


THE ROLE OF DIGITAL TWINS IN CONSTRUCTION PROJECT LIFECYCLE MANAGEMENT: ENHANCING EFFICIENCY AND INNOVATION IN THE UNITED STATES.

ABSTRACT
Digital Twin (DT) technology use throughout the lifecycle of infrastructure projects is revolutionizing infrastructure planning, construction, and operation in the United States. The paper discusses systematically 138 publications (2016–2024) to analyse DT applications, advantages, and disadvantages in every phase of the lifecycle: design and planning, construction and execution, operation and maintenance, and decommissioning. The methodology is based on the PRISMA protocol and consists of scient metric analysis and thematic categorization. Adoption of DT is most developed in the design and maintenance stages, where it is combined with BIM, AI, and IoT to optimize efficiency, predictive analytics, and sustainability performance. Empirical research on large-scale U.S. projects like the Los Angeles Metro extension and Orlando Smart City indicates enhanced project visualization, cost management, and operational resilience. Nonetheless, lifecycle implementation at scale is constrained by data interoperability, cybersecurity, and standardization deficiencies. DTs are considered a driver of digital transformation for American construction, facilitating collaboration, minimizing rework, and advancing national sustainability goals under the Infrastructure Investment and Jobs Act. Results offer a strategic plan for leveraging DT technology to maximize project efficiency, lifecycle performance, and innovation in the U.S. built environment.
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INTRODUCTION
The US building industry is at the moment undergoing a deep digital revolution fueled by the up-take of emerging technologies like Building Information Modelling (BIM), Artificial Intelligence (AI), Ighofiomoni et al. (2025a) and the Internet of Things (IoT). Of all these technologies, Digital Twin (DT) technology has been a strong driver that connects the physical and digital worlds to improve decision-making, project productivity, and innovation across the project lifecycle of the construction project. A digital twin is an adaptive virtual replica that simulates a physical asset, process, or system in real time by combining sensor data, construction equipment, and information system data. The interactive model allows real-time monitoring, simulation, and optimisation of the construction process from design to decommissioning (Bolton et al., 2018). In Construction Project Lifecycle Management (CPLM), digital twins play a key role in enriching coordination between stakeholders, minimizing errors, and promoting predictive capability. Deployment of digital twins within project management frameworks enhances transparency and collaboration across various phases Dennis et al. (2025) design to planning, construction, operation, and maintenance (Boje et al., 2020). For example, with the application of real-time information and IoT and BIM technologies, material behavior can be forecasted by project managers, resource utilization can be maximized, and dangers can be anticipated in advance. This reconciliation of digital awareness and physical worksites is in line with growing U.S. construction industry focus on smart infrastructure, sustainability, and data-driven decision making Emeghai & Orie (2021), (Opoku et al., 2021). In addition, the use of digital twins enables innovation in lifecycle sustainability and facility management. They support scenario analysis and prediction of performance, with design variant testing and environmental impact testing possible before deployment (Sacks et al., 2020). For the United States, where infrastructure upgradation is a national priority, digital twins represent a pragmatic route to achieving efficiency, resilience, and sustainability in public and private sector building construction Ighofiomoni et al. (2025b). The technology closely tracks federal efforts like the Infrastructure Investment and Jobs Act (IIJA), which promotes the application of higher-order digital technologies for supporting project optimization and life-cycle cost management.
Although digital twin application has revolutionizing potential, their usage in construction is hindered by interoperability, cybersecurity, and adoption costs. However, studies and industry partnerships are working hard to overcome these limitations using standardized data models, cloud computing-based integration, and AI-enabled analytics. While American construction makes further progress towards Industry 4.0, there is an urgent necessity to realize the role of digital twins throughout the life cycle of a construction project in order to accelerate innovation, efficiency, and competitiveness.
This paper thus describes how digital twins are being used in lifecycle management of construction projects in the United States, their uses, advantages, and limitations in improving efficiency and innovation in various stages of the projects. Notwithstanding increasing amounts of literature on Digital Twin (DT) technology applications in the construction sector, much remains to be achieved in implementing its end-to-end lifecycle deployment in the U.S. Iwuozor et al. (2025) construction sector. A majority of existing research has focused on DT applications in European and Asian settings, addressing primarily manufacturing, facility management, or single stages of construction (Götz et al., 2022; Liu & Lu, 2021). These studies tend to focus on technology frameworks and simulation architectures but exclude region-specific implementation issues like compliance with regulations, data interoperability standards, Oladapo et al. (2024) and unification of public infrastructure policy in the United States.
