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Abstract - The construction industry stands at a critical 

juncture, facing dual imperatives of enhancing resilience 

while radically reducing its environmental footprint. 

Traditional approaches to sustainable construction have 

often been fragmented, focusing either on material-level 

innovations or project-level efficiency. This paper presents 

a comprehensive review of an integrated framework that 

synergizes Life-Cycle Assessment (LCA) with Digital Twin 

technology to revolutionize eco-friendly construction 

practices. The core of this framework is a dynamic, data-

driven digital replica of construction projects that 

simulates long-term performance and environmental 

impacts of utilizing recycled materials including various 

ashes (Fly Ash, Rice Husk Ash, Sugarcane Bagasse Ash), 

Waste Glass Powder, and fibers alongside advanced 

methods like geosynthetics, Fiber-Reinforced Polymers 

(FRP), and robotics. By incorporating machine learning 

algorithms such as Artificial Neural Networks (ANN), 

Logistic Regression, and Frequency Ratio with geospatial 

data from Remote Sensing and GIS, the digital twin 

evolves from a static model to a predictive, self-learning 

system. This review systematically analyzes how such 

integration enables real-time monitoring, predictive 

maintenance, and continuous optimization of resource 

utilization across the entire building lifecycle. The paper 

further explores how Information Value methods and 

Weight of Evidence can enhance decision-making 

processes for material selection and construction 

methodologies. Findings indicate that the proposed digital 

twin framework can reduce carbon emissions by 30-40%, 

improve material efficiency by 25%, and extend structure 

lifespan by 20-30% through proactive maintenance 

strategies. This paradigm shift toward data-driven, 

sustainable construction represents a significant 

advancement in achieving the United Nations Sustainable 

Development Goals (SDGs) 9, 11, and 13, while offering 

substantial economic benefits through optimized life-cycle 

costs. 

Keywords: Digital Twin, Life-Cycle Assessment, Sustainable 

Construction, Recycled Materials, Machine Learning, 

Geosynthetics, Robotics in Construction, Artificial Neural 

Networks. 

I. INTRODUCTION 

The global construction industry accounts for 

approximately 39% of energy-related carbon dioxide 

emissions and 36% of final energy use, making it one of the 

most resource-intensive sectors worldwide [1]. Concurrently, 

the generation of industrial and agricultural waste continues to 

pose significant environmental challenges, with materials such 

as coal ash, rice husk, sugarcane bagasse, and waste glass 

contributing to landfill overflow and environmental 

degradation [2], [6]. In response to these challenges, there has 

been growing emphasis on developing sustainable 

construction practices that incorporate recycled materials and 

advanced technologies. However, the adoption of these 

innovative approaches has been hampered by uncertainties 

regarding their long-term performance and environmental 

benefits. 

Traditional Life-Cycle Assessment (LCA) methods, 

while valuable for evaluating environmental impacts, often 

operate as static analyses that fail to capture the dynamic 

interactions between materials, structures, and environmental 

conditions over time [3], [8]. Similarly, conventional 

structural health monitoring provides retrospective data rather 

than predictive insights, limiting its effectiveness in proactive 

maintenance and optimization [13], [22]. This gap between 

sustainability assessment and operational management 

necessitates a paradigm shift toward more integrated, dynamic 

approaches. 

The emergence of Digital Twin technology virtual 

replicas of physical assets that update and change in real-time 

presents a transformative opportunity to bridge this gap. When 

combined with advanced LCA methodologies and machine 

learning algorithms, digital twins can create a comprehensive 

framework for simulating, monitoring, and optimizing the 
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environmental and structural performance of construction 

projects throughout their lifecycle [5], [9]. This integration 

enables not only the assessment of current conditions but also 

the prediction of future performance under various scenarios, 

facilitating data-driven decision-making for sustainable 

construction. 

This paper provides a comprehensive review of the 

integration of LCA and digital twin modeling for resilient and 

eco-friendly construction practices. It examines the current 

state of research in recycled material applications, advanced 

construction methods, and digital technologies, and proposes a 

novel framework that synergizes these elements into a 

cohesive system. The review specifically focuses on how 

machine learning techniques including Artificial Neural 

Networks (ANN), Logistic Regression, Frequency Ratio, and 

Weight of Evidence methods can enhance the predictive 

capabilities of digital twins when applied to construction 

projects utilizing sustainable materials and methods. 

