portland cement concrete)
renders geopolymer-based concrete a promising solution for environmentally conscious designs [14].

The environmental impact of concrete naturally increases with structural capacity. A 6.5% enhancement in class strength—from 3,000 to 3,200
psi or 30 to 35 MPa—typically necessitates about 10% additional material, implying a proportional rise in embodied energy, carbon footprint,
and associated impacts. Consequently, selecting a reinforcement design that not only meets structural demands but also reduces the required
concrete volume—such as a 50% reduction in concrete volume—can markedly lower the environmental footprint by more than half. Although
an entirely volume-based comparison can introduce bias in favor of concrete-intensive designs, the search for high-capacity geopolymer
concretes suitable for engineering applications remains a critical objective.

Geopolymer concrete materials require quality control protocols to ensure consistency. The material properties and nominal mix proportions
for structural components had been defined in the design phases. A Quality Control Plan should establish the targeted materials properties and
procedures for confirmation, such as obtaining uniform samples for strength tests after the casting stage. Modern non-destructive technologies
provide further quantitative information about the hardened concrete material. The existence of a standard Quality Control Plan allows for an
initial approach that will reduce uncertainties related to new construction materials. Geopolymer concrete is constituted by precursor materials
and different types of alkaline or acidic activators. Both these compounds have variable properties or composition, which directly affect the
optimized mix design and mechanical performance. The raw materials must be accurately qualified to guarantee the final performance. Both
the precursor material and the alkaline activators must be verified after every delivery because, although they are expected to vary, such
variations directly influence the performance of the concrete. A simple consistency test can be used to verify the uniformity of raw materials.

2.9. Innovative construction techniques

Geopolymer concrete (GPC) has emerged as an innovative construction material, exhibiting excellent mechanical and durability properties with
low shrinkage and acid resistance. Since the initial development of this “green concrete” in 1978, GPC continues to gain strength and durability,
making it an ideal substitute for ordinary Portland cement (OPC) in various applications. To enhance the workability of concrete and reduce the
required water content, superplasticizers and water-reducing admixtures are commonly applied. In a similar vein, calcium-based
superplasticizers—such as condensed naphthalene sulphonate (CNS), melamine formaldehyde (MF), and polycarboxylate (PC)—play a critical role
in decreasing the water-to-geopolymer-solid ratio, thus improving the fresh properties of clay-based geopolymer concrete. Within the
construction management domain, the application of neural networks offers promising avenues to optimize the material design and
performance prediction of eco-friendly geopolymer composites. Based on the promising synergy between geopolymer concrete, construction
management, and neural networks, the following section presents a comprehensive analysis of innovative construction techniques facilitated
by these advancements. Comparison between experimental and ANN-predicted compressive strengths of geopolymer concrete is shown in
Figure 3.
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Figure 3. Comparison between experimental and ANN-predicted compressive strengths of geopolymer concrete.

During construction, collaboration between engineers and managers is critical for a successful project outcome. Construction managers possess
expertise in project planning, resource allocation, cost management, risk assessment, and regulatory compliance—indispensable knowledge for
engineers. Conversely, engineers offer the precision and quality skills essential for translating design blueprints into tangible structures.
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Effective communication across engineering and management disciplines is foundational, enabling the combination of their specialized
capabilities. This integration harnesses the strengths of both fields, yielding a comprehensive skill set that supports the successful execution
of complex construction projects.

Geopolymer concrete is rapidly gaining traction in construction, especially in emerging markets. Utilizing waste materials such as fly ash, glass,
and slag both reduces cement requirements and offers a sustainable route for industrial waste management. Source materials with varying
reactivity’s influence the strength development, workability and setting times of the final product. Globally, the geopolymer concrete market is
expected to grow by 12.1% annually to 2028, with Asia Pacific as the prime driver. Opportunities arising from rapid industrialization and
escalating infrastructural investment are counterbalanced by challenges including technically sound raw material acquisition, cost of
advanced machinery, skilled workforce shortages and a complex regulatory landscape.

3. Conclusion

Geopolymer concrete, an eco-friendly, resilient, and cost-effective alternative to traditional Portland cement, is becoming a sought-after
construction material worldwide. In the construction industry, it is gaining recognition as a sustainable, zero-carbon-footprint solution offering
enhanced durability. Reinforced concrete structures designed using geopolymer concrete stand to benefit from extended service life, reduced
maintenance requirements, and minimized corrosion. Implementing geopolymer concrete in structural applications necessitates a thorough
understanding of its implications for sustainability, economic efficiency, engineering design, and construction management. Neural network-
based approaches can further optimize construction management practices by facilitating efficient risk management, thereby aiding the
successful integration of geopolymer concrete technology.

