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Abstract 

This study presents an integrated framework for developing sustainable highway 

and transportation systems through the combined use of Building Information 

Modeling (BIM) and Artificial Intelligence (AI). The proposed methodology 

leverages BIM for life-cycle data integration, while AI algorithms optimize design, 

construction, and maintenance processes for improved energy efficiency and 

resource utilization. A hybrid AI–BIM model is introduced to simulate traffic flow, 

predict pavement deterioration, and assess carbon emissions across project stages. 

Real-time sensor data and predictive analytics are used to support decision-making 

in infrastructure resilience and asset management. The approach enables proactive 

maintenance scheduling, reduces environmental impacts, and enhances safety and 

cost-effectiveness in highway planning. The findings highlight the transformative 

potential of AI-enabled BIM systems in achieving sustainable transport 

infrastructure aligned with global smart city and green mobility goals. 

Keywords: Building Information Modeling, Artificial Intelligence, Sustainable 

Transportation, Highway Systems 
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Highlights 

• Developed a hybrid AI–BIM framework integrating predictive analytics and digital 

modeling for sustainable highway management. 

• Achieved 96.8% traffic flow prediction accuracy, 23.3% reduction in carbon emissions, 

and 22.6% maintenance cost optimization. 

• Enhanced sustainability outcomes through real-time data integration, lifecycle 

assessment, and intelligent decision support for green infrastructure. 

1. Introduction 

The global expansion of highway and transportation infrastructure has intensified the demand for 

systems that not only deliver mobility but also meet sustainability imperatives [1]. Traditional 

engineering approaches frequently compartmentalize design, construction, and operation phases, 

which often leads to inefficiencies, higher resource consumption and elevated environmental 

footprints [2]. Against a backdrop of rapid urbanisation, increasing vehicle-kilometres travelled 

and mounting climate-change pressure, there is an urgent need to re-conceive highway and 

transportation systems so they are resilient, efficient and sustainable [3, 4]. 

In this context, digital engineering frameworks such as Building Information Modeling (BIM) 

provide compelling opportunities for infrastructure projects [5]. BIM facilitates the creation and 

management of rich interoperable digital models that span life-cycle phases—from preliminary 

planning through design, construction, handover and operations [6, 7]. Within highway and 

transportation domains, BIM enables engineers to visualise structural and pavement elements, 

drainage and traffic-interface components, and integrate data on material quantities, scheduling, 

cost and performance into the digital model [8–10]. 

Complementing BIM, advances in Artificial Intelligence (AI) have unlocked novel capabilities 

for infrastructure systems [11]. AI methods—including machine-learning, deep-learning and 

predictive analytics—can ingest large volumes of sensor, operational and historical data, detect 

patterns of deterioration or congestion, optimise maintenance scheduling and generate 

intelligence for asset-management decision making [12, 13].  
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In sustainable transportation systems, for instance, AI-driven traffic‐flow prediction or emissions 

forecasting helps reduce energy use and carbon output [14–16]. 

The integration of BIM and AI thus offers a promising paradigm for sustainable highway and 

transportation infrastructure [17]. By embedding AI capabilities in a BIM environment, 

engineers can work with a unified digital model that supports scenario simulation, real-time 

analytics and life-cycle optimisation across cost, safety, maintenance, resilience and 

environmental-impact dimensions [18, 19]. This convergence enables the shift from reactive, 

siloed asset management to proactive, integrated life-cycle management of transportation 

networks. 

Despite its transformative promise, there remain significant technical, organisational and 

governance barriers to adopting BIM-&-AI-enabled sustainable highway systems [20]. Key 

challenges include data interoperability, sensor integration, model scalability, workforce 

competence, and aligning digital workflows with sustainability criteria. Addressing these hurdles 

will be critical to fully realising the potential of this digital-driven paradigm for sustainable 

transportation infrastructure. 

1.1 Contributions 

The novel contributions of this study are: 

1. Introduces a hybrid AI–BIM framework for sustainable highway design and 

management. 

2. Integrates predictive analytics and real-time sensor data for proactive infrastructure 

maintenance. 

3. Demonstrates how AI-enhanced BIM reduces carbon emissions and improves life-cycle 

efficiency. 
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2. Literature Review 

The literature review begins by highlighting the evolution of digital technologies in civil 

engineering, emphasizing how BIM and AI have increasingly contributed to sustainable highway 

and transportation system development. Table 1 shows summary of research gaps. 

Zhao et al. (2025) [21] assessed highway projects’ vulnerability to seismic hazards by integrating 

Building Information Modeling (BIM) with neural-network-based artificial intelligence 

optimization algorithms such as the Black Hole Algorithm (BHA), Future Search Algorithm 

(FSA), Particle Swarm Optimization (PSO), and Wind-Driven Optimization (WDO); their 

WDO-MLP model achieved the highest predictive accuracy (AUC = 0.98). 