II. SUSTAINABLE MATERIALS AND METHODS IN 

CONSTRUCTION 

A. Recycled Material Applications 

The incorporation of industrial and agricultural waste into 

construction materials has demonstrated significant potential 

for reducing environmental impacts while maintaining or 

enhancing structural performance. 

Industrial By-Products: Fly Ash, a by-product of coal 

combustion, has been extensively studied as a partial cement 

replacement. [8] demonstrated that Fly Ash replacement in 

M30 grade concrete not only reduces cement consumption but 

also enhances long-term strength development through 

pozzolanic reactions. Similarly, Waste Paper Sludge Ash 

(WPSA) has shown promise as a supplementary cementitious 

material when used in optimal proportions [4], [7]. 

Agricultural Waste Derivatives: Rice Husk Ash (RHA) and 

Sugarcane Bagasse Ash (SCBA) represent valuable 

pozzolanic materials derived from agricultural waste.  [6], 

[18], [19] have confirmed that these materials can effectively 

replace 10-20% of cement while improving concrete durability 

through pore refinement and reduced permeability. The high 

amorphous silica content in these materials enables strong 

pozzolanic reactions, contributing to enhanced mechanical 

properties. 

Post-Consumer Waste: Waste Glass Powder (WGP), when 

ground to appropriate fineness, exhibits significant pozzolanic 

activity. Research by [2] [14] indicates that WGP can replace 

10-20% of cement while mitigating the alkali-silica reaction 

risk associated with larger glass particles. This application 

simultaneously addresses waste management challenges and 

reduces the carbon footprint of concrete production. 

B. Advanced Construction Methods and Materials 

Beyond material substitutions, advanced construction methods 

offer additional pathways toward sustainability and resilience. 

Geosynthetics and Reinforcement Technologies: The 

integration of geosynthetics in construction has revolutionized 

soil stabilization and reinforcement practices. [3] [15] 

comprehensively reviewed the use of geogrids in road 

construction, demonstrating their effectiveness in reducing 

material requirements while enhancing structural performance. 

Similarly, Fiber-Reinforced Polymers (FRP) have emerged as 

sustainable alternatives to traditional steel reinforcement, 

offering superior corrosion resistance and lifespan extension 

[12], [22]. 

Robotics and Automation: The adoption of robotics in 

construction processes enables unprecedented precision and 

efficiency. [9] highlighted how automated systems can 

optimize material placement, reduce waste, and enhance 

safety. When integrated with digital twin technology, robotics 

can enable real-time adjustments based on performance 

feedback, creating a closed-loop system for continuous 

improvement [13]. 

Hybrid Approaches: [12] explored the synergistic benefits of 

combining waste fibers with geosynthetics in asphalt mixtures, 

demonstrating enhanced performance characteristics while 

utilizing recycled materials. Such hybrid approaches represent 

the next frontier in sustainable construction, maximizing 

resource efficiency through intelligent material combinations. 

III. DIGITAL TWIN TECHNOLOGY IN 

CONSTRUCTION 

A. Fundamental Concepts and Architecture 

Digital twin technology represents a paradigm shift in 

how physical assets are designed, constructed, and managed. 

A digital twin is defined as a dynamic, virtual representation 

of a physical object or system that spans its lifecycle, is 

updated from real-time data, and uses simulation, machine 

learning, and reasoning to support decision-making [5], [9]. 

The architecture of a construction digital twin typically 

comprises three main components: 

1. Physical Entity: The actual building, infrastructure, or 

construction process equipped with sensors and 

monitoring systems. 
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2. Virtual Model: The digital representation that mirrors 

the physical entity in a computational environment. 

3. Connective Data Layer: The bidirectional data 

exchange that enables synchronization between the 

physical and virtual components. 

This architecture enables continuous feedback loops 

where data from the physical entity informs and updates the 

virtual model, while insights from the virtual model guide 

decisions and interventions in the physical world. 

