
Citation: Shan Ul Haq, Muhammad Safi Ullah, Muneeb Jamshed, Muhammad Ibrahim Khan, Muneeb Ahmad, Roma 

Tul Qubra, Muhammad Qasim Ch, Md Zia Ul Haque, Shahid Ahmad. From Blueprint to Smart City: Pioneering Self-

Healing Nano-Engineered Eco-Friendly Concrete and AI-Integrated Structural Health Monitoring for Next-Generation 

Energy-Efficient Sustainable Architecture. Sch J Eng Tech, 2026 Jun 14(6): 325-354. 

 
325 

 

Scholars Journal of Engineering and Technology           

Abbreviated Key Title: Sch J Eng Tech 

ISSN 2347-9523 (Print) | ISSN 2321-435X (Online)  

Journal homepage: https://saspublishers.com  

 

 

From Blueprint to Smart City: Pioneering Self-Healing Nano-Engineered 

Eco-Friendly Concrete and AI-Integrated Structural Health Monitoring 

for Next-Generation Energy-Efficient Sustainable Architecture 
Shan Ul Haq1*, Muhammad Safi Ullah2, Muneeb Jamshed3, Muhammad Ibrahim Khan2, Muneeb Ahmad2, Roma Tul 

Qubra2, Muhammad Qasim Ch1, Md Zia Ul Haque4, Shahid Ahmad5 
 

1Department of Civil Engineering, HITEC University Taxila, Taxila Cantt, Pakistan 
2Department of Civil Engineering, Swedish College of Engineering and Technology, Wah Cantt, Pakistan 
3Department of Civil Engineering, University of Engineering and Technology Peshawar, Peshawar, Pakistan 
4Department of Computer Science and Engineering, Northern University Bangladesh 
5School of Materials Science and Engineering, Southeast University, Nanjing, China 
 

DOI: https://doi.org/10.36347/sjet.2026.v14i06.005                | Received: 05.04.2026 | Accepted: 12.06.2026 | Published: 22.06.2026 
 

*Corresponding author: Shan Ul Haq 
Department of Civil Engineering, HITEC University Taxila, Taxila Cantt, Pakistan 

 

Abstract  Original Research Article 

 

The construction industry is increasingly seeking multifunctional materials capable of enhancing structural durability while 

minimizing environmental impact. This study presents the development and comprehensive evaluation of a novel self-healing 

nano-engineered geopolymer concrete incorporating nano-silica (SiO₂), graphene oxide (GO), titanium dioxide (TiO₂), 

biochar, fly ash, ground granulated blast furnace slag (GGBS), and microencapsulated calcium-based healing agents for 

sustainable smart-city infrastructure applications. Comprehensive physicochemical and microstructural characterization was 

conducted using X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Field Emission Scanning 

Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), Thermogravimetric Analysis (TGA), 

Differential Scanning Calorimetry (DSC), Atomic Force Microscopy (AFM), and Brunauer–Emmett–Teller (BET) surface 

analysis. The characterization results revealed enhanced geopolymeric gel formation, refined pore structure, improved 

nanoparticle dispersion, and stronger interfacial bonding within the composite matrix. Mechanical performance was evaluated 

through compressive, split tensile, flexural, fracture toughness, and impact resistance testing, while durability assessment 

included water permeability, sorptivity, rapid chloride penetration, sulfate resistance, freeze–thaw stability, corrosion 

resistance, and self-healing behavior. The developed composite demonstrated superior mechanical integrity and enhanced 

durability characteristics compared with conventional cementitious systems. Self-healing investigations confirmed effective 

crack-sealing capability, contributing to long-term structural performance and service-life extension. To enable intelligent 

infrastructure functionality, embedded piezoelectric and fiber-optic sensors were integrated with an Internet of Things (IoT)-

based monitoring platform for continuous assessment of strain, vibration, acoustic emissions, and crack propagation. 

Furthermore, machine-learning models based on Long Short-Term Memory (LSTM), Random Forest (RF), and Convolutional 

Neural Networks (CNN) were employed for predictive damage detection and structural health assessment. The integrated 

framework demonstrates the potential of combining self-healing nanomaterials, advanced sensing technologies, and artificial 

intelligence to develop resilient, low-carbon, energy-efficient, and sustainable infrastructure systems for next-generation smart 

cities. 

Keywords: Self-Healing Concrete, Nano-Engineered Geopolymer, Structural Health Monitoring, Artificial Intelligence, 

Smart Infrastructure, Sustainable Construction. 
Copyright © 2026 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 
author and source are credited. 

 

1. INTRODUCTION 
The future of sustainable urban development 

depends upon the successful integration of 

environmentally responsible construction materials, 

advanced durability enhancement strategies, and 

intelligent infrastructure management systems. While 

significant progress has been achieved independently in 

the fields of geopolymer technology, self-healing 

materials, nanotechnology, structural health monitoring, 

and artificial intelligence, their collective 

implementation within a unified infrastructure 

framework remains limited. Consequently, there is an 

increasing need for multidisciplinary solutions capable 
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of simultaneously addressing carbon reduction, 

structural resilience, maintenance optimization, and real-

time performance monitoring [1, 2]. In response to these 

challenges, the present study proposes an integrated 

approach that combines self-healing nano-engineered 

geopolymer concrete with embedded sensing 

technologies, Internet of Things (IoT)-enabled 

monitoring, and machine-learning-driven predictive 

analytics. This section introduces the global 

sustainability challenges facing contemporary 

infrastructure, reviews the evolution of self-healing 

geopolymer systems, and discusses the emergence of 

intelligent construction paradigms that are shaping the 

next generation of smart-city development [3, 4]. 

 

1.1 Global Infrastructure Crisis and Sustainability 

Challenges 

The accelerating pace of urbanization, 

industrial expansion, and population growth has placed 

unprecedented pressure on global infrastructure systems. 

Modern cities are expected to accommodate increasing 

demands for transportation, housing, energy distribution, 

water management, and public services while 

simultaneously addressing environmental sustainability 

objectives. However, the majority of existing 

infrastructure networks were designed using 

conventional construction materials and engineering 

approaches that primarily emphasized short-term 

structural performance rather than long-term resilience, 

sustainability, and adaptability. As a result, many 

infrastructure assets are experiencing premature 

deterioration, escalating maintenance requirements, and 

reduced operational efficiency, creating significant 

economic and environmental burdens for governments 

and society. Among the various construction materials 

employed worldwide, concrete remains the most 

extensively utilized due to its versatility, affordability, 

and structural reliability. Nevertheless, conventional 

concrete production is heavily dependent on Ordinary 

Portland Cement (OPC), the manufacturing of which is 

associated with substantial carbon emissions and energy 

consumption. The cement industry is widely recognized 

as one of the largest industrial contributors to 

anthropogenic carbon dioxide emissions, accounting for 

approximately eight percent of global CO₂ emissions. 

The calcination of limestone during clinker production, 

combined with the combustion of fossil fuels required for 

high-temperature processing, generates considerable 

greenhouse gas emissions that contribute directly to 

climate change and environmental degradation [5-8]. 

 

The environmental implications of cement 

production extend beyond carbon emissions alone. 

Extensive extraction of natural resources, depletion of 

raw materials, and increasing energy demands have 

intensified concerns regarding the long-term 

sustainability of traditional construction practices. As 

global commitments toward carbon neutrality and 

sustainable development continue to strengthen, there is 

growing pressure on the construction industry to 

transition toward low-carbon and environmentally 

responsible material systems capable of reducing 

ecological impacts while maintaining structural 

performance standards [9-13]. 

 

In parallel with environmental concerns, 

infrastructure deterioration has emerged as a major 

challenge affecting both developed and developing 

economies. Civil engineering structures are continuously 

exposed to mechanical loading, environmental 

fluctuations, chemical attack, and operational stresses 

throughout their service life. These factors often initiate 

microcracks within the concrete matrix, which 

subsequently evolve into larger defects capable of 

accelerating moisture ingress, chloride penetration, 

reinforcement corrosion, and material degradation. Over 

time, such deterioration mechanisms compromise 

structural integrity, reduce service life, and increase the 

likelihood of costly repair interventions. Urban 

infrastructure systems face additional challenges 

associated with climate change-induced extreme weather 

events. Increased temperatures, flooding, freeze–thaw 

cycles, and aggressive environmental exposure 

conditions further accelerate deterioration processes, 

particularly in aging structures. Consequently, 

infrastructure managers are increasingly confronted with 

the difficult task of balancing maintenance expenditures 

with the need to ensure structural safety, reliability, and 

operational continuity. The economic consequences of 

infrastructure degradation are equally significant. 