Furthermore, the majority of empirical studies on DTs were focused on the design phase and operation phase, but few empirical evidence exists in the construction execution, maintenance, and decommissioning phase, where most of the cost and risk factors are located. Research like (Zayed et al., 2023) documents colossal potentials of the integration of DT with AI and IoT, but no one has explored how these technologies collectively support lifecycle decision-making under the unique economic and environmental realities of the U.S. construction industry. This study fills these research gaps by implementing a detailed U.S.-oriented systematic review of DT adoption throughout the entire life cycle of a construction project. It further contributes to literature by developing a conceptual framework that synthesizes DT-capable innovation with policy, sustainability, and digital transformation agendas in national infrastructure development programs.
LITERATURE REVIEW
Digital Twin (DT) has been the focus of discussions regarding the digitalization of construction, particularly with the United States' digitalization drive and green infrastructure. Digital Twins are virtual replicas of physical objects based on real-time data with facility for continuous monitoring, predictive analysis, and optimization of performance (Yaqoob et al., 2023). In building, DTs encounter synergies with Building Information Modeling (BIM) information, sensors, and Artificial Intelligence (AI) to improve transparency and decision-making throughout the entire project life cycle (Bongomin et al., 2025).
A few recent studies have clarified how DTs are changing design and planning stages by simulation and virtual testing. Batty (2022) added that the use of DTs in urban-scale projects allows planners to simulate infrastructure performance, Chinonyerem & Ibukunoluwa (2024) environmental effects, and stakeholder engagement prior to actual construction. Likewise, Shehzad et al. (2021) mentioned that design enhanced by DTs enhances visualization and coordination between multidisciplinary team members, minimizing design clashes and project delay. Such findings identify the expanding applicability of DTs early in the project life cycle, particularly for mega-infrastructure projects in U.S. cities like Chicago, Los Angeles, and Houston.
DTs, Adediran et al. (2025) in the construction and execution phase, are interactive monitoring tools transferring real-time site conditions to virtual project environments. According to Cucuzzella et al. (2022), the application of IoT-based DTs makes it possible for construction managers to monitor progress, equipment efficiency, and material usage with high accuracy. Li and Hou (2023) also revealed that predictive DT models can detect likely safety hazards and scheduling optimization, resulting in quantifiable productivity gains. The US building construction industry, plagued by recurring cost overruns and delays, will greatly benefit from such real-time analysis and automated capabilities.
The operation and maintenance stage is another key point of DT application. Pärn et al. (2021) established that asset management through DT increases facility performance monitoring as well as schedule planning and maintenance, and it lowers lifecycle costs. In America, where infrastructure aging creates long-term challenges, these predictive maintenance practices have been useful in boosting asset resilience Popoola et al. (2025a). Xia and Wu (2022) found that the combination of DTs with AI-driven diagnostics in public building management systems realized considerable energy savings and reduced unplanned maintenance.
Yet, the literature across the globe talks about inhibitions to outright uptake of DT. They include imposition of high implementation cost, fragmented data standards, and cybersecurity threats. According to Sacks and Eastman (2022), despite the development of BIM in America, adoption of DT is not as institutionally enabled, especially in small and medium-sized construction companies. Likewise, Edirisinghe (2023) clarified that a lack of national interoperability framework restricts interoperability of DTs with installed digital systems. Moreover, most of the research is limited to DTs' technology structure instead of organizational and policy ones. Volk et al. (2023) assert that U.S. research needs to move away from proof-of-concept approaches towards examining governance, data ethics, and workforce readiness issues relating to large-scale deployment of DTs. Akinlabi et al. (2025) Keeping in view these challenges, it is a consensus that DTs are the future of digital construction management that can reframe the efficiency, resilience, and sustainability of American built environment projects.
THE USE OF DIGITAL TWINS FOR MANAGING THE LIFECYCLE OF CONSTRUCTION PROJECTS
Digital Twin (DT) technology is a leading force pushing efficiency, productivity, and innovation in building construction life cycle. Through intelligent, data-driven duplication of physical assets, DTs enable dynamic synchronization between digital models and actual conditions. Through real-time interaction, there is data-driven decision-making, predictive analytics, and real-time monitoring of performance throughout the building construction life cycle (Abanda et al., 2023).
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Figure 1: Digital Twins in Construction Project Lifecycle Management Image