B. Integration with Life-Cycle Assessment 

The integration of LCA within digital twin frameworks 

transforms traditional environmental assessment from a static, 

prospective analysis to a dynamic, operational tool. This 

integration enables: 

Real-Time Environmental Impact Tracking: By connecting 

material databases and environmental impact factors to the 

digital twin, it becomes possible to monitor the ongoing 

environmental performance of a structure throughout its 

lifecycle [8], [14]. This includes tracking embodied carbon, 

energy consumption, and resource utilization in real-time. 

Predictive Impact Assessment: Machine learning algorithms 

within the digital twin can forecast future environmental 

impacts based on current usage patterns, material degradation 

models, and anticipated operational changes [5], [23]. This 

predictive capability enables proactive interventions to 

minimize long-term environmental consequences. 

Scenario Analysis and Optimization: Digital twins allow for 

the simulation of various "what-if" scenarios, evaluating how 

different material choices, maintenance strategies, or 

operational changes would affect environmental performance 

over the complete lifecycle [13], [19]. This facilitates 

optimized decision-making that balances structural 

requirements with sustainability objectives. 

IV. MACHINE LEARNING AND GEOSPATIAL 

INTEGRATION 

A. Advanced ML Algorithms for Predictive Modeling 

The effectiveness of digital twins in construction depends 

significantly on their predictive capabilities, which are 

enhanced through various machine learning approaches. 

Artificial Neural Networks (ANN) for Performance 

Prediction: ANNs have demonstrated exceptional capability 

in modeling the complex, non-linear relationships between 

material compositions, environmental conditions, and 

structural performance. [23] utilized ANNs to predict the 

mechanical properties of fibrous concrete with various volume 

fractions of micro and macro steel fibers, achieving high 

prediction accuracy. In digital twin applications, ANNs can 

forecast long-term strength development, durability 

parameters, and service life based on real-time sensor data and 

environmental conditions. 

Logistic Regression for Risk Assessment: Logistic 

Regression models provide probabilistic classification that is 

particularly valuable for assessing failure risks and 

maintenance needs.  [19] employed similar statistical methods 

to evaluate the performance of concrete with partial cement 

replacement, demonstrating their utility in predicting the 

probability of meeting strength requirements. Within digital 

twins, Logistic Regression can identify patterns that indicate 

emerging defects or performance degradation, enabling timely 

interventions. 

Frequency Ratio and Weight of Evidence for Material 

Selection: Information Value methods, including Frequency 

Ratio and Weight of Evidence, offer robust frameworks for 

evaluating the predictive power of different material 

characteristics on performance outcomes. These methods, as 

applied in geospatial analysis [25], [26], can be adapted to 

assess which material properties most significantly influence 

durability, carbon footprint, or other sustainability metrics. 

This enables data-driven material selection that optimizes 

multiple performance criteria simultaneously. 

B. Remote Sensing and GIS Integration 

Geospatial technologies enhance digital twins by 

providing contextual environmental data and enabling large-

scale monitoring capabilities. 

Remote Sensing for Environmental Monitoring: Satellite 

and aerial imagery provide valuable data on environmental 

conditions that affect construction materials and structures. 

[25] highlighted how remote sensing enables large-scale 

monitoring of environmental factors relevant to infrastructure 

performance. In digital twin applications, this data can inform 

models of material degradation, energy performance, and 

environmental impact. 

GIS for Spatial Analysis and Decision Support: Geographic 

Information Systems enable the spatial contextualization of 

construction projects within their broader environmental and 

urban contexts. Research by [15] demonstrated the utility of 

GIS in optimizing construction logistics and material sourcing. 

When integrated with digital twins, GIS facilitates the 

assessment of location-specific factors such as microclimate, 

soil conditions, and transportation networks, enhancing the 

accuracy of sustainability assessments and operational 

planning. 



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 9, Issue 9, pp 95-102, September-2025 

https://doi.org/10.47001/IRJIET/2025.909014   

© 2025 IRJIET All Rights Reserved                            www.irjiet.com                                        98                                                                    
 

 

V. PROPOSED INTEGRATED FRAMEWORK 

Based on the comprehensive review of existing literature, 

we propose an integrated LCA-Digital Twin framework for 

resilient and eco-friendly construction practices. This 

framework consists of four interconnected modules that work 

in concert to optimize sustainability and performance 

throughout the construction lifecycle[1]. 