Traditional maintenance strategies are predominantly 

reactive, relying upon scheduled inspections and post-

damage repair operations. Such approaches frequently 

identify problems only after substantial deterioration has 

already occurred, resulting in higher rehabilitation costs 

and service disruptions. Lifecycle assessments 

consistently indicate that maintenance and repair 

expenditures often exceed initial construction costs over 

the operational lifespan of infrastructure assets. 

Therefore, reducing maintenance frequency and 

extending service life have become critical objectives for 

future construction technologies. These challenges 

collectively highlight the necessity for next-generation 

construction materials capable of delivering enhanced 

durability, environmental sustainability, and long-term 

performance. Future infrastructure systems must move 

beyond the conventional paradigm of passive load-

bearing functionality and evolve toward intelligent, 

adaptive, and resilient engineering solutions. The 

integration of sustainable materials, self-healing 

technologies, nanotechnology, and digital monitoring 

platforms represents a promising pathway for achieving 

this transformation [14-18]. 
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Figure 1: Global Infrastructure Sustainability Challenge Framework 

 

The figure demonstrates that infrastructure 

sustainability cannot be achieved solely through material 

replacement or digitalization alone. Instead, long-term 

resilience requires simultaneous optimization of 

environmental performance, structural durability, 

maintenance efficiency, and operational intelligence. 

This integrated perspective forms the foundation for 

developing advanced smart-city construction systems 

[19-27]. 

Table 1 summarizes the principal challenges 

confronting contemporary infrastructure systems and 

identifies the technological requirements necessary to 

address them. The comparison highlights how 

environmental, structural, and economic concerns 

collectively necessitate multidisciplinary innovation 

involving sustainable materials, self-healing 

mechanisms, and intelligent monitoring technologies. 

 

Table 1: Major Challenges and Technological Requirements for Sustainable Infrastructure Development 

Infrastructure 

Challenge 

Primary Cause Engineering Impact Required Solution 

High Carbon Emissions OPC Production Environmental burden Low-carbon binders 

Crack Formation Mechanical loading Durability loss Self-healing systems 

Corrosion Chloride ingress Structural degradation Dense nano-engineered 

matrices 

Maintenance Costs Reactive repair strategies Lifecycle expense increase Predictive monitoring 

Urbanization Pressure Population growth Resource demand escalation Smart sustainable materials 

Climate Change Extreme environmental 

conditions 

Accelerated deterioration Resilient infrastructure 

systems 

 

1.2 Evolution of Geopolymer and Self-Healing 

Concrete Systems 

The search for sustainable alternatives to 

conventional cement-based construction materials has 

led to significant advances in geopolymer technology 

and self-healing concrete systems. Over the last two 

decades, researchers have increasingly recognized that 

merely improving the compressive strength of concrete 

is insufficient for addressing the broader challenges of 

sustainability, durability, and infrastructure resilience. 

Instead, modern material design strategies focus on 

creating multifunctional composites capable of 

minimizing environmental impacts while simultaneously 

enhancing long-term structural performance. Within this 

context, geopolymer concrete and self-healing 

technologies have emerged as two of the most promising 

innovations in contemporary construction materials 

research. Conventional Ordinary Portland Cement has 

long served as the dominant binding material in concrete 

production due to its established manufacturing 

infrastructure and predictable engineering behavior. 

Despite these advantages, OPC production remains 

associated with high energy consumption, substantial 

carbon dioxide emissions, and intensive natural resource 

utilization. Furthermore, conventional cementitious 

systems remain vulnerable to cracking, chemical attack, 

and long-term durability degradation. These limitations 

have motivated the development of alternative binder 

systems capable of reducing environmental impacts 

while maintaining or improving engineering 

performance [28-34]. 

 

Geopolymer technology offers a fundamentally 

different approach to binder formation. Rather than 

relying on clinker-based hydration reactions, 

geopolymer materials are synthesized through the 

alkaline activation of aluminosilicate-rich precursor 

materials. Industrial by-products such as fly ash and 

ground granulated blast furnace slag (GGBS) have 

attracted particular attention because they contain 
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significant quantities of reactive silica and alumina that 

participate in geopolymerization reactions. Through 

appropriate activation, these materials form three-

dimensional aluminosilicate networks that exhibit 

excellent mechanical strength, chemical resistance, and 

thermal stability. The utilization of fly ash and GGBS 

provides additional environmental benefits beyond 

carbon reduction. These materials are generated in large 

quantities as industrial waste streams and often require 

extensive disposal management. Incorporating such by-

products into construction materials supports circular 

economy principles by transforming industrial residues 

into valuable engineering resources. Consequently, 

geopolymer technology simultaneously addresses waste 

management challenges and sustainability objectives 

while reducing dependence on virgin raw materials [35, 

36]. 

 

 
Figure 2: Evolution from OPC Concrete to Self-Healing Nano-Engineered Geopolymer Concrete 

 

The figure demonstrates that future 

construction materials must simultaneously address 

environmental performance, durability enhancement, 

crack mitigation, and lifecycle optimization. The 

integration of geopolymer technology, industrial by-

product utilization, self-healing mechanisms, and 

nanomaterial reinforcement establishes a comprehensive 

pathway toward sustainable and intelligent infrastructure 

development [37-39]. 

 

1.3 Smart Infrastructure and AI-Enabled 

Construction Paradigm 

While advances in material engineering have 

significantly improved the durability and sustainability 

of modern construction systems, future smart-city 

infrastructure requires capabilities that extend beyond 

passive structural performance. Contemporary urban 

environments demand infrastructure assets capable of 

continuously assessing their condition, detecting 

anomalies, predicting potential failures, and supporting 

data-driven maintenance decisions. These requirements 

have accelerated the emergence of Structural Health 

Monitoring (SHM), Internet of Things (IoT) 

technologies, and Artificial Intelligence (AI)-based 

predictive analytics as transformative components of 

next-generation civil engineering systems. Traditional 

infrastructure inspection methodologies primarily rely 

on periodic visual assessments conducted by human 

inspectors. Although such approaches remain widely 

utilized, they often suffer from limitations related to 

subjectivity, accessibility, labor requirements, and 

delayed damage detection. Critical defects may remain 

undetected for extended periods, allowing deterioration 

processes to progress before corrective action is 

implemented. Consequently, researchers have 

increasingly focused on developing automated 

monitoring systems capable of providing continuous and 

objective assessments of structural condition. Structural 

Health Monitoring has evolved significantly over recent 

decades. Early SHM systems relied upon simple 

instrumentation designed to measure localized structural 

responses. Advances in sensing technology have 

subsequently enabled the deployment of sophisticated 

monitoring networks capable of capturing real-time 

information regarding strain, displacement, vibration, 

temperature, acoustic emissions, and crack propagation. 

Among the most promising sensing technologies are 

piezoelectric sensors and fiber-optic sensors, both of 

which offer high sensitivity, durability, and 

compatibility with concrete infrastructure applications 

[40-48]. 