Khan et al. (2025) [22] developed an integrated BIM- and traffic-simulation-based framework 

for highway alignment planning and optimization, validated on Pakistan’s Dera Ghazi Khan 

Bypass project, yielding notable reductions in congestion, travel time, and construction cost. 

Santos et al. (2025) [23] proposed a comprehensive GIS–BIM–MCDM framework that 

employed the PROMETHEE method to evaluate numerous infrastructure alternatives, enhancing 

decision-making and environmental assessment accuracy. 

Sanfilippo et al. (2025) [24] outlined the ITA guideline for sustainable BIM lifecycle 

management in tunnelling projects, emphasizing material reuse, carbon-footprint reduction, and 

circular resource strategies. 

Pelden et al. (2025) [25] examined BIM–GIS integration challenges—technical, organizational, 

and standardization—and stressed interdisciplinary collaboration to advance sustainable 

infrastructure design. 

Xu et al. (2025) [26] mapped digital technologies such as IoT, digital twins, big data, and AI for 

developing climate-adaptive, smart urban transportation systems that enhance resilience and low-

carbon performance. 

Xu and Guo (2025) [27] reviewed AI’s lifecycle roles in civil engineering—design optimization, 

construction management, structural health monitoring, and smart-city governance—highlighting 

data-security and scalability barriers. 
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Al-Azazi et al. (2025) [28] addressed risk mitigation in smart construction infrastructures by 

integrating emerging technologies (AI, blockchain, digital twins) to strengthen resilience and 

sustainability. 

Panchal (2025) [29] introduced an Integrated Intelligent Scheduling System (IISS) employing 

adaptive expert-system algorithms to improve scheduling efficiency in heavy civil construction 

projects. 

Shao et al. (2025) [30] implemented a K-means-enhanced 3D GIS–BIM integration for urban 

rail-transit planning, achieving substantial design-time and cost reductions while identifying 

sociotechnical barriers to adoption. 

Table 1: Summary of Research Gaps Identified in Recent Studies 

Ref 

No. 

Author(s) 

& Year 
Focus of Study Key Findings Identified Research Gap 

[21] 
Zhao et al. 

(2025) 

BIM + AI 

algorithms for 

highway 

vulnerability 

assessment 

WDO-MLP algorithm 

achieved highest accuracy 

(0.9863) in predicting 

vulnerability 

Limited exploration of 

hybrid BIM-AI models for 

multi-hazard risk evaluation 

beyond earthquakes 

[22] 
Khan et al. 

(2025) 

BIM-based 

alignment 

optimization with 

traffic simulation 

30% less congestion, 20% 

reduced travel time 

Lack of generalized, 

scalable BIM-AI framework 

applicable across diverse 

terrains 

[23] 
Santos et al. 

(2025) 

GIS-BIM-MCDM 

for infrastructure 

planning 

PROMETHEE-based 

decision framework 

validated via case study 

Absence of real-time data 

integration and automation 

in MCDM workflows 

[24] 
Sanfilippo 

et al. (2025) 

Sustainable BIM for 

tunnelling lifecycle 

Promotes energy 

efficiency and circular 

resource use 

Application limited to 

tunnels—needs adaptation 

for highways and bridges 

[25] Pelden et al. BIM-GIS Identified technical and Need for standardized 
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Ref 

No. 

Author(s) 

& Year 
Focus of Study Key Findings Identified Research Gap 

(2025) integration 

challenges 

organizational barriers protocols and cross-

disciplinary collaboration 

[26] 
Xu et al. 

(2025) 

Digital tech for 

climate-adaptive 

UTS 

Framework using IoT, AI, 

digital twins for resilience 

Empirical validation of 

smart-transport digital 

frameworks remains 

minimal 

[27] 
Xu & Guo 

(2025) 

AI across civil-

engineering 

lifecycle 

Enhanced design, SHM, 

and construction 

Integration of AI with 

legacy BIM data for 

sustainability untested 

[28] 
Al-Azazi et 

al. (2025) 

Risk mitigation in 

smart construction 

Identified resilience 

strategies via AI, 

blockchain, twins 

Lack of unified risk-

governance models for 

sustainable transport 

infrastructure 

[29] 
Panchal 

(2025) 

Intelligent 

scheduling for civil 

projects 

IISS improved adaptive 

scheduling efficiency 

Absent link between 

scheduling intelligence and 

BIM-based project control 

[30] 
Shao et al. 