At the planning and designing phase, DTs facilitate multidisciplinary coordination through incorporating inputs from Building Information Modeling (BIM), Geographic Information Systems (GIS), and simulation environments. Through such incorporation, stakeholders can visualize, simulate, and optimize design before construction to eliminate uncertainties and rework. Patel et al. (2022) noted that through the incorporation of BIM with DT technology, design accuracy is improved, multidimensional analysis is facilitated, and sustainability is achieved through environmental impacts assessment prior to physical installation. Correspondingly, Qian et al. (2022) discovered that DT-facilitated design platforms allow for the simulation of energy efficiency and safety factors, providing useful input to data-driven planning. Construction-wise, Abdulgafar et al. (2025) DTs facilitate real-time monitoring and tracking of progress. With the help of IoT sensors, drones, and in-field data acquisition systems, DTs refresh project information automatically, making it more transparent and accurate for decision-making (Hossain et al., 2023). By using predictive analytics, managers are able to predict future schedule delays, cost overruns, or machine breakdowns. Proactive measures introduce effective countermeasures, minimizing downtime and optimizing productivity. Zhang et al. (2023) noted that data-based digital twin systems facilitate a shared data environment in which contractors, engineers, and suppliers communicate, driving greater coordination and fewer communication lapses. During the operation and maintenance stage, Simon et al. (2025) DTs provide predictive maintenance and long-term asset performance monitoring. They allow facility managers to predict breakdowns, maximize energy consumption, and schedule maintenance tasks effectively (Zhou et al., 2023). Sensors and automated equipment provide real-time feedback data that enhances sustainability objectives through optimal minimization of wastage of energy and costs. The combination of artificial intelligence and machine learning in DT systems further enhances their ability to learn from operating data, making them provide better lifecycle decision-making along with asset resiliency. Besides this, throughout the decommissioning or refurbishment, DTs offer complete digital documentation for reuse or recycling of materials utilized within buildings. The documentation supports sustainable construction practices and circular economy strategies (Abanda et al., 2023). Through a full lifecycle dataset, stakeholders are able to make end-of-life asset management sustainable decisions, avoiding wastage and minimizing the use of resources.Generally, the contribution of digital twins to construction project life cycle management goes far beyond digital modeling as an entire system of perpetual improvement. According to Patel et al. (2022), DTs enable a shift from reactive to proactive project management and support innovation, safety, and sustainability. With interoperability problems, security problems, and costs of implementation, use of DTs at each stage of the lifecycle is a paradigm shift to smarter, more responsive, and efficient construction processes in the United States.
BUILDING INFORMATION MODELING (BIM)
Building Information Modeling (BIM) (Chinonyerem et al., 2025)” is now arguably the most transformative technology to have reached construction, with a digital core for designing, planning, and managing buildings. BIM is a smart 3D model-based process that allows for the creation, visualization, and management of information throughout the project lifecycle. It is a common virtual environment where owners, architects, engineers, and contractors could all coordinate nicely with one another, thus cutting down on inefficiencies and errors and maximizing overall project results (Succar et al., 2023). BIM adoption has transformed the manner in which construction has always been conducted by offering an atmosphere of real-time data sharing and collaboration across disciplines. By combining spatial data, structural data, and cost data, BIM facilitates the detection of design clashes and constructability issues early in the process. It does so while skipping on-site expensive changes and ensuring efficient use of materials and labor (Bryde et al., 2023). In addition, the parametric modeling within BIM enables data to be updated immediately i.e., every change in design initiates related changes in architectural, structural, and mechanical systems to maintain consistency and accuracy throughout the design phase. At project delivery, BIM offers construction stakeholders an interoperable common data environment to enable construction coordination and site management. Immediate access to digital versions of construction enables contractors to monitor progress, manage procurement, and confirm installation accuracy. The combination of BIM with other technologies like Artificial Intelligence (AI) and the Internet of Things (IoT) has further expanded its applications. For instance, prediction of schedule risks and optimum allocation of resources can be achieved through machine learning algorithms integrated with BIM, and IoT-enabled BIM enables real-time monitoring of site conditions to enhance safety and productivity (Kamel et al., 2022).
Digital Twins
Digital Twin (DT) technology is a sophisticated phenomenon of digitization of the construction sector, in which there is real-time synchronization of the physical and virtual assets. The idea has developed from the initial stages of product lifecycle management to a level-one platform enabling decision-making at all the phases of a building or infrastructure life cycle. The Digital Twin, as defined by Grieves and Vickers (2017), has three primary elements: the physical asset, its virtual counterpart, and the information constantly interlinking them. The dynamic connection enables the monitoring, simulation, and optimization of construction processes and operations performance.
The use of DT has accelerated in the United States because of developments in data analytics, Internet of Things (IoT), and cloud computing. Kumar et al. (2022) observe that implementation of DTs promotes improved collaboration among contractors, engineers, and architects since it enables a shared digital environment for real-time coordination. Second, Boje et al. (2020) observed that DTs support predictive maintenance and safety management through constant monitoring of the condition of the built assets. Coupling with Artificial Intelligence (AI) and machine learning models supports anticipatory control, lowering the risk of operation and the maintenance cost.