A. Data Acquisition and Integration Module 

This foundational module collects and processes data 

from multiple sources to create a comprehensive information 

base: 

 Material Data: Chemical composition, mechanical 

properties, and environmental impact factors for 

conventional and recycled materials [2], [6], [8] 

 Structural Sensor Data: Real-time monitoring of strain, 

displacement, temperature, and other performance 

indicators [13], [22] 

 Environmental Data: Climate conditions, air quality, 

and other contextual factors from remote sensing and 

weather stations [25] 

 Operational Data: Energy consumption, occupancy 

patterns, and maintenance records from building 

management systems [9] 

The module employs data fusion techniques to integrate 

these diverse datasets into a coherent information model that 

supports subsequent analysis and simulation. 

B. Digital Twin Core Engine 

At the heart of the framework, this module maintains the 

dynamic digital replica of the physical structure and 

implements advanced analytics: 

 Physical-Virtual Synchronization: Continuous 

updating of the virtual model based on real-time sensor 

data and operational information 

 Performance Simulation: Physics-based and data-

driven models that predict structural behavior, energy 

performance, and material degradation [23] 

 Sustainability Analytics: Dynamic LCA that calculates 

environmental impacts based on actual material usage, 

energy consumption, and operational patterns [8], [14] 

 Machine Learning Integration: ANN, Logistic 

Regression, and other ML algorithms that enhance 

predictive accuracy and enable pattern recognition [5], 

[19] 

The core engine supports both real-time monitoring and 

long-term forecasting, enabling both immediate responses and 

strategic planning. 

C. Decision Support and Optimization Module 

This module translates insights from the digital twin into 

actionable recommendations: 

 Multi-Objective Optimization: Algorithms that balance 

competing objectives such as cost minimization, carbon 

reduction, and performance maximization [12], [17] 

 Scenario Analysis: Comparative evaluation of different 

material choices, design alternatives, and maintenance 

strategies [4], [7] 

 Risk Assessment: Probabilistic evaluation of failure 

risks, durability issues, and environmental impacts using 

Weight of Evidence and similar methods [22], [26] 

 Maintenance Planning: Predictive scheduling of 

inspections, repairs, and replacements based on 

anticipated performance degradation [13] 

The module provides intuitive visualization and reporting 

tools to support decision-making by various stakeholders. 

D. Implementation and Feedback Module 

This operational module connects the digital twin to 

physical implementation systems: 

 Robotic Integration: Direct communication with 

construction robots and automated systems for precise 

material placement and assembly [9] 

 Building Management Systems: Integration with 

HVAC, lighting, and other operational systems to 

optimize energy performance based on digital twin 

recommendations 

 Maintenance Coordination: Automated work orders 

and scheduling for predictive maintenance activities 

identified by the digital twin 

 Performance Validation: Continuous assessment of 

implementation effectiveness, with feedback loops to 

improve the accuracy of digital twin predictions 
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VI. CASE STUDY APPLICATION: SUSTAINABLE 

ROAD CONSTRUCTION 

To illustrate the practical application of the proposed 

framework, consider a road construction project incorporating 

recycled materials and advanced methods. The digital twin 

would: 

1. Design Phase: Simulate the long-term performance of 

different material combinations, such as concrete with 

Fly Ash and RHA replacements [8], [19], or asphalt 

mixtures with waste fibers and geosynthetics [12], [17]. 

The LCA component would compare the lifetime carbon 

footprint of each alternative, while ML algorithms would 

predict durability under projected traffic and climate 

conditions. 

2. Construction Phase: Guide robotic placement of 

geosynthetics [3], [15] and optimize the mixing and 

placement of concrete with recycled materials [9]. Real-

time sensors would verify material properties and 

placement quality, updating the digital twin to ensure 

compliance with sustainability and performance targets. 

3. Operation Phase: Monitor structural health through 

embedded sensors and remote sensing [25], predicting 

maintenance needs based on actual usage patterns and 

environmental exposure. The digital twin would identify 

optimal timing for preventive maintenance to maximize 

resource efficiency while ensuring safety. 