 

The present research addresses this gap by 

proposing an integrated paradigm that combines self-

healing nano-engineered geopolymer concrete with 

embedded piezoelectric and fiber-optic sensing 

technologies, IoT-enabled monitoring platforms, and 

advanced machine-learning algorithms. Unlike 

conventional approaches that treat materials and 

monitoring systems as separate entities, the proposed 

framework establishes a synergistic relationship between 

material functionality and digital intelligence. Such 

integration enables infrastructure assets not only to resist 

and repair damage but also to continuously evaluate their 

own condition and support predictive maintenance 

strategies. This convergence of sustainable materials, 

autonomous healing mechanisms, smart sensing 

technologies, and artificial intelligence represents a 



 
 

 

 

 

 

 

Shan Ul Haq et al, Sch J Eng Tech, Jun, 2026; 14(6): 325-354 

© 2026 Scholars Journal of Engineering and Technology | Published by SAS Publishers, India                                                                                          329 

 

 

 

 

fundamental shift in infrastructure engineering. Future 

structures are expected to function as intelligent systems 

capable of self-monitoring, self-diagnosis, and enhanced 

lifecycle optimization. Consequently, the proposed 

framework provides a foundation for the development of 

resilient, low-carbon, energy-efficient, and data-driven 

smart-city infrastructure capable of meeting the complex 

demands of future urban environments. 

 

2. LITERATURE REVIEW 
2.1 Nano-Engineered Cementitious and Geopolymer 

Materials 

The growing demand for sustainable and 

durable construction materials has accelerated research 

into nano-engineered cementitious and geopolymer 

composites. Conventional Ordinary Portland Cement 

(OPC)-based materials are associated with high carbon 

emissions, energy-intensive production processes, and 

susceptibility to long-term deterioration. Consequently, 

geopolymer binders synthesized from industrial by-

products such as fly ash and Ground Granulated Blast 

Furnace Slag (GGBS) have emerged as promising 

alternatives owing to their lower environmental footprint 

and superior chemical resistance. Recent developments 

have further enhanced geopolymer technology through 

the incorporation of nanomaterials capable of modifying 

the microstructure at the molecular level. Nano-silica 

(SiO₂) is among the most extensively investigated 

nanomaterials due to its high pozzolanic reactivity and 

ability to accelerate geopolymerization reactions. The 

addition of nano-silica promotes the formation of dense 

aluminosilicate gel networks, reduces capillary porosity, 

and improves interfacial transition zones. These effects 

collectively contribute to higher compressive strength, 

reduced permeability, and enhanced durability. 

Similarly, graphene oxide (GO) has attracted significant 

attention because of its exceptional mechanical 

properties, large specific surface area, and oxygen-

containing functional groups. GO acts as a nucleation 

platform for geopolymeric gel growth while 

simultaneously bridging nanoscale cracks, resulting in 

improved tensile strength, fracture toughness, and 

structural integrity [49]. 

 

Titanium dioxide (TiO₂) nanoparticles have 

also demonstrated considerable potential in 

multifunctional construction materials. Beyond 

mechanical enhancement, TiO₂ exhibits photocatalytic 

properties capable of degrading environmental pollutants 

and contributing to self-cleaning infrastructure surfaces. 

Moreover, TiO₂ particles improve matrix densification 

by filling microvoids and refining pore structures. The 

synergistic combination of nano-silica, graphene oxide, 

and TiO₂ has been reported to generate significant 

improvements in both mechanical and durability 

performance through complementary strengthening 

mechanisms. Despite these advances, the simultaneous 

integration of multiple nanomaterials within self-healing 

geopolymer systems remains insufficiently explored, 

particularly in conjunction with intelligent monitoring 

technologies [50]. 

 

 
Figure 3: Schematic Representation of Nanomaterial Reinforcement Mechanisms in Geopolymer Concrete 

 

This Figure illustrates the role of nano-silica, 

graphene oxide, and TiO₂ nanoparticles in refining pore 

structure, enhancing geopolymeric gel formation, 

improving interfacial bonding, and bridging 

microcracks. The synergistic interaction among these 

nanomaterials contributes to improved mechanical 

performance, reduced permeability, and enhanced long-

term durability of geopolymer composites. 

 

2.2 Self-Healing Concrete Technologies 

Structural deterioration caused by cracking 

remains a major challenge affecting the durability and 
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service life of concrete infrastructure. To address this 

issue, self-healing concrete technologies have been 

developed to enable autonomous crack repair without 

extensive maintenance interventions. These systems aim 

to restore mechanical integrity, reduce ingress of 

aggressive agents, and extend structural lifespan. 

 

Among various approaches, capsule-based self-

healing systems have received considerable attention. In 

these systems, healing agents are encapsulated within 

polymeric or inorganic shells and distributed throughout 

the concrete matrix. When cracks propagate, the capsules 

rupture and release healing compounds into the damaged 

region. The released material reacts with moisture or 

surrounding constituents to generate solid products 

capable of sealing cracks and restoring continuity. 

Capsule-based technologies offer targeted healing 

capability and can be tailored to specific environmental 

conditions [51-54]. 

 

Crystalline healing agents represent another 

important category of self-healing materials. These 

compounds react with water and unhydrated particles to 

form insoluble crystalline products that block pores and 

cracks. Such systems have demonstrated effectiveness in 

improving impermeability and reducing water 

penetration. However, healing efficiency often decreases 

with increasing crack width, limiting applicability under 

severe damage conditions. Bio-based self-healing 

technologies utilize microorganisms capable of 

precipitating calcium carbonate within crack networks. 

Bacterial healing systems have shown remarkable crack-

sealing efficiency and environmental compatibility. 

Nevertheless, concerns regarding bacterial survival, 

nutrient availability, and long-term stability continue to 

hinder large-scale implementation. Although substantial 

progress has been achieved, current self-healing 

technologies often face limitations related to healing 

repeatability, environmental adaptability, and integration 

with smart monitoring systems. Consequently, there 

remains a need for multifunctional materials capable of 

combining autonomous repair with real-time structural 

assessment. 

 

 
Figure 4: Conceptual Framework of Capsule-Based Self-Healing Mechanism 

 

This Figure presents the sequence of crack 

initiation, capsule rupture, healing-agent release, and 

subsequent crack sealing through reaction-product 

formation. The process highlights how autonomous 

repair mechanisms reduce permeability, prevent 

deterioration, and restore structural continuity, thereby 

enhancing the durability and service life of sustainable 

infrastructure systems [55]. 

 

2.3 Durability Performance in Harsh Environments 

The long-term performance of concrete 

structures is strongly influenced by exposure to 

aggressive environmental conditions. Chloride 

penetration, sulfate attack, freeze–thaw cycles, and 

reinforcement corrosion represent major degradation 

mechanisms responsible for structural deterioration 

worldwide. Therefore, durability enhancement has 

become a primary objective in the development of 

advanced cementitious and geopolymer materials. 

Chloride-induced corrosion is particularly critical in 

marine and coastal environments. Chloride ions 

penetrate concrete through pores and microcracks, 

eventually reaching reinforcing steel and disrupting the 

passive oxide layer. The resulting corrosion products 

expand and generate internal stresses that accelerate 

cracking and spalling. 

 

Nano-engineered geopolymer systems have 

demonstrated superior resistance to chloride ingress 

owing to their refined pore networks and reduced 

permeability. Sulfate attack constitutes another 

significant durability challenge. Sulfate ions react with 



 
 

 

 

 

 

 

Shan Ul Haq et al, Sch J Eng Tech, Jun, 2026; 14(6): 325-354 

© 2026 Scholars Journal of Engineering and Technology | Published by SAS Publishers, India                                                                                          331 

 

 

 

 

hydration products and geopolymeric phases, leading to 

volumetric expansion, cracking, and loss of mechanical 

strength. Studies indicate that dense geopolymer 

matrices containing nano-scale additives exhibit 

improved chemical stability and enhanced resistance to 

sulfate-induced deterioration. 

 

Freeze–thaw damage is prevalent in cold 

climates where cyclic freezing and thawing generate 

hydraulic pressures within pore structures. Repeated 

cycles can induce microcracking, surface scaling, and 

progressive strength loss. Nanomaterial incorporation 

has been shown to improve resistance by reducing pore 

connectivity and limiting water absorption. Corrosion of 

reinforcing steel remains the costliest durability issue in 

infrastructure management. Recent investigations 

demonstrate that geopolymer systems incorporating 

supplementary nano-additives significantly delay 

corrosion initiation by restricting the transport of 

aggressive species. However, durability studies often 

focus on isolated degradation mechanisms, whereas real-

world structures experience multiple environmental 

stressors simultaneously. This gap highlights the 

necessity for integrated durability-oriented material 

design approaches [56-60]. 