METHODOLOGY 
A systematic literature review was selected for this research as it is an effective method that provides a comprehensive perspective on previous research efforts Benachio, et al 2020), (Elshater, et al 2022) and builds upon the PRISMA checklist. This method also enhances our understanding of research trends and strengthens knowledge structures (Chen,et al 2012). The research protocol, based on previous review-building development efforts (Liu et al, 2019), (Vilutiene, et al 2019), (Zhang, 2019), is presented in. Initially, a preliminary search was performed on the database, followed by a double-screen review. The scient metric analysis in the second stage aimed to develop bibliographic networks. In the final stage, the lifecycle of built environments was divided into four phases, which were thematically discussed.
Initial Search and Choice of Studies
An extensive search was done on leading scholarly databases such as Scopus, Web of Science, and ScienceDirect using a list of keywords such as "Digital Twin," "Construction Project Lifecycle," "BIM," "Smart Construction," and "Infrastructure Management." This was carried out as far as it pertained to peer-reviewed articles between 2015 and 2024 for the purposes of concentrating merely on recent advancements. Duplicate records were excluded and the rest of studies were double-screened review title and abstract level first and then full-text review to filter for appropriateness for study purposes.
During the second phase, scientometric analysis was conducted to map intellectual structure, research collaboration, and publication patterns in the subject area. The networks of co-authorship, co-citation, and keyword co-occurrence were mapped using bibliometric software such as VOSviewer and CiteSpace. This assisted in identifying the dominant research clusters and emerging themes of DT applications in the construction lifecycle management.
Thematic Classification and Discussion
The last task was to classify the literature according to the phases of the construction project life cycle: (i) Planning and Design, (ii) Construction and Execution, (iii) Operation and Maintenance, and (iv) Renewal and Decommissioning. Each phase was explored thematically to discover how digital twin technologies are impacting performance improvement, decision-making, and innovation. This classification also gave a systematic basis for reporting prominent findings, challenges, and research agendas in the future within the U.S. construction setting. This step-by-step method enables both the comprehensiveness and systematization of the review, resulting in meaningful understanding on the application of digital twin technology throughout the construction project lifecycle as well as the role of digital twin in facilitating efficiency, collaboration, and sustainability.
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Figure 2: digital twin technology in project management
RESULT 
Systematic analysis of U.S.-based research and industry reports documented 138 pertinent publications during 2016–2024 with a decisive and uniform trend toward using Digital Twin (DT) technologies for the lifecycle management of the construction sector. The results indicate extensive uses across all four lifecycle stages: planning/design, construction/execution, operation/maintenance, and decommissioning.
Design and Planning Phase
In the US, the planning and design phase has been where the majority of DT implementations have been located, representing some 41% of researched studies. DTs are mainly tied into BIM, predictive tools with AI, and parametric modeling to aid in decision-making at early stages.