(2025) 

3D GIS–BIM with 

K-means for rail 

planning 

Reduced design time 80%, 

cost 60% 

Sociotechnical adoption 

barriers limit practical 

implementation in highway 

systems 

2.1 Research gaps 

Existing research on digital integration for sustainable highway and transportation systems 

reveals several critical gaps. Most studies demonstrate improvements in predictive modeling, 

optimization, and design efficiency but remain limited to project-specific applications, lacking 

scalability and generalization across diverse geographic and environmental contexts. While 

frameworks integrating BIM with GIS and simulation tools have shown promise, they often 
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exclude real-time automation, standardized data protocols, and interoperability mechanisms 

essential for lifecycle integration. Sustainability-focused and climate-adaptive digital systems 

have been conceptually established, yet their empirical validation in highway infrastructure 

remains minimal. Furthermore, the integration of AI with BIM for risk management and 

decision-making processes is still fragmented, with limited emphasis on unified governance or 

lifecycle sustainability. Overall, there is a pressing need for a comprehensive hybrid AI–BIM 

framework that enables real-time analytics, predictive maintenance, and sustainable performance 

monitoring throughout the entire lifespan of highway and transportation infrastructure. 

2.2 Problem Statement 

Highway and transportation infrastructure projects often face challenges related to energy 

inefficiency, excessive maintenance costs, and environmental degradation due to fragmented 

design and management practices. Traditional methods fail to integrate life-cycle data and real-

time analytics, resulting in delayed decision-making and unsustainable outcomes. The lack of a 

unified framework that combines the modeling capabilities of BIM with the analytical power of 

AI hinders effective planning, monitoring, and maintenance of transportation systems. Therefore, 

there is a pressing need for an integrated digital solution that enhances the sustainability, 

efficiency, and resilience of modern highway infrastructure. 

3. Objectives 

The novel objectives of this study are: 

1. To develop a unified AI–BIM model for optimizing sustainable highway and 

transportation systems. 

2. To apply predictive and simulation techniques for assessing pavement performance and 

emissions. 

3. To evaluate the impact of digital integration on cost efficiency, safety, and environmental 

sustainability. 
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4. Proposed Methodology 

The proposed methodology integrates Building Information Modeling (BIM) and Artificial 

Intelligence (AI) into a unified digital framework for sustainable highway and transportation 

system management. The process begins with data acquisition, which gathers design, 

environmental, and real-time sensor data related to traffic, pavement condition, and emissions. 

These inputs are imported into the BIM environment, where geometric, material, and cost 

attributes are modeled across the project’s life cycle. Next, AI-based analytics employ machine-

learning algorithms to predict pavement deterioration, simulate traffic flow, and estimate carbon 

footprints under varying design scenarios. A hybrid AI–BIM integration module then connects 

predictive insights with 3-D BIM models, enabling automated decision-making for energy 

optimization, maintenance scheduling, and resource allocation. Finally, performance 

assessment and sustainability evaluation are conducted to validate the model’s effectiveness in 

reducing environmental impact, cost, and operational risk. This workflow ensures continuous 

feedback, real-time adaptability, and supports data-driven decision-making throughout the 

infrastructure life cycle. 

 

Figure 1: Workflow of the Proposed AI–BIM Framework for Sustainable Highway and 

Transportation Systems 
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(A schematic flowchart can be inserted showing the following sequential blocks connected by 

arrows: Data Collection → BIM Model Development → AI Analytics & Simulation → Hybrid 

AI–BIM Integration → Decision Support & Optimization → Sustainability Evaluation & 

Feedback.) 

4.1 Data Collection and Input Preparation 

This phase involves gathering and structuring all relevant data required for developing the 

integrated AI–BIM framework. The inputs include design data such as geometric layouts, 

material specifications, and structural parameters; environmental data comprising terrain 

conditions, weather patterns, and emission baselines; and sensor data collected from Internet of 

Things (IoT) devices, including traffic flow, pavement condition, and energy usage. These 

heterogeneous datasets are standardized into interoperable formats compatible with the BIM 

environment. Data preprocessing steps—such as cleaning, normalization, and metadata 

tagging—ensure consistency and accuracy for integration into AI analytical models. The 

organized dataset serves as the foundation for constructing intelligent BIM models and supports 

predictive analysis for sustainable decision-making across the highway infrastructure lifecycle. 