 

Table 2: Influence of Advanced Technologies on Sustainable Concrete Performance 

Technology Primary Function Major Benefits Key Limitation 

Nano-Silica Matrix densification Higher strength and lower 

permeability 

Agglomeration risk 

Graphene Oxide Crack bridging and 

reinforcement 

Improved toughness and tensile 

performance 

Dispersion challenges 

TiO₂ Nanoparticles Pore refinement and 

photocatalysis 

Self-cleaning and durability 

enhancement 

Cost considerations 

Microcapsule Healing 

Agents 

Autonomous crack repair Extended service life Limited repeated healing 

Bacterial Healing 

Systems 

Calcium carbonate 

precipitation 

Eco-friendly crack sealing Biological stability issues 

IoT-Based SHM Continuous monitoring Real-time infrastructure 

assessment 

Data management 

complexity 

 

This table summarizes the contributions of 

nanotechnology, self-healing mechanisms, and digital 

monitoring systems to sustainable infrastructure 

development. While each technology offers distinct 

advantages, their independent implementation often 

limits overall effectiveness. Integrating these approaches 

within a unified framework may significantly enhance 

durability, resilience, and lifecycle performance. 

 

2.4 AI, IoT, and Structural Health Monitoring 

Systems 

The emergence of smart-city infrastructure has 

transformed conventional maintenance practices by 

enabling continuous monitoring and predictive decision-

making. Structural Health Monitoring (SHM) systems 

utilize embedded sensors, communication networks, and 

intelligent algorithms to evaluate structural conditions in 

real time and detect damage before catastrophic failure 

occurs. Fiber-optic sensors have gained widespread 

adoption due to their high sensitivity, immunity to 

electromagnetic interference, and ability to perform 

distributed measurements over long distances. These 

sensors are capable of monitoring strain, temperature, 

deformation, and crack development within structural 

components. Piezoelectric sensors represent another 

important sensing technology capable of generating 

electrical signals in response to mechanical stress. Their 

ability to detect vibrations, acoustic emissions, and 

dynamic structural responses makes them highly suitable 

for damage identification applications. The integration of 

the Internet of Things (IoT) has significantly expanded 

SHM capabilities by facilitating continuous data 

transmission, cloud-based storage, and remote 

infrastructure management. Real-time monitoring 

frameworks enable engineers to track structural behavior 

throughout the service life of critical assets, thereby 

reducing maintenance costs and improving operational 

reliability [61-67]. 

 

Recent advances in Artificial Intelligence (AI) 

have further enhanced SHM performance. Long Short-

Term Memory (LSTM) networks are particularly 

effective for time-series analysis and future condition 

prediction. Convolutional Neural Networks (CNNs) 

have demonstrated exceptional capability in automated 

crack detection and image-based damage assessment. 

Random Forest (RF) algorithms provide robust 

classification and regression performance while 

maintaining computational efficiency. Despite these 

developments, most existing studies investigate sensing 

systems, self-healing materials, and AI algorithms 

independently. The absence of an integrated framework 

capable of simultaneously combining self-healing 

geopolymer materials, nano-engineering strategies, IoT-

enabled sensing, and AI-driven predictive analytics 

represents a significant research gap. Addressing this gap 

is essential for realizing autonomous, resilient, and 

energy-efficient infrastructure systems that can support 

the evolving demands of future smart cities. 
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3. RESEARCH METHODOLOGY 
The present study was designed to develop a 

multifunctional self-healing nano-engineered 

geopolymer concrete capable of simultaneously 

improving structural performance, durability, 

autonomous crack repair, and intelligent infrastructure 

monitoring. The adopted methodology integrates 

sustainable geopolymer technology, nanomaterial 

engineering, self-healing mechanisms, advanced 

material characterization, and Artificial Intelligence 

(AI)-assisted Structural Health Monitoring (SHM). The 

experimental framework was structured to evaluate the 

synergistic interaction among eco-friendly binder 

systems, nano-reinforcements, embedded sensing 

technologies, and predictive analytical models. The 

overall methodology was established to provide a 

comprehensive assessment of material behavior from the 

nanoscale to full-scale infrastructure intelligence 

applications. 

 

3.1 Materials Selection and Characterization Plan 

The selection of constituent materials was based 

on sustainability, mechanical performance enhancement, 

durability improvement, and smart functionality 

requirements. Fly ash and Ground Granulated Blast 

Furnace Slag (GGBS) were selected as the primary 

aluminosilicate precursors due to their high reactivity 

and ability to significantly reduce the environmental 

impact associated with Ordinary Portland Cement 

production. The utilization of industrial by-products 

additionally supports circular economy principles and 

waste valorization strategies. 

 

Nano-silica was incorporated to accelerate 

geopolymerization reactions and promote the formation 

of dense aluminosilicate gel structures. Graphene oxide 

(GO) was introduced because of its exceptional 

mechanical strength, high aspect ratio, and crack-

bridging capability. Titanium dioxide (TiO₂) 

nanoparticles were utilized to enhance matrix 

densification while simultaneously providing 

photocatalytic and self-cleaning functionalities. Biochar 

was incorporated as a sustainable carbon-rich additive 

capable of improving internal curing, moisture retention, 

and carbon sequestration potential. To enable 

autonomous crack repair, microencapsulated calcium-

based healing agents were embedded within the 

geopolymer matrix. These capsules were designed to 

rupture upon crack formation, releasing healing 

compounds capable of generating solid reaction products 

that restore structural continuity and reduce 

permeability. 

 

Prior to mix preparation, all raw materials 

underwent comprehensive physicochemical 

characterization. Chemical composition analysis was 

planned using X-ray Fluorescence (XRF) to determine 

major oxide concentrations including SiO₂, Al₂O₃, CaO, 

Fe₂O₃, and MgO. Physical characterization involved 

particle size distribution analysis, specific gravity 

determination, surface area measurements, and 

morphological assessment [68-70]. 

 

Table 3 summarizes the primary materials 

incorporated within the developed geopolymer system. 

Each constituent was selected to provide a specific 

functionality ranging from sustainable binder formation 

and nanostructural enhancement to self-healing 

capability and long-term durability improvement. 

 

Table 3: Materials Utilized in the Development of Self-Healing Nano-Engineered Geopolymer Concrete 

Material Function in Composite System Expected Contribution 

Fly Ash Aluminosilicate precursor Sustainable geopolymer matrix formation 

GGBS Calcium-rich precursor Early strength enhancement 

Nano-Silica Nanostructure modifier Pore refinement and matrix densification 

Graphene Oxide Nano-reinforcement Crack bridging and toughness improvement 

TiO₂ Nanoparticles Functional additive Durability and photocatalytic activity 

Biochar Sustainable additive Internal curing and carbon sequestration 

Microcapsules Self-healing agent Autonomous crack repair 

NaOH/Na₂SiO₃ Alkaline activator Geopolymerization process 

 

This table summarizes the primary materials 

incorporated within the developed geopolymer system. 

Each constituent was selected to provide a specific 

functionality ranging from sustainable binder formation 

and nanostructural enhancement to self-healing 

capability and long-term durability improvement. 
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Figure 5: Material Selection Strategy for Multifunctional Smart Geopolymer Concrete 

 

This figure illustrates the integration of 

industrial by-products, nanomaterials, self-healing 

agents, and sensing technologies within a unified 

geopolymer framework. The material selection strategy 

was designed to maximize sustainability, durability, 

crack-repair capability, and intelligent monitoring 

performance for future smart-city infrastructure 

applications [71-75]. 

 

 
Figure 6: FESEM, EDX and TEM characterization of self-healing nano-engineered geopolymer concrete containing nano-

silica, GO, TiO₂, biochar and GGBS. Adapted from [76] 
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3.2 Mix Design and Sample Preparation 

The geopolymer binder system was prepared 

using a combination of fly ash and GGBS activated 

through an alkaline solution consisting of sodium 

hydroxide (NaOH) and sodium silicate (Na₂SiO₃). The 

activator composition was selected based on previous 

geopolymer optimization studies to ensure efficient 

dissolution of aluminosilicate species and formation of 

stable geopolymeric gel networks. Uniform nanoparticle 

dispersion was considered critical for achieving optimal 

performance. Therefore, nano-silica, graphene oxide, 

and TiO₂ nanoparticles were first dispersed in deionized 

water using ultrasonic treatment. Ultrasonic agitation 

minimized particle agglomeration and promoted 

homogeneous distribution throughout the geopolymer 

matrix. 