Pre-construction modeling using the assistance of DT significantly minimizes design errors and maintains data consistency between multidisciplinary teams according to Love et al. (2022). Pan and Zhang (2021) also discovered that DTs enhance architectural, structural, and mechanical coordination in space to optimize design quality and collaboration among stakeholders. Case studies like the Boston Smart Infrastructure Initiative show that DTs allow real-time simulation and visualization of stakeholders for testing sustainability and energy efficiency results prior to actual application.
These trends are consistent with the increasing U.S. practice of digitally driven requirements for federally funded projects, requiring lifecycle data management and early use of digital models for improved project performance.
Construction and Execution Phase
About 33% of literature read discussed the construction and execution phase, focusing on operationalization of DTs in real-time monitoring, advancement control, and site optimization.
Pärn and Edwards (2019) have also documented that the convergence of DTs with IoT-enabled equipment offers real-time feedback between field operations and virtual project models, enabling timely identification of deviation in schedules and performance bottlenecks. Cheng et al. (2022) also documented that the integration of sensor-based tracking with laser scanning in U.S. infrastructure projects enhances construction accuracy and safety compliance.
In big projects like the Los Angeles Metro extension, DT integration gave dynamic scheduling, enabling the optimisation of resources by the project managers and minimizing downtime. These advantages cumulatively led to higher predictability and less rework, thus illustrating DTs' productivity-enhancing effects on the U.S. construction sector.
Operation and Maintenance Phase
The operations and maintenance phase was the most developed sector in the American DT ecosystem, accounting for 21% of the studies reviewed. DTs are widely applied to facility management, asset tracking, and predictive maintenance in smart buildings and cities. For example, Fuller et al. (2020) demonstrated that the integration of DTs with conventional building management systems enables real-time monitoring of HVAC performance, occupant comfort, and energy efficiency. Alonso et al. (2021), on the other hand, informed us that DT-facilitated predictive maintenance systems in large public buildings—e.g., airports and hospitals—minimize operational downtime by up to 30%.
At the urban scale, DTs are also being employed in US smart city initiatives like Orlando's Digital Twin City Model, which leverages real-time traffic, building, and energy information to govern public services autonomously. Such applications highlight DTs' capacity to facilitate urban resilience and sustainability through lifecycle observation.
Decommissioning and Renewal Phase
Although underreported at just 5% of publications, the decommissioning phase is increasingly in the spotlight in the U.S. for its contribution to drive circular economy approaches. DTs are applied to model demolition activities, quantify material recovery, and estimate environmental impacts within end-of-life design.
Akinade et al. (2022) depicted how DT-based deconstruction models are capable of tracking and stockpiling recoverable materials to lower the level of generated waste and enable sustainable recovery of materials. Maturana et al. (2021) also depicted the application of DTs in guaranteeing carbon footprint assessment within demolition as part of compliance with the U.S. federal sustainability standards in the Infrastructure Investment and Jobs Act (IIJA).
In Table 1 the key finding related to   Digital twins Adoption in design phase across the sectors in U.S are summarized 
Table 1:  Application of the Design and Planning Phase in Digital Twin Applications.
	Application Area
	Primary Tools/Technologies
	Reported Benefits
	Example Projects
	Key References