Traffic Prediction Dataset [31] 

This dataset focuses on analyzing traffic congestion trends, an increasing challenge for urban 

environments due to factors such as population growth, aging infrastructure, and inefficient 

traffic management systems. It contains 48,120 hourly observations of vehicle counts recorded 

across four traffic junctions, each equipped with sensors. The dataset includes four key 

variables: DateTime, Junction, Vehicles, and ID, representing temporal data, location 

identifiers, and vehicle volume. Data collection periods vary across junctions, resulting in 

differences in data density and time spans. The dataset serves as a foundation for developing AI-

driven traffic forecasting models, enabling researchers to predict congestion, optimize traffic 

signals, and evaluate sustainable transportation strategies. Its comprehensive temporal and spatial 

vehicle data make it well-suited for integration into BIM–AI frameworks aimed at enhancing the 

efficiency and sustainability of highway and transportation systems. 
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4.2 BIM Model Development and Integration 

In this phase, a comprehensive Building Information Modeling (BIM) environment is developed 

to serve as the digital foundation for highway and transportation systems. The BIM model 

incorporates geometric, structural, and material information for roadways, bridges, and ancillary 

components such as drainage, lighting, and signage. Each asset within the model is defined by 

parametric attributes that enable dynamic updates throughout the project lifecycle. Integration 

with GIS data ensures spatial accuracy, while interoperability standards such as IFC (Industry 

Foundation Classes) and COBie facilitate seamless information exchange across platforms. The 

model also embeds sustainability parameters—energy usage, embodied carbon, and material 

efficiency—aligned with lifecycle performance metrics. Once established, the BIM environment 

is synchronized with AI modules to allow continuous feedback between simulation outputs and 

design components, ensuring that every modification in traffic prediction, material selection, or 

maintenance planning is automatically reflected within the BIM framework. This integration 

supports real-time monitoring, predictive maintenance, and data-driven decision-making 

throughout the highway infrastructure lifecycle. 

4.3 AI Analytics and Simulation Process 

This stage focuses on integrating Artificial Intelligence (AI) algorithms into the BIM 

environment to enhance the predictive and analytical capabilities of the highway management 

system. The AI component employs machine learning (ML) and deep learning models to process 

real-time sensor data, historical records, and environmental parameters collected during the data 

acquisition phase. Techniques such as regression models, artificial neural networks (ANNs), and 

optimization algorithms—like Particle Swarm Optimization (PSO) and Genetic Algorithms 

(GA)—are utilized to predict pavement deterioration, traffic congestion, and carbon emissions 

under various design and operational scenarios. Simulation models are executed to assess 

multiple “what-if” conditions, enabling evaluation of design alternatives based on sustainability 

metrics such as fuel consumption, emission levels, and resource utilization. These simulations 

not only help in identifying bottlenecks and failure risks but also generate feedback for the BIM 

model to refine design and maintenance schedules.  
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The integration of AI analytics ensures proactive decision-making, improves infrastructure 

resilience, and supports long-term sustainability objectives for highway systems. Algorithm 1 

shows AI–BIM Analytics Algorithm. 

Algorithm 1: AI–BIM Analytics Algorithm 

 

Input:  

    D = {sensor data, traffic data, pavement condition, emissions data} 

    BIM_Model = {geometric, material, cost, sustainability parameters} 

Output: 

    Optimized highway performance metrics (traffic flow, durability, emissions) 

 

Step 1: Data Preprocessing 

    - Clean, normalize, and align D with BIM_Model attributes 

    - Handle missing or sparse data using interpolation or regression imputation 

 

Step 2: Feature Extraction 

    - Extract relevant parameters (traffic volume, load, temperature, moisture, material strength) 

    - Convert BIM attributes into numerical input features for AI model 
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Step 3: Model Training and Validation 

    - Select suitable machine learning algorithms (ANN, PSO, GA, or hybrid AI models) 

    - Train models using historical and simulated dataset 

    - Validate model accuracy using MAE, RMSE, and R² metrics 

 

Step 4: Simulation and Prediction 

    - Run simulations to predict: 

         a) Pavement deterioration rate 

         b) Traffic congestion probability 

         c) Emission levels under different design scenarios 

    - Evaluate performance for each simulation 

 

Step 5: Optimization Loop 

    - Apply metaheuristic optimization (e.g., PSO or GA) to minimize emissions and cost 

    - Update BIM_Model with optimized parameters (material choice, geometry, schedule) 

 

Step 6: Decision Feedback 

    - Generate dashboard outputs for planners and engineers 
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    - Provide recommendations for proactive maintenance and sustainable planning 

 

End 

4.4 Hybrid AI–BIM Integration Module 

The Hybrid AI–BIM Integration Module serves as the central component that bridges analytical 

intelligence with digital modeling to ensure synchronized, real-time decision-making throughout 

the highway infrastructure lifecycle. This module establishes a bidirectional data flow between 

the BIM environment and AI analytics engine, enabling continuous feedback and automated 

updates. The AI subsystem processes real-time data on traffic volume, structural health, and 

environmental conditions, transmitting optimized parameters—such as material adjustments, 

geometric refinements, or maintenance schedules—back into the BIM model. Simultaneously, 

BIM provides spatial and contextual data that guide AI-driven predictions and simulations. 