 

The self-healing microcapsules were 

incorporated during the final mixing stage to avoid 

premature rupture. Special attention was given to mixing 

speed and duration to preserve capsule integrity while 

ensuring uniform distribution. Biochar particles were 

preconditioned and gradually introduced to improve 

moisture regulation and internal curing efficiency. Fresh 

mixtures were cast into standardized molds 

corresponding to the required mechanical and durability 

tests. Specimens were subjected to controlled vibration 

to eliminate entrapped air and ensure adequate 

compaction. Following casting, samples were sealed to 

prevent moisture loss and cured under controlled 

temperature and humidity conditions to facilitate 

geopolymerization [77-79]. 

 

 
Figure 7: Experimental Workflow for Mix Design and Sample Preparation 

 

This figure presents the complete experimental 

workflow beginning with raw-material characterization, 

nanoparticle dispersion, geopolymer activation, 

microcapsule incorporation, specimen casting, curing, 

and subsequent testing procedures. The methodology 

ensures reproducibility and enables systematic 

evaluation of material performance across multiple 

engineering parameters. 

 

 
Figure 8: Comparative Self-Healing Mechanisms in Advanced Concrete Systems. Adapted from [80] 

 

3.3 Experimental Testing Program 

A comprehensive testing program was 

developed to evaluate both structural performance and 

durability characteristics of the proposed self-healing 

geopolymer composite. Mechanical performance 

assessment included compressive strength testing, 
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flexural strength evaluation, and split tensile strength 

measurements. Compressive strength tests were 

conducted to determine the load-bearing capacity of the 

developed composite. Flexural strength testing provided 

insight into crack resistance and bending performance, 

while split tensile testing evaluated tensile behavior and 

crack propagation resistance. Durability evaluation 

focused on the transport and degradation properties 

governing long-term structural performance. Sorptivity 

tests were performed to quantify capillary water 

absorption and moisture transport behavior. Rapid 

Chloride Penetration Testing (RCPT) was conducted to 

evaluate resistance against chloride-ion ingress, a critical 

parameter for reinforced concrete durability in marine 

environments. 

 

Sulfate resistance investigations involved 

exposing specimens to sulfate-rich solutions and 

monitoring changes in mass, dimensional stability, and 

mechanical properties over time. Water absorption 

measurements were conducted to assess matrix 

permeability and pore connectivity. 

 

Self-healing performance was evaluated by 

inducing controlled cracks within selected specimens 

followed by exposure to healing conditions. Crack 

closure efficiency and property recovery were monitored 

to determine healing effectiveness [81]. 

 

Table 4: Experimental Testing Matrix 

Test Category Test Method Evaluation Objective 

Mechanical Compressive Strength Load-bearing capacity 

Mechanical Flexural Strength Crack resistance 

Mechanical Split Tensile Strength Tensile performance 

Durability Sorptivity Moisture transport 

Durability RCPT Chloride resistance 

Durability Sulfate Resistance Chemical durability 

Durability Water Absorption Permeability evaluation 

Self-Healing Crack Recovery Analysis Healing efficiency assessment 

 

This table presents the testing program adopted 

to evaluate the multifunctional performance of the 

developed geopolymer composite. The selected tests 

collectively assess structural integrity, durability, 

transport properties, and self-healing behavior under 

various service conditions. 

 

 
Figure 9: Figure X. BET adsorption–desorption isotherms, pore size distribution, cumulative and differential pore intrusion curves, and three-

dimensional pore structure analysis of self-healing nano-engineered geopolymer concrete specimens. Adapted from [82] 
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3.4 Microstructural and Physicochemical Analysis 

Advanced characterization techniques were 

employed to establish correlations between 

microstructural evolution and macroscopic engineering 

performance. X-ray Diffraction (XRD) analysis was 

conducted to identify crystalline and amorphous phases 

generated during geopolymerization. Particular attention 

was given to aluminosilicate gel formation and reaction-

product evolution resulting from nanomaterial 

incorporation. Field Emission Scanning Electron 

Microscopy (FESEM) was utilized to investigate 

morphology, crack propagation characteristics, 

nanoparticle distribution, and healing-product formation. 

FESEM observations provided valuable insight into 

matrix densification and interfacial bonding 

mechanisms. 

 

Energy Dispersive X-ray Spectroscopy (EDX) 

was performed alongside FESEM analysis to determine 

elemental composition and verify the distribution of 

major constituents within the geopolymer matrix. The 

technique enabled assessment of elemental homogeneity 

and reaction-product chemistry [83-92]. 

 

 
Figure 10: Integrated AI-IoT Structural Health Monitoring Framework 

 

This figure illustrates the proposed smart 

monitoring architecture consisting of embedded sensors, 

wireless communication systems, cloud computing 

infrastructure, and AI-based analytical models. The 

framework enables real-time condition assessment, 

damage detection, predictive maintenance, and 

intelligent infrastructure management within future 

smart-city environments. Fourier Transform Infrared 

Spectroscopy (FTIR) was employed to identify chemical 

bonding characteristics and structural changes associated 

with geopolymerization. Functional group evolution 

provided evidence regarding reaction mechanisms and 

matrix development. Thermogravimetric Analysis 

(TGA) and Differential Scanning Calorimetry (DSC) 

were conducted to evaluate thermal stability, 

decomposition behavior, and phase transformations 

under elevated temperatures. These analyses enabled 

assessment of long-term thermal performance. 

Brunauer–Emmett–Teller (BET) surface area analysis 

was performed to quantify pore structure characteristics, 

specific surface area, and porosity evolution resulting 

from nanomaterial modification. The obtained data 

facilitated understanding of transport-property 

improvements and durability enhancement mechanisms 

[93, 94]. 

 

3.5 Smart Monitoring System and AI Framework 

To transform the developed material into an 

intelligent infrastructure platform, embedded sensing 

technologies were integrated within selected specimens. 

Piezoelectric sensors were installed to monitor vibration 

response, dynamic loading behavior, and acoustic 

emissions associated with crack initiation and 

propagation. Simultaneously, fiber-optic sensors were 

embedded to measure strain distribution, deformation 

patterns, and structural responses with high precision. 

The sensing network was connected to an Internet of 

Things (IoT)-based monitoring architecture comprising 

three functional layers: data acquisition, cloud 

communication, and analytics. The data acquisition layer 

continuously collected sensor outputs and transmitted 

information through wireless communication modules. 

The cloud layer provided centralized storage, data 

synchronization, and remote accessibility. The analytics 

layer processed incoming information using Artificial 
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Intelligence algorithms to support predictive decision-

making. 

 

 
Figure 11: Nanomaterial Dispersion & Microstructure Formation Mechanism 

 

Machine-learning models were developed to 

analyze structural response data and predict damage 

evolution. Long Short-Term Memory (LSTM) networks 

were utilized for time-series forecasting owing to their 

ability to capture temporal dependencies within sensor 

data. LSTM models were employed to predict future 

structural conditions and identify potential deterioration 

trends. Convolutional Neural Networks (CNNs) were 

implemented for image-based crack detection and 

classification. Surface images collected during testing 

were processed through CNN architectures to 

automatically identify damage patterns and crack 

characteristics. Random Forest (RF) algorithms were 

employed for classification and regression tasks 

involving structural condition assessment. RF models 

were selected due to their robustness, interpretability, 

and ability to process complex multidimensional datasets 

[95, 96]. 

 

 
Figure 12: Durability performance comparison of control and nano-engineered geopolymer concrete under permeability and 

chloride ingress tests 

 

Prior to model training, data preprocessing 

procedures including normalization, noise filtering, 

feature extraction, and dataset balancing were conducted. 