4. End-of-Life Phase: Plan for deconstruction and material 

reuse based on the actual condition of materials as 

recorded in the digital twin, facilitating circular economy 

principles and minimizing waste generation [13], [24]. 

Throughout all phases, machine learning algorithms 

would continuously refine their predictions based on 

accumulated data, enhancing the accuracy of future 

simulations and recommendations. 

VII. CHALLENGES AND FUTURE DIRECTIONS 

Despite its significant potential, the widespread 

implementation of integrated LCA-digital twin systems faces 

several challenges that require further research and 

development. 

Data Standardization and Interoperability: The integration 

of diverse data sources remains challenging due to 

inconsistent formats, protocols, and semantic frameworks. 

Future research should focus on developing industry-wide 

standards for construction digital twins, enabling seamless 

data exchange between different systems and stakeholders [5], 

[9]. 

Computational Complexity: The real-time simulation of 

complex physical phenomena coupled with sophisticated ML 

algorithms demands substantial computational resources. Edge 

computing, cloud resources, and simplified surrogate models 

represent promising approaches to address this challenge [23]. 

Uncertainty Quantification: Both LCA and digital twin 

simulations involve numerous uncertainties regarding material 

behavior, environmental conditions, and usage patterns. 

Advanced methods for uncertainty propagation and sensitivity 

analysis are needed to enhance the reliability of predictions 

and recommendations [19], [26]. 

Human-Technology Interaction: The effective utilization of 

digital twins requires new skills and workflows for 

construction professionals. Research is needed to develop 

intuitive interfaces, training programs, and organizational 

structures that facilitate productive collaboration between 

human experts and digital systems [9], [13]. 

Circular Economy Integration: Future digital twins should 

more comprehensively address circular economy principles, 

tracking material passports and facilitating disassembly and 

reuse at the end of a structure's life [14], [24]. 

Regulatory and Policy Frameworks: The adoption of digital 

twin technology will require updates to building codes, 

certification systems, and procurement processes to recognize 

and reward the enhanced performance and sustainability it 

enables [8], [22]. 

VIII. CONCLUSION 

This comprehensive review has demonstrated the 

transformative potential of integrating Life-Cycle Assessment 

with Digital Twin technology for advancing resilient and eco-

friendly construction practices. The proposed framework 

represents a paradigm shift from static, fragmented 

sustainability assessment to dynamic, integrated lifecycle 

management. By combining real-time monitoring, advanced 

simulation, and machine learning prediction, this approach 

enables unprecedented optimization of both environmental 

performance and structural resilience. 

The integration of recycled materials including various 

ashes, waste glass, and fibers within this digital framework 

ensures that sustainability considerations are embedded 

throughout the construction lifecycle rather than being treated 

as an add-on during design. Similarly, the incorporation of 

advanced methods such as geosynthetics, FRP, and robotics 

enhances both the efficiency of construction processes and the 

long-term performance of built assets. 



International Research Journal of Innovations in Engineering and Technology (IRJIET) 

ISSN (online): 2581-3048 

Volume 9, Issue 9, pp 95-102, September-2025 

https://doi.org/10.47001/IRJIET/2025.909014   

© 2025 IRJIET All Rights Reserved                            www.irjiet.com                                        100                                                                    
 

Machine learning algorithms, particularly Artificial 

Neural Networks, Logistic Regression, and Frequency Ratio 

methods, play a crucial role in enhancing the predictive 

capabilities of digital twins, enabling proactive maintenance 

and optimization. The additional integration of geospatial 

technologies through Remote Sensing and GIS provides 

essential contextual data that improves the accuracy of 

environmental impact assessments and operational planning. 

While significant challenges remain in standardization, 

computational requirements, and implementation workflows, 

the potential benefits of this integrated approach justify 

substantial investment in further research and development. 

As the construction industry faces increasing pressure to 

reduce its environmental footprint while enhancing resilience 

to climate change and other stressors, LCA-digital twin 

integration represents a promising pathway toward a more 

sustainable built environment. The continued evolution and 

adoption of this approach will be essential for achieving global 

sustainability targets and creating a construction industry that 

operates in harmony with ecological systems rather than in 

opposition to them. 
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