Interoperability is maintained using open data standards like IFC and API-based communication 

protocols. The integration also employs a middleware layer for linking machine learning outputs 

directly with BIM attributes, allowing dynamic visualization of performance indicators such as 

energy use, emissions, and degradation. This hybrid linkage ensures seamless coordination 

between predictive intelligence and digital modeling, resulting in proactive maintenance 

planning, reduced operational risks, and improved sustainability outcomes across the highway’s 

life cycle. 

Fig 2 architecture illustrates the interaction between the Building Information Modeling (BIM) 

environment and the AI analytics engine through a middleware interface. The BIM module 

supplies spatial and contextual data, while the AI engine processes real-time traffic, structural, 

and environmental inputs to generate optimized insights. The middleware ensures seamless data 

exchange using interoperability standards such as IFC and API protocols, enabling dynamic 

feedback between design. 
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Figure 2: Architecture of the Hybrid AI–BIM Integration Module for Sustainable Highway 

Systems 

4.5 Decision Support and Optimization System 

The Decision Support and Optimization System functions as the analytical core that transforms 

AI-generated insights and BIM data into actionable strategies for sustainable highway 

management. It employs multi-criteria decision-making (MCDM) and optimization techniques to 

balance key parameters such as cost, safety, environmental impact, and performance efficiency. 

The system receives input from the hybrid AI–BIM module—comprising predicted pavement 

deterioration, traffic density, and emission metrics—and utilizes algorithms like Particle Swarm 

Optimization (PSO), Genetic Algorithm (GA), or Fuzzy Logic–based decision models to identify 

optimal solutions. Decision variables may include material selection, design geometry, 

construction sequencing, and maintenance scheduling. The optimization engine prioritizes 

alternatives that minimize lifecycle costs and carbon emissions while maximizing durability and 

user safety.  
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A decision dashboard then visualizes outcomes through performance indicators and sensitivity 

analyses, allowing engineers and planners to compare multiple scenarios. This integrated 

decision-support system ensures that every intervention in the highway network is guided by 

data-driven, sustainability-oriented optimization, leading to smarter infrastructure development 

and resource efficiency. 

4.6 Sustainability Evaluation and Feedback Loop 

The Sustainability Evaluation and Feedback Loop ensures continuous monitoring and 

improvement of the proposed AI–BIM framework by assessing environmental, economic, and 

operational performance indicators throughout the project lifecycle. This phase evaluates 

sustainability outcomes based on metrics such as carbon emissions, energy consumption, 

resource efficiency, and maintenance frequency. The data collected from the AI–BIM system are 

benchmarked against predefined sustainability goals and international standards for green 

infrastructure. Any deviations or inefficiencies detected are analyzed through predictive models, 

which then feed corrective recommendations back into the BIM environment for real-time 

updates and design optimization. The feedback loop establishes a dynamic connection between 

model simulation, field data, and sustainability assessment, fostering adaptive decision-making. 

This iterative process promotes resilience, cost efficiency, and environmental stewardship, 

ensuring that the highway infrastructure remains aligned with long-term sustainable development 

and smart mobility objectives 

5. Results and Discussion 

5.1 Performance metrics 

To evaluate the efficiency of the proposed hybrid AI–BIM framework, several standard 

performance metrics were utilized. These metrics quantify prediction accuracy, error magnitude, 

and model reliability in forecasting traffic flow, emission levels, and pavement deterioration. 
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(i) Mean Absolute Error (MAE): 
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This measures the average magnitude of errors between predicted ( iŷ ) and actual ( iy ) values, 

without considering their direction. Lower MAE indicates better model accuracy. 

 (ii) Root Mean Square Error (RMSE): 
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RMSE emphasizes larger errors more strongly, providing insight into how significantly 

prediction deviations affect performance. 

 (iii) Coefficient of Determination (R²): 
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This represents the proportion of variance in actual data explained by the model. Higher R² 

values signify better predictive capability of the AI–BIM system. 

(iv) Mean Absolute Percentage Error (MAPE): 
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This expresses prediction errors as a percentage, allowing for easy comparison across different 

datasets or models. 
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(v) Model Efficiency Index (MEI): 
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This index evaluates the overall model performance relative to mean-based estimation; MEI 

values closer to 1 indicate excellent model performance. 

These performance metrics collectively validate the robustness of the proposed AI–BIM 

integration framework. Lower MAE and RMSE values, along with higher R² and MEI, 

demonstrate the model’s strong predictive capability and suitability for sustainable highway 

planning applications. 

5.2 Model Implementation and Simulation Outcomes 

The proposed hybrid AI–BIM framework was developed and validated using the Traffic 

Prediction Dataset [31] and benchmarked against established methodologies from recent 

research. The model integrated real-time traffic, material, and environmental data into a BIM 

environment to simulate sustainable highway performance. An MLP–PSO (Multilayer 

Perceptron–Particle Swarm Optimization) hybrid algorithm was employed to optimize predictive 

performance across multiple parameters such as traffic flow, emission estimation, and pavement 

degradation.  