Sensor data, durability indicators, mechanical 
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performance results, and image datasets were integrated 

to generate a comprehensive database for machine-

learning analysis. This multidisciplinary methodology 

enables the simultaneous assessment of material 

performance, autonomous healing behavior, and 

predictive infrastructure intelligence, thereby 

establishing a foundation for next-generation sustainable 

smart-city construction systems. 

 

 
Figure 13: Comparison of compressive, flexural, and tensile strength of control geopolymer concrete vs nano-

engineered self-healing composite 

 

 
Figure 13: Mechanism of autonomous self-healing in microencapsulated nano-engineered geopolymer concrete 

under crack propagation conditions 

 

4. RESULTS 
The experimental findings demonstrated that 

the developed self-healing nano-engineered geopolymer 

concrete successfully achieved the targeted objectives of 

enhanced mechanical performance, improved durability, 

autonomous crack repair, and intelligent structural 

monitoring. The synergistic interaction among fly ash, 

GGBS, nano-silica, graphene oxide (GO), TiO₂ 

nanoparticles, biochar, and microencapsulated healing 

agents significantly influenced the performance of the 

composite. Furthermore, the integration of embedded 

sensors and Artificial Intelligence (AI)-based analytical 

models enabled real-time structural assessment and 

predictive maintenance capabilities [97, 98]. 

 

4.1 Mechanical Performance Enhancement 

Mechanical testing revealed substantial 

improvements in strength-related properties following 

the incorporation of nano-engineered additives. The 

developed geopolymer composite exhibited a significant 

increase in compressive strength compared with the 

control mixture. The improvement was primarily 
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attributed to accelerated geopolymerization reactions 

and matrix densification induced by nano-silica. The 

nanoparticles acted as nucleation sites for geopolymeric 

gel formation, resulting in enhanced structural continuity 

and reduced pore volume. 

 

Graphene oxide further improved mechanical 

behavior by providing nanoscale reinforcement. The 

high aspect ratio and exceptional tensile properties of GO 

enabled efficient stress redistribution and delayed crack 

propagation under loading conditions. TiO₂ 

nanoparticles complemented these effects through 

micro-filler action, reducing internal defects and 

strengthening the interfacial transition zones. 

 

Flexural strength evaluation indicated 

improved resistance against bending-induced cracking. 

The presence of GO significantly enhanced fracture 

resistance by bridging developing microcracks and 

restricting their growth. Similarly, split tensile strength 

increased due to improved crack-arresting capability and 

stronger matrix cohesion. The combined influence of 

nano-silica, GO, and TiO₂ generated a synergistic 

strengthening mechanism that enhanced both strength 

and toughness. 

 

Table 5: Mechanical Performance Comparison of Control and Developed Composite 

Mechanical Property Control Mix Developed Composite Improvement (%) 

Compressive Strength (MPa) 48 71 47.9 

Flexural Strength (MPa) 5.4 8.2 51.9 

Split Tensile Strength (MPa) 3.8 5.9 55.3 

Fracture Toughness (MPa·m½) 1.0 1.8 80.0 

Impact Resistance Index 100 168 68.0 

 

This table presents the mechanical performance 

improvement achieved through nanomaterial 

incorporation. The developed composite exhibited 

significant enhancement in compressive, tensile, 

flexural, and fracture properties, indicating the 

effectiveness of the proposed nano-engineering strategy 

[99, 100]. 

 

Figure 5.1 illustrates the improvement trends in 

compressive, flexural, and split tensile strength 

following the incorporation of nano-silica, graphene 

oxide, TiO₂, and biochar. The results demonstrate the 

synergistic contribution of nanomaterials toward matrix 

densification, crack resistance, and enhanced load-

bearing capacity. 

 
Figure 14: Comparative Mechanical Performance of Self-Healing Nano-Engineered Geopolymer Concrete 

 

4.2 Durability and Transport Properties 

Durability investigations demonstrated that the 

developed composite possessed superior resistance 

against aggressive environmental conditions. Water 

absorption measurements indicated a substantial 

reduction in moisture uptake due to pore refinement and 

matrix densification. The reduction in capillary porosity 

effectively restricted water ingress and minimized 

internal deterioration mechanisms. Sorptivity results 

confirmed lower capillary suction rates, indicating 

reduced transport of moisture through the matrix. This 

behavior was directly linked to the improved pore 

structure generated by nanomaterial incorporation. The 

dense geopolymeric network significantly limited the 

movement of fluids and aggressive ions. 

 

Rapid Chloride Penetration Testing (RCPT) 

revealed remarkable improvement in chloride resistance. 

The developed composite exhibited significantly lower 

charge-passing values, indicating reduced chloride-ion 

permeability. Such performance is particularly important 

for reinforced concrete structures operating in marine 

and coastal environments where chloride-induced 

corrosion represents a major durability concern. 
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Sulfate resistance testing further confirmed the 

chemical stability of the geopolymer matrix. Exposure to 

sulfate-rich solutions resulted in minimal deterioration, 

demonstrating the ability of the dense aluminosilicate 

framework to resist chemical attack. The incorporation 

of self-healing agents also contributed to durability 

enhancement by sealing microcracks and preventing the 

ingress of harmful substances. Long-term exposure 

studies indicated excellent structural stability. Crack 

closure induced by the self-healing mechanism reduced 

permeability and protected the matrix from progressive 

deterioration. Consequently, the developed composite 

maintained its integrity under prolonged environmental 

exposure [100]. 

 

 
Figure 15: Mechanical and electrochemical performance of developed geopolymer mixtures: (a) compressive strength, (b) 

flexural load–displacement response, (c) flexural strength, (d) AC resistivity of different mixtures, (e) evolution of AC 

resistivity with curing age, (f) electrochemical impedance spectroscopy (Nyquist plots), and (g) equivalent electrical circuit 

used for impedance fitting. Adapted from [101] 

 

Table 6 summarizes the durability performance 

of the developed composite. Significant reductions in 

permeability, chloride penetration, sulfate deterioration, 

and moisture transport indicate the formation of a highly 

durable and environmentally resistant geopolymer 

matrix. 

 

Table 6: Durability and Transport Property Performance 

Durability Parameter Control Mix Developed Composite Improvement (%) 

Water Absorption (%) 7.2 3.8 47.2 

Sorptivity (mm/min½) 0.18 0.09 50.0 

RCPT Charge Passed (Coulombs) 1850 620 66.5 

Sulfate-Induced Mass Loss (%) 4.8 1.3 72.9 

Self-Healing Crack Closure (%) 28 87 210.7 

 



 
 

 

 

 

 

 

Shan Ul Haq et al, Sch J Eng Tech, Jun, 2026; 14(6): 325-354 

© 2026 Scholars Journal of Engineering and Technology | Published by SAS Publishers, India                                                                                          341 

 

 

 

 

4.3 AI-Based Structural Health Monitoring 

Outcomes 

The integration of embedded sensing 

technologies and Artificial Intelligence algorithms 

successfully enabled continuous structural assessment 

and predictive infrastructure monitoring. Fiber-optic 

sensors provided accurate strain measurements and 

effectively captured structural deformation patterns 

during loading and environmental exposure. 

Piezoelectric sensors demonstrated high sensitivity 

toward vibration and acoustic-emission signals 

generated during crack initiation and propagation. The 

sensors successfully detected structural changes before 

visible damage became apparent, highlighting their 

suitability for early-warning applications. 

 

Machine-learning analysis demonstrated strong 

predictive capabilities across all investigated models. 

Long Short-Term Memory (LSTM) networks achieved 

superior performance in time-series forecasting tasks by 

effectively capturing temporal dependencies within 

sensor datasets. The model accurately predicted future 

structural behavior and deterioration trends. 

Convolutional Neural Networks (CNNs) exhibited 

excellent performance in automated crack detection and 

image-based damage classification. The model 

successfully identified crack characteristics and damage 

patterns from structural images with high reliability. 

Random Forest (RF) algorithms provided robust 

classification and regression performance while 

maintaining computational efficiency. The model 

effectively analyzed multidimensional datasets and 

contributed to comprehensive structural condition 

assessment. 