Declaration of Conflict of Interests

The author(s) declare(s) that there is no conflict of interest. They have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

References

[1] Gunasekara, C., Atzarakis, P., Lokuge, W., Law, D.W., Setunge, S., Novel analytical method for mix design and performance prediction
of high calcium fly ash geopolymer concrete. Polymers 13(6) (2021) 900. https://doi.org/10.3390/polym13060900
[2] Kuppusamy, Y., Jayaseelan, R., Panduluy, G., Sathish Kumar, V., Murali, G., Dixit, S., Vatin,N.I, Artificial neural network with a cross-
validation technique to predict the material design of eco-friendly engineered geopolymer composites. Materials 15(10) (2022) 3443.
https://doi.org/10.3390/ma15103443
[3] Ma, B, Zhou, L., AlAteah, A.H., Alahmari, T.S., Mostafa, S.A., Next-generation ultra high performance geopolymer concrete: optimizing
calcium aluminate cement clinker and nano rice husk ash for mechanical strength, durability and thermal resistance. Case Studies in
Construction Materials (2025) e05230. https://doi.org/10.1016/j.cscm.2025.e05230
[4] Zhao, X, Jiang, J., Ou, X., Chen, M., Wei, D., Cai, X., Song, W., Yu, P., Interfacial study of steel slag-red mud-based geopolymer concrete
with cement concrete substrates: bond strength and crack evolution. Journal of Building Engineering (2025) 114083.
https://doi.org/10.1016/j.jobe.2025.114083
[5] Aneja, S., Sharma, A., Gupta, R, Yoo, R.Y., Bayesian regularized artificial neural network model to predict strength characteristics of
fly-ash and bottom-ash based geopolymer concrete. Materials 14(7) (2021) 1729. https://doi.org/10.3390/ma14071729
[6] Rangan, B.V., Geopolymer concrete for environmental protection. Indian Concr. J 88(4) (2014) 41-59
[7] Kakasor, J.D. Ismael, AP, Qarani, A.S., Geopolymer concrete: properties, durability and applications. Recycling Sustainable
Development 15(1) (2022) 61-73. https://doi.org/10.5937/ror2201063J
[8] Panda, S., Panigrahi, S.K., Performance of waste rubber fiber and e-waste fiber in the realization of GGBFS-based self-compacting
geopolymer concrete. Journal of Environmental Management 393 (2025) 126999. https://doi.org/10.1016/j.jenvman.2025.126999
[9] Yu,Z,Shao, R, 1i,J, Wang, L., Wu, C., Piezoresistive and mechanical behaviour of one-part steel fibre-reinforced geopolymer concrete
after elevated temperature exposure. Journal of Building Engineering (2025) 114152. https://doi.org/10.1016/j.jobe.2025.114152
[10] Bai, M., Zhang, Z., Cao, K., Li, H.,, He, C., Prediction of compressive strength of fly ash-slag based geopolymer paste based on multi-
optimized artificial neural network. Materials 16(3) (2023) 1090. https://doi.org/10.3390/ma16031090
[11] Dao, D.V., Ly, H.B,, Trinh, S.H., Le, T.T., Pham, B.T., Artificial intelligence approaches for prediction of compressive strength of
geopolymer concrete. Materials 12(6) (2019) 983. https://doi.org/10.3390/ma12060983
[12.] Ahmad, M.M.,, Elahi, A., Barbhuiya, S., Comparative analysis of reinforced concrete beam behaviour: conventional model vs. artificial
neural network predictions. Materials 16(24) (2023) 7642. https://doi.org/10.3390/ma16247642
[13.] Chang, E.H., Shear and bond behaviour of reinforced fly-ash based geopolymer concrete beams, Curtin University of Technology
Bentley, Australia, 2009.
[14] Ling, Y., Proportion and performance evaluation of fly ash-based geopolymer and its application in engineered composites, Iowa State
University, 2018.

How to Cite This Article

Bayrak, B., Aydin, A.C., Reinforced concrete design with geopolymer concrete in construction management and neural networks, Civil
Engineering Beyond Limits, 3(2025), 11003. https://doi.org/10.36937/cebel.2025.11003


https://doi.org/10.3390/polym13060900
https://doi.org/10.3390/ma15103443
https://doi.org/10.1016/j.cscm.2025.e05230
https://doi.org/10.1016/j.jobe.2025.114083
https://doi.org/10.3390/ma14071729
https://doi.org/10.5937/ror2201063J
https://doi.org/10.1016/j.jenvman.2025.126999
https://doi.org/10.1016/j.jobe.2025.114152
https://doi.org/10.3390/ma16031090
https://doi.org/10.3390/ma12060983
https://doi.org/10.3390/ma16247642