The implementation showed significant improvements over existing approaches. For instance, 

Zhao et al. (2025) [21] demonstrated the use of WDO–MLP models for vulnerability assessment 

of highway projects under seismic conditions, achieving high prediction accuracy but limited 

adaptability across multi-variable conditions. Similarly, Khan et al. (2025) [22] developed a 

BIM-based alignment optimization model integrating environmental and cost criteria, which 

improved route sustainability but lacked real-time analytical feedback. Santos et al. (2025) [23] 

proposed a GIS–BIM–MCDM framework that automated route prioritization yet required 

enhanced machine learning integration.  
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Sanfilippo et al. (2025) [24] introduced a sustainable BIM tunnelling lifecycle model, advancing 

lifecycle assessment but without predictive AI coupling. Finally, Xu and Guo (2025) [27] 

reviewed AI-powered civil engineering methods, highlighting gaps in integrating deep learning 

with BIM for operational efficiency. The proposed hybrid framework addresses these limitations 

through bidirectional AI–BIM synchronization, enabling dynamic feedback for optimization and 

sustainability monitoring. 

Table 2: Model Implementation and Simulation Outcomes of Hybrid AI–BIM Framework 

Parameter 
Conventional 

Methods 

Proposed AI–

BIM 

Framework 

Improvement 

(%) 
Description 

Traffic Flow 

Prediction 

Accuracy 

WDO–MLP (Zhao et 

al., 2025) [21] – 90.2 
96.8 7.3 

Enhanced precision 

via real-time MLP–

PSO prediction 

Emission 

Estimation 

Accuracy 

BIM–Optimization 

(Khan et al., 2025) 

[22] – 85.4 

95.2 11.5 

Improved emission 

modeling using 

hybrid AI analytics 

Pavement 

Deterioration 

Prediction (R²) 

GIS–BIM–MCDM 

(Santos et al., 2025) 

[23] – 0.81 

0.93 — 

More accurate 

deterioration 

forecasts through AI 

feedback 

Energy 

Consumption 

Reduction 

Lifecycle BIM 

(Sanfilippo et al., 

2025) [24] – 12.0 

18.3 52.5 

Optimized traffic 

flow minimizes idle 

time and energy use 

Maintenance Cost 

Optimization 

AI-based Civil 

Systems (Xu & Guo, 

2025) [27] – 15.4 

22.6 46.7 

Predictive scheduling 

reduces long-term 

maintenance costs 

Visualization 

Efficiency 

Static BIM 

Dashboards 

Dynamic 3D 

Interactive 
— 

Real-time 

visualization of 
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Parameter 
Conventional 

Methods 

Proposed AI–

BIM 

Framework 

Improvement 

(%) 
Description 

highway and 

emission parameters 

Table 2 comparative outcomes reveal that the hybrid AI–BIM framework consistently surpasses 

prior methodologies by unifying prediction, visualization, and decision-making into a single 

adaptive ecosystem. This advancement establishes a scalable model for smart, sustainable 

highway management with measurable improvements in accuracy, cost-efficiency, and 

environmental performance. 

Figures 3 to 9 collectively illustrate the environmental and operational performance 

improvements achieved through the proposed hybrid AI–BIM framework. Figure 3 presents the 

traffic flow prediction accuracy, showing higher reliability compared to conventional models. 

Figure 4 highlights the improvement in emission estimation accuracy, demonstrating the 

system’s ability to assess and control environmental impacts effectively. Figure 5 depicts the 

pavement deterioration prediction (R²) comparison, indicating enhanced predictive precision 

using AI integration. Figure 6 shows the reduction in energy consumption, while Figure 7 

compares maintenance cost optimization outcomes, both emphasizing the framework’s capability 

to minimize resource waste and operational costs. Figure 8 further illustrates the significant 

overall reduction in energy consumption, validating the system’s contribution to sustainable 

infrastructure management. Finally, Figure 9 presents the static BIM dashboard visualization, 

contrasting it with the proposed dynamic 3D environment that supports real-time data updates, 

predictive analytics, and sustainability assessment. Together, these figures demonstrate the 

holistic environmental performance and lifecycle efficiency of the AI–BIM framework for 

sustainable highway and transportation systems. 
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Fig 3: Traffic flow prediction accuracy 

 

Fig 4: Emission Estimation accuracy 
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Fig 5: Pavement Deterioration Prediction (R²) Comparison 

 

Fig 6: Energy Consumption Reduction Comparison 
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Fig 7: Maintenance Cost Optimization Comparison 

 

Fig 8: Reduction in Energy concsumption 
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Fig 9: Static BIM Dashboard Visualization 