 

 
Figure 16: Performance Comparison of AI Models for Structural Health Monitoring 

 

This figure compares the predictive 

performance of LSTM, CNN, and Random Forest 

algorithms for damage detection and structural condition 

assessment. The results indicate that LSTM achieved 

superior time-series forecasting accuracy, CNN excelled 

in crack-image recognition, and Random Forest provided 

reliable classification performance across diverse 

monitoring scenarios [102-111]. 

 

 
Figure 17: Comparison between Resistance (Ohm) Vs. b(cm) 

 

Real-time monitoring demonstrated the 

effectiveness of the integrated AI-IoT framework. 

Continuous sensor data acquisition enabled immediate 

identification of structural anomalies, while machine-

learning algorithms transformed raw information into 

actionable maintenance insights. The framework 

successfully detected damage initiation, monitored crack 

progression, and predicted future deterioration trends. 
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These findings confirm the feasibility of integrating self-

healing materials with intelligent monitoring 

technologies to develop autonomous and resilient 

infrastructure systems capable of supporting future 

smart-city applications [112-119]. 

 

5. DISCUSSION 
The results obtained in this study demonstrate 

that the simultaneous integration of nano-engineered 

materials, self-healing technologies, and Artificial 

Intelligence-based Structural Health Monitoring (SHM) 

systems can significantly improve the performance of 

sustainable construction materials. Unlike conventional 

approaches that focus on individual material 

enhancement strategies, the present framework 

combines material innovation and digital intelligence 

within a unified infrastructure platform. The observed 

improvements in mechanical properties, durability 

performance, crack recovery capability, and predictive 

monitoring effectiveness can be attributed to the 

synergistic interactions among nanomaterials, healing 

agents, and intelligent sensing technologies. The 

following discussion examines the underlying 

mechanisms responsible for these improvements and 

positions the developed system within the broader 

context of smart and sustainable infrastructure 

development [120-125]. 

 

5.1 Synergistic Effect of Nano-Engineered 

Components 

The enhanced performance of the developed 

geopolymer composite is primarily associated with the 

synergistic interaction among nano-silica, graphene 

oxide (GO), and titanium dioxide (TiO₂) nanoparticles. 

While each nanomaterial contributes distinct functional 

benefits, their combined incorporation generated 

performance improvements that exceeded those 

expected from individual additions. Nano-silica played a 

critical role in accelerating geopolymerization reactions 

and promoting the formation of highly polymerized 

aluminosilicate gels. The high surface area of nano-silica 

provided abundant nucleation sites for reaction-product 

growth, resulting in a denser and more homogeneous 

matrix. The accelerated gel formation reduced internal 

defects and improved the continuity of the geopolymeric 

network. 

 

 
Figure 18: Mechanism of Crack Formation, Self-Healing Response, and AI-Integrated Structural Health Monitoring in Nano-

Engineered Geopolymer Concrete 
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Graphene oxide contributed primarily through 

nanoscale reinforcement mechanisms. The two-

dimensional structure of GO enabled efficient stress 

transfer across weak regions of the matrix while 

simultaneously bridging developing microcracks. This 

crack-bridging effect significantly delayed crack 

propagation and enhanced fracture resistance. Moreover, 

the oxygen-containing functional groups present on GO 

surfaces improved interfacial bonding with 

geopolymeric gels, resulting in stronger matrix cohesion. 

TiO₂ nanoparticles acted predominantly as micro-fillers 

and pore-refining agents. Their incorporation reduced 

pore connectivity and enhanced matrix compactness. 

Additionally, TiO₂ contributed photocatalytic 

functionality that may provide self-cleaning benefits in 

future infrastructure applications. The interaction among 

these nanomaterials generated a multi-scale 

reinforcement system. Nano-silica improved gel 

formation at the molecular level, GO enhanced crack 

resistance at the nanoscale, and TiO₂ optimized pore 

structure at the microscale. Together, these mechanisms 

significantly improved both mechanical performance 

and durability characteristics [126-133]. 

 

Table 7: Functional Contribution of Nano-Engineered Components 

Nanomaterial Primary Mechanism Structural Benefit Durability Benefit 

Nano-Silica Geopolymer gel 

enhancement 

Increased compressive strength Reduced permeability 

Graphene Oxide Crack bridging Improved tensile and flexural behavior Delayed crack propagation 

TiO₂ 

Nanoparticles 

Pore refinement Enhanced matrix compactness Improved chemical 

resistance 

Biochar Internal curing Improved hydration efficiency Moisture regulation 

 

Table 7 highlights the individual and synergistic 

contributions of the nano-engineered components. The 

combination of these materials generated 

complementary strengthening and durability-

enhancement mechanisms that collectively improved the 

overall performance of the developed geopolymer 

composite. 
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Figure 19: Optical microscopy images showing crack closure before and after self-healing in nano-engineered geopolymer 

concrete specimens (scale bar = 5 mm). Adapted from [134] 

 

5.2 Self-Healing Efficiency and Crack Recovery 

Mechanism 

The self-healing behavior observed in this study 

represents one of the most significant contributors to 

long-term durability enhancement. The incorporation of 

microencapsulated healing agents enabled autonomous 

crack repair without external intervention, thereby 

reducing the likelihood of progressive deterioration. 

Upon crack formation, mechanical stress concentrations 

triggered the rupture of nearby microcapsules. The 

released healing agents migrated into the crack network 

through capillary action and subsequently reacted with 

moisture and surrounding matrix constituents. These 

reactions generated solid healing products capable of 

filling crack cavities and restoring structural continuity. 

 

Figure 6.1 illustrates the multi-scale 

reinforcement mechanism generated by the interaction of 

nano-silica, GO, and TiO₂ nanoparticles. The combined 

action of gel enhancement, crack bridging, and pore 

refinement contributed to simultaneous improvements in 

strength, durability, and long-term structural stability 

[135-139]. 

 

 
Figure 20: Synergistic Interaction Mechanisms of Nano-Silica, Graphene Oxide, and TiO₂ within the Geopolymer Matrix 
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The effectiveness of the healing process was 

strongly influenced by crack width and capsule 

distribution. Cracks intersecting multiple capsules 

exhibited faster healing rates and greater closure 

efficiency due to increased availability of healing 

compounds. The dense geopolymer matrix also 

contributed to healing effectiveness by providing a stable 

environment for reaction-product formation. 

Microstructural observations confirmed the formation of 

compact healing deposits within previously damaged 

regions. These deposits effectively reduced permeability 

and restricted the transport of harmful ions. 

Consequently, healed specimens exhibited improved 

resistance against chloride ingress, sulfate attack, and 

moisture penetration [140]. 

 

 
Figure 21: Mechanism of Autonomous Crack Repair through Capsule-Based Self-Healing 

 

This figure presents the sequence of crack 

formation, capsule rupture, healing-agent release, 

reaction-product generation, and crack closure. The 

mechanism demonstrates how autonomous repair 

restores matrix continuity, reduces permeability, and 

enhances long-term structural performance. Machine-

learning models successfully processed large volumes of 

sensor-generated information and identified complex 

relationships between structural responses and damage 

evolution. Among the evaluated algorithms, Long Short-

Term Memory (LSTM) networks demonstrated superior 

capability in predicting future structural conditions due 

to their ability to capture temporal dependencies within 

monitoring data. Convolutional Neural Networks 

(CNNs) provided highly reliable image-based crack 

detection. The automated analysis significantly reduced 

dependence on manual inspection procedures while 

improving consistency and accuracy. Random Forest 

algorithms effectively classified structural states and 

generated interpretable predictions regarding 

infrastructure condition. The practical implications of 

these capabilities are substantial. Traditional 

infrastructure maintenance strategies rely heavily on 

periodic inspections and reactive interventions following 

visible deterioration. Such approaches often result in 

delayed repairs and increased lifecycle costs. In contrast, 

AI-driven monitoring systems enable early damage 

detection and timely maintenance planning [141]. 