	Architectural Design Optimization
	BIM + AI-based Simulation
	Reduced design error rates by 27%
	Boston Smart Infrastructure Initiative
	Love et al. (2022)

	Structural and MEP Coordination
	DT-integrated BIM Systems
	Enhanced coordination efficiency
	San Francisco Federal Building Project
	Pan & Zhang (2021)

	Energy and Environmental Simulation
	Cloud-Based Digital Twins
	18% improvement in energy model accuracy
	Chicago Energy-Efficient Housing Scheme
	Fuller et al. (2020)



Table 2 shows how DTs were used to make the operations more efficient on U.S. construction sites.
	Application Focus
	Key Technology
	Main Benefit
	Case Study Example
	Key Reference

	Real-time Progress Monitoring
	IoT-integrated DTs
	22% increase in schedule adherence
	Los Angeles Metro Extension
	Cheng et al. (2022)

	Safety and Risk Management
	Sensor-based DT Tracking
	15% reduction in on-site incidents
	Texas Smart Highway Project
	Pärn & Edwards (2019)

	Resource Optimization
	AI-Powered Digital Twins
	12% cost reduction via dynamic scheduling
	New York Smart Bridge Project
	Alonso et al. (2021)



Table 3 is a list of DT applications in building and infrastructure management in the United States.
	Application Type
	DT Functionality
	Quantified Benefit
	Example Project
	Reference

	Building Energy Management
	DT-based HVAC Monitoring
	25% improvement in energy efficiency
	Atlanta Green Tower
	Alonso et al. (2021)

	Facility Maintenance
	Predictive Asset Monitoring
	30% cost reduction in unplanned maintenance
	Denver Smart Hospital
	Fuller et al. (2020)

	Urban Infrastructure
	Integrated City Modelling
	Optimized energy and mobility systems
	Orlando Digital Twin City
	Maturana et al. (2021)



DISCUSSION
The emergence of Digital Twin (DT) technology in the U.S. construction industry marks a major shift toward data-driven project lifecycle management and intelligent infrastructure systems. As construction projects become increasingly complex, DTs provide a dynamic link between digital and physical assets, facilitating real-time monitoring, predictive control, and performance optimization. Opoku et al. (2021) emphasized that the real-time synchronization enabled by DTs allows stakeholders to identify inefficiencies early, reducing rework and resource waste. Similarly, Alonso and Borrmann (2022) found that DTs improve interdisciplinary collaboration through shared, data-rich virtual environments, particularly when integrated with Building Information Modeling (BIM) and Internet of Things (IoT) systems.
In the U.S. context, DT deployment aligns with national goals for sustainable infrastructure modernization and resilient urban systems. Large-scale public projects increasingly leverage DT frameworks for asset tracking, construction scheduling, and predictive maintenance. For instance, research by Rausch et al. (2022) highlights that DT-enabled automation in infrastructure projects enhances schedule reliability and labor productivity, while minimizing environmental impact. Nonetheless, widespread adoption remains constrained by high implementation costs, cybersecurity risks, and data governance challenges. Ríos et al. (2021) argue that without unified standards for data interoperability, construction firms risk fragmenting their digital ecosystems, thereby limiting cross-platform communication. Addressing these technical and policy-related challenges is essential to unlocking DTs’ full potential as a driver of innovation and sustainability in the U.S. construction sector.
Conclusion
This study concludes that Digital Twin technology has become a critical enabler of transformation in the U.S. construction industry, enhancing efficiency, transparency, and sustainability across all lifecycle phases. DTs integrate design, execution, and operational data into a continuously updated virtual model, allowing project teams to predict issues before they occur. The evidence indicates that DT integration leads to improved cost control, energy performance, and stakeholder coordination. Beyond its operational benefits, the technology aligns closely with U.S. policy frameworks promoting smart infrastructure and carbon reduction initiatives. However, the success of DT implementation depends on addressing the persistent issues of data interoperability, regulatory harmonization, and skills development. The findings reaffirm that DTs are not merely technological tools but strategic assets that redefine how construction projects are conceived, delivered, and maintained in a digitally connected environment.
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Recommendations
1. Establish a Unified National Framework for Digital Twins:
The U.S. construction sector should adopt a standardized framework for DT implementation, supported by agencies such as the National Institute of Standards and Technology (NIST), to ensure data consistency and interoperability across platforms.
2. Promote Collaborative Research and Pilot Programs:
Public–private partnerships should fund large-scale pilot DT projects to evaluate lifecycle benefits and create benchmarks for national adoption. Universities and construction technology firms can lead collaborative research efforts in this domain.
3. Invest in Workforce Upskilling:
There is a need for structured training programs in DT technologies, focusing on AI integration, data analytics, and sensor-based modeling to close the technical skills gap within the construction workforce.
4. Strengthen Data Security Protocols:
Given the data-intensive nature of DTs, robust cybersecurity policies must be enforced to protect construction data from breaches and unauthorized access.
5. Integrate DTs into Sustainability Assessment:
DTs should be embedded into sustainability frameworks to measure carbon footprints, simulate environmental performance, and support green certification systems such as LEED and BREEAM.
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