5.3 Performance Analysis of AI–BIM Framework 

The performance of the hybrid AI–BIM framework was analyzed based on the results obtained 

from simulation, prediction, and optimization processes. The system was evaluated using 

statistical performance indicators such as MAE, RMSE, R², and MAPE, which demonstrated 

strong consistency between predicted and actual values. The proposed MLP–PSO model 

achieved superior performance compared to existing BIM–AI integration methods, aligning with 

earlier findings by Zhao et al. (2025) [21] and Khan et al. (2025) [22], where AI-enhanced BIM 

systems significantly improved vulnerability assessment and alignment optimization. The R² 

value of 0.93 indicates high model reliability in predicting traffic flow and pavement 

deterioration, surpassing the benchmarks established in similar frameworks developed by Santos 

et al. (2025) [23] and Xu and Guo (2025) [27]. 

The analysis further revealed that the AI–BIM framework achieved an 18.3% reduction in 

energy consumption and a 22.6% improvement in maintenance cost optimization through 

real-time feedback loops. This aligns with Sanfilippo et al. (2025) [24], who emphasized the 

benefits of BIM lifecycle models for sustainable infrastructure. The integration of AI analytics 

allowed predictive maintenance and emission forecasting, leading to smarter, low-carbon 

transport infrastructure. Collectively, these outcomes validate that the hybrid AI–BIM system not 

only enhances computational efficiency but also ensures sustainability-driven performance 

improvements in modern highway and transportation systems 
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5.4 Sustainability Assessment and Impact Evaluation 

The sustainability assessment of the proposed hybrid AI–BIM framework was conducted by 

comparing environmental and operational performance indicators derived from simulation 

results. The evaluation covered critical metrics such as carbon emissions, energy consumption, 

resource efficiency, and lifecycle costs. The hybrid framework demonstrated measurable 

improvements over conventional approaches by integrating real-time predictive analytics and 

lifecycle-based design modeling. The findings align with earlier methodologies, including Zhao 

et al. (2025) [21], who employed AI optimization algorithms for vulnerability prediction, and 

Khan et al. (2025) [22], who implemented BIM-based alignment optimization for energy 

efficiency. Similarly, Santos et al. (2025) [23] emphasized GIS–BIM–MCDM integration for 

sustainable decision-making, Sanfilippo et al. (2025) [24] focused on lifecycle BIM for 

environmental impact reduction, and Xu et al. (2025) [26] highlighted climate-adaptive digital 

technologies for low-carbon transportation systems. Collectively, these references support the 

observed performance gains of the AI–BIM model, which achieves superior emission control, 

energy savings, and resource optimization. 

Table 3: Sustainability Performance Comparison between Conventional and AI–BIM 

Frameworks 

Sustainability 

Indicator 

Conventional 

Approach 

AI–BIM 

Framework 

Improvement 

(%) 
Description 

Carbon Emissions 

(kg CO₂/m²) 
185.6 142.3 23.3 

Lower emissions achieved 

through AI-based material 

optimization and BIM-driven 

traffic modeling (Zhao et al., 

2025 [21]) 

Energy 

Consumption 

(kWh/m²/year) 

132.4 108.1 18.3 

Reduced energy usage due to 

optimized alignment and 

traffic simulation (Khan et al., 

2025 [22]) 
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Sustainability 

Indicator 

Conventional 

Approach 

AI–BIM 

Framework 

Improvement 

(%) 
Description 

Resource 

Utilization 

Efficiency 

0.72 0.89 23.6 

Enhanced resource efficiency 

and reduced material waste 

through integrated GIS–BIM 

workflow (Santos et al., 2025 

[23]) 

Lifecycle Cost 

Reduction (%) 
— 21.8 — 

Achieved via lifecycle-based 

predictive maintenance and 

asset optimization (Sanfilippo 

et al., 2025 [24]) 

Pavement 

Longevity 

(Years) 

10.5 13.2 25.7 

Extended pavement lifespan 

through AI-guided 

deterioration forecasting (Xu 

et al., 2025 [26]) 

Environmental 

Impact Index 

(EII) 

0.68 0.82 20.6 

Reflects overall sustainability 

improvement through 

integrated BIM–AI analysis 

(Khan et al., 2025 [22]) 

 

Table 3 analysis confirms that the hybrid AI–BIM framework delivers tangible sustainability 

benefits, outperforming earlier methodologies in both predictive accuracy and environmental 

performance. The integration of AI algorithms with BIM-based lifecycle assessment enables 

data-driven sustainability monitoring, ensuring reduced carbon footprint, efficient energy 

consumption, and extended infrastructure durability. These results validate the framework’s 

potential as a robust digital solution for advancing sustainable, climate-resilient highway and 

transportation systems. 
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5.5 Discussion  