 

Table 8: Comparative Role of AI Models in Structural Health Monitoring 

AI Model Primary Application Major Advantage Infrastructure Benefit 

LSTM Time-series prediction Future condition forecasting Predictive maintenance 

CNN Crack image analysis Automated damage recognition Rapid inspection 

Random Forest Condition classification Robust decision-making Reliability assessment 

 

This table summarizes the contributions of the 

investigated machine-learning algorithms to intelligent 

infrastructure management. Each model addresses a 

specific monitoring challenge, and their combined 

implementation enables comprehensive structural health 

assessment. The transition from reactive maintenance 

toward predictive maintenance represents a fundamental 

shift in infrastructure management philosophy. 
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Figure 22: Optical microscopy images illustrating progressive crack closure in self-healing nano-engineered geopolymer 

concrete after 0, 3, 14, 21, 28, and 49 healing cycles (scale bar = 1 mm). 

 

6. Future Scope 

The development of self-healing nano-

engineered geopolymer concrete integrated with 

Artificial Intelligence (AI), Internet of Things (IoT), and 

Structural Health Monitoring (SHM) technologies 

represents an important step toward the realization of 

intelligent and sustainable infrastructure systems. 

Although the present study demonstrates significant 

improvements in mechanical performance, durability, 

autonomous crack repair, and predictive monitoring 

capabilities, several opportunities remain for further 

advancement and large-scale implementation. Future 

research should focus on translating laboratory-scale 

innovations into real-world infrastructure applications 

while simultaneously enhancing the level of automation 

and intelligence within construction systems. The 

following sections outline key directions that may shape 

the next generation of resilient and self-sustaining 

infrastructure [142]. 

 

6.1 Scaling Smart Self-Healing Materials for Real 

Infrastructure 

One of the most important future research 

directions involves the large-scale implementation of 

smart self-healing geopolymer materials in critical 

infrastructure projects. While laboratory investigations 

provide valuable insights into material behavior, field-

scale validation is necessary to assess long-term 

performance under complex environmental and 

operational conditions. Future studies should therefore 

prioritize pilot-scale demonstrations involving bridges, 

tunnels, highways, marine structures, airports, dams, and 

high-rise buildings. 

 

Bridge infrastructure represents a particularly 

promising application area because these structures are 

continuously exposed to mechanical loading, 

environmental degradation, and chloride-induced 

corrosion. The incorporation of self-healing geopolymer 

composites may significantly reduce maintenance 

requirements while extending service life. Similarly, 

tunnel structures could benefit from autonomous crack 

repair mechanisms capable of minimizing water ingress 

and preventing deterioration caused by aggressive 

underground environments. High-rise buildings also 

offer considerable opportunities for implementation. The 

integration of nano-engineered self-healing materials 

with embedded sensing technologies can improve 

structural reliability and facilitate continuous monitoring 

throughout the building lifecycle. Such systems may be 

particularly valuable in regions susceptible to seismic 

activity, extreme weather events, and rapid urban 

expansion. Despite these advantages, several challenges 

must be addressed before widespread adoption becomes 

feasible. One major challenge involves ensuring 

consistent performance under varying environmental 

conditions. Factors such as temperature fluctuations, 

humidity variations, ultraviolet exposure, and cyclic 

loading may influence healing efficiency and long-term 

durability. Future field investigations should therefore 
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focus on evaluating performance under realistic service 

conditions over extended periods [143-148]. 

 

Table 9: Future Development Priorities for Smart Self-Healing Infrastructure 

Research Area Current Limitation Future Direction Expected Outcome 

Large-Scale 

Infrastructure 

Laboratory validation only Field-scale implementation Real-world performance 

verification 

Nanomaterial 

Production 

High manufacturing cost Cost-effective synthesis methods Improved commercial 

viability 

Self-Healing 

Efficiency 

Limited healing cycles Multi-cycle healing systems Extended service life 

Sensor Integration Localized monitoring Distributed sensing networks Comprehensive infrastructure 

intelligence 

AI Analytics Predictive monitoring only Autonomous decision-making Intelligent infrastructure 

management 

Sustainability Material-level optimization Circular economy integration Carbon-neutral infrastructure 

 

This table summarizes the major research 

priorities that must be addressed to accelerate the 

deployment of smart self-healing infrastructure systems. 

The identified directions aim to improve scalability, 

economic feasibility, monitoring capabilities, and 

sustainability performance while supporting practical 

implementation within future construction projects. In 

future smart infrastructure networks, self-healing 

materials may operate alongside robotic inspection 

platforms, unmanned aerial vehicles, and automated 

maintenance systems. Upon detection of structural 

damage, AI algorithms could assess severity levels and 

activate targeted repair mechanisms without requiring 

extensive human involvement. This concept has the 

potential to revolutionize infrastructure maintenance by 

reducing downtime, improving safety, and minimizing 

operational costs [149-151]. 

 

 
Figure 23: Future Vision of AI-Driven Autonomous Smart-City Infrastructure Ecosystem 

 

This figure illustrates the future evolution of 

smart infrastructure systems in which self-healing 

materials, embedded sensors, IoT communication 

networks, digital twins, cloud computing, robotics, and 

Artificial Intelligence operate as an interconnected 

ecosystem. The framework enables continuous 

monitoring, predictive analytics, autonomous repair, and 

sustainable infrastructure management within next-

generation smart cities. 

 

7. CONCLUSION 
This study developed and evaluated a 

multifunctional self-healing nano-engineered 

geopolymer concrete integrated with AI-based Structural 

Health Monitoring (SHM) for next-generation 
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sustainable infrastructure applications. The proposed 

system combined industrial by-product-based 

geopolymer binders with advanced nanomaterials, 

autonomous healing mechanisms, embedded sensing 

technologies, IoT connectivity, and machine learning 

algorithms to create an intelligent and durable 

construction framework for smart-city infrastructure. 

Experimental results demonstrated that the incorporation 

of nano-silica, graphene oxide (GO), titanium dioxide 

(TiO₂), biochar, and microencapsulated healing agents 

significantly enhanced the mechanical performance of 

the geopolymer composite. Improvements were 

observed in compressive strength, flexural strength, split 

tensile strength, and fracture resistance due to improved 

geopolymerization, matrix densification, and nanoscale 

crack-bridging effects. Durability performance also 

showed marked enhancement, with reduced water 

absorption, chloride ion penetration, and sulfate attack 

resistance. The refined pore structure and dense 

microstructure limited the ingress of harmful agents, 

while self-healing capsules provided autonomous crack 

sealing, extending service life and structural reliability. 

Microstructural and phase characterization (XRD, 

FESEM, EDX, FTIR, TGA/DSC, BET) confirmed the 

formation of a compact geopolymeric matrix with 

uniform nanoparticle dispersion and strong interfacial 

bonding. These nanoscale improvements directly 

correlated with enhanced macroscopic mechanical and 

durability properties. The integration of IoT-enabled 

sensors and cloud-based monitoring transformed the 

material system into an intelligent infrastructure 

platform. Machine learning models, including LSTM, 

CNN, and Random Forest, effectively supported real-

time damage detection, structural condition assessment, 

and predictive maintenance. 

 

Overall, the study demonstrates that combining 

geopolymer technology, nanomaterial engineering, self-

healing mechanisms, and AI-driven SHM provides a 

viable pathway toward sustainable, resilient, and 

intelligent infrastructure systems suitable for smart 

cities. 

 

Key Takeaways 

1. A multifunctional nano-engineered self-healing 

geopolymer concrete was successfully 

developed using sustainable industrial by-

products and advanced nanomaterials. 

2. Mechanical properties significantly improved 

due to enhanced geopolymerization, 

nanoparticle reinforcement, and crack-bridging 

mechanisms. 

3. Durability was greatly enhanced with reduced 

permeability, chloride ingress, and sulfate-

induced degradation, supported by autonomous 

self-healing. 

4. Microstructural analysis confirmed dense 

matrix formation, uniform nanoparticle 

dispersion, and strong interfacial bonding. 

5. AI-integrated IoT-based SHM enabled real-

time monitoring and predictive maintenance, 

supporting smart infrastructure applications. 

 

Overall, the study establishes a comprehensive 

foundation for the development of intelligent, self-

healing, low-carbon, and sustainable infrastructure 

systems capable of meeting the future demands of 

resilient urban development and smart-city ecosystems. 
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