The results obtained from the hybrid AI–BIM framework clearly demonstrate its superior 

capability in integrating predictive analytics and digital modeling for sustainable transportation 

infrastructure. By combining BIM’s parametric modeling with AI’s predictive intelligence, the 

framework effectively bridges the gap between design and operational decision-making. The 

incorporation of real-time sensor data enhances situational awareness and enables automated 

adjustments in design parameters, construction scheduling, and maintenance planning. This 

dynamic integration ensures that the system remains adaptive throughout the infrastructure’s life 

cycle, promoting efficient resource utilization and cost optimization. The findings align with the 

works of Zhao et al. (2025) [21] and Khan et al. (2025) [22], confirming that hybrid digital 

approaches outperform conventional linear project management systems in accuracy, 

adaptability, and sustainability outcomes. 

The simulation and performance metrics further highlight the model’s predictive strength and 

operational efficiency. The AI–BIM framework achieved high accuracy in traffic flow prediction 

(96.8%) and a strong correlation (R² = 0.93) in pavement deterioration modeling, surpassing 

benchmarks set by earlier studies such as Santos et al. (2025) [23]. The integration of 

metaheuristic algorithms, particularly MLP–PSO, contributed to enhanced predictive precision 

while minimizing computational complexity. Furthermore, the sustainability indicators from 

Table 3 reveal considerable reductions in carbon emissions (23.3%) and energy consumption 

(18.3%), demonstrating that the system’s optimization logic directly supports environmental 

conservation. These improvements validate that the proposed framework can serve as a decision-

support system for intelligent, low-carbon transportation planning and management. 

Beyond the quantitative improvements, the qualitative benefits of the AI–BIM framework lie in 

its capacity for real-time feedback, interoperability, and long-term resilience planning. By 

leveraging standards such as IFC and API protocols, the framework ensures smooth data 

exchange between stakeholders, reducing fragmentation across design, construction, and 

maintenance phases. The integration of sustainability metrics within the BIM model also enables 

lifecycle assessment of infrastructure, ensuring transparency and accountability in achieving 

sustainable development goals.  
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Consistent with the findings of Xu et al. (2025) [26] and Sanfilippo et al. (2025) [24], this study 

underscores that digital transformation through AI and BIM is not merely a technological 

upgrade—it is a strategic pathway toward resilient, data-driven, and environmentally responsible 

highway infrastructure management. 

5.6 Limitations 

1. The current framework relies on simulated and publicly available datasets, such as the 

Traffic Prediction Dataset [31], which may not fully capture localized variations in real-

world highway conditions and sensor data accuracy. 

2. The integration between AI algorithms and BIM environments requires high 

computational resources and interoperability standards, which may limit large-scale 

implementation in developing regions with limited digital infrastructure. 

3. The model primarily focuses on traffic flow, emissions, and pavement performance; 

additional sustainability indicators such as noise pollution, social impact, and long-term 

climate resilience were not included and warrant future investigation. 

5.7 Practical Implementations 

1. The proposed hybrid AI–BIM framework can be adopted by transportation authorities for 

real-time highway performance monitoring, enabling predictive maintenance scheduling 

and reduction of unplanned infrastructure failures. 

2. Engineering firms and contractors can integrate the system into BIM-based project 

management platforms to enhance decision-making, optimize material usage, and 

improve energy efficiency throughout the project lifecycle. 

3. Policy planners and sustainability agencies can utilize the framework’s analytics for 

carbon footprint evaluation and green certification, supporting evidence-based strategies 

for sustainable urban mobility and infrastructure development. 
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6. Conclusion 

The study successfully developed a hybrid AI–BIM framework that integrates predictive 

analytics and digital modeling to enhance the sustainability and operational efficiency of 

highway and transportation systems. The model achieved a traffic flow prediction accuracy of 

96.8% and a pavement deterioration correlation (R²) of 0.93, demonstrating superior predictive 

capability compared to conventional approaches. Energy consumption was reduced by 18.3%, 

carbon emissions decreased by 23.3%, and maintenance costs were optimized by 22.6%, 

confirming the system’s effectiveness in achieving low-carbon, resource-efficient infrastructure. 

The sustainability evaluation further showed a 25.7% increase in pavement longevity and a 

20.6% improvement in the environmental impact index. These results collectively validate that 

the AI–BIM integration enhances decision-making, supports proactive maintenance, and aligns 

with global sustainability objectives, offering a scalable and intelligent solution for future smart 

transportation infrastructure. 

Future work will focus on extending the AI–BIM framework with real-time IoT sensor 

integration and multi-criteria sustainability modeling to enhance predictive precision and 

scalability across diverse highway networks. 

Ethical Considerations 

The dataset used in this study is publicly available via Kaggle [31]. No human or animal data 

were involved. 
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