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As the notion of data-driven analytics and turning data into action is becoming more salient in the construction industry, researchers and practitioners have recently devoted considerable effort to investigate the digital transformation of the industry. Along this journey, Digital Twin has been introduced to the industry as a concept that holds the promise to challenge the status-quo and address long standing problems of productivity, efficiency, and value. While this concept is becoming more familiar among practitioners, there is a lack of universal definitions of what the Digital Twin of a construction project is. Additionally, while identifying the purpose of Digital Twin is recognized as the first step in implementing Digital Twins, there is little discussion on the perception of construction practitioners of the extent to which Digital Twin can deliver value. To address these research gaps and building on the existing work on Digital Twins in the context of the construction industry, this paper first proposes a definition of the Digital Twin of a construction project. Next, a series of semi-structured interviews are conducted with nine construction practitioners to understand their perceptions on the use and challenges of Digital Twins. Thematic analysis is then used to analyze interview data and summarize Digital Twins applications, capabilities, and challenges. Forty direct applications were identified and grouped into seven capabilities. Digital Twins capabilities of Increase Transparency of Information and Real-Time Monitoring, Analysis, and Feedback were the most discussed with a total of eight applications each, followed by Better Stakeholder Collaboration which had seven applications. The discussion on challenges led to the identification of 34 challenges to implementing Digital Twin, grouped into six categories coded through thematic analysis. The category on Data Understanding, Preparation, and Usage Challenges was found to be the most critical for the interviewees. Additionally, the paper presents a case study on how building authority can be integrated into Digital Twins and leverage its use throughout the lifecycle of a building. Future work can further investigate the challenges and develop prototypes that can help in quantifying the benefits of implementing Digital Twins on a Construction Project.
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INTRODUCTION AND BACKGROUND
If we are to write the next chapter of the journey of shaping the future of the construction industry, an appropriate title would be Transforming Data in Action: Unearthing the Value of Data. A construction project can be analogized as a nexus from which various stakeholders connect from planning to decommissioning and from information exchange networks to realize the project. A construction project is built on reams of data generated from various sources throughout the project lifecycle (Dave and Koskela, 2009; Hatoum et al., 2020). Thus, it would not be an overstatement to say that a critical element of the future of construction companies and industry is data. With the advancement of information technologies and the emergence of a new generation of information technologies such as the Internet of things (IoT), cloud computing, big data analytics, and artificial intelligence (AI), the notion of data and a data-driven decision is becoming a commonly used phrase (Qi et al., 2021).
The quality of the collected data is critical for an organization to make informed decisions and gain insights into the progress and performance of the construction project (Thomas and Bowman, 2021). While data is an essential ingredient in the industry, it was estimated that the cost of bad data in the global construction industry amounted to approximately $1.84 trillion in 2020 (Thomas and Bowman, 2021). In the United States, poor project data alone pertains to 48% of the rework that occurs in the construction industry (Thomas et al., 2018). With the increase of challenges facing the industry and the inherited poor productivity and labor shortage, the industry is under tremendous pressure to deliver projects on schedule, on budget, while adding value and meeting the expectations of the owner. Such challenges force organizations and leaders to make critical decisions and emphasize the necessity of having access to comprehensive and reliable data (Ammar and Dadi, 2021). The increased focus on data and the opportunities created by digitization promoted the potential of the emerging phenomenon of Digital Twins in the manufacturing industry with the wave of Industry 4.0 to fulfill the requirements of Smart Factory (Negri et al., 2017; Kritzinger et al., 2018; Tao et al., 2019). The concept of Digital Twins then found its way to the Oil and Gas industry to optimize offshore operations, reduce risks of health, safety, and environment, and facilitate complex integrated processes (Wanasinghe et al., 2020).
Similarly, the construction industry began considering Digital Twins a key enabler for its digital transformation that could improve the industry’s poor record in digitization (Brilakis et al., 2019). However, the technology is the least investigated within the Architectural, Engineering and Construction (AEC) industry (Ammar and Nassereddine, 2022). Researchers believe that the integration between the IoT and Building Information Modeling (BIM) paved the way for the emergence of the concept of Digital Twin in the built environment (Deng et al., 2021). Others consider that the adoption of the Cyber-Physical Systems (CPS) in the construction industry, i.e., the adoption of multidimensional and complex systems that integrate the cyber world and the dynamic physical world (Tao et al., 2019), has facilitated the use of Digital Twin (Kan and Anumba, 2019).
In the academic literature of the construction industry, the term Digital Twin was mainly used as an extension of the static BIM models generated during the design and construction phases to more dynamic ones used in the operation and maintenance of complex building assets. This extension was achieved by embracing the integration with semantic web technologies, IoT, sensors, and implementing higher degrees of algorithms and AI (Alonso et al., 2019; Brilakis et al., 2019; Boje et al., 2020; Deng et al., 2021). Sacks et al. (2020) suggested replacing the BIM concept and developed the concept of Digital Twin Construction (DTC), a “data-centric construction management” workflow used to monitor and control the design and construction of projects using Digital Twin information systems. Conversely, Digital Twins and CPS share the same concept of bridging the cyber model (i.e., virtual) to the physical model and the physical model to the cyber model. However, the nature of the cyber-to-physical bridge is different. For Digital Twins the control is achieved by predicting the future state of the physical model which allows for making decisions in a passive way and in a timely manner. For CPS, on the other hand, the control of linking the cyber model to the physical model can be either passive or active where devices such as actuators can control the state of the physical system (Akanmu et al., 2021).
Several researchers conducted a comprehensive review of the Digital Twin concept in the built environment and compared it to BIM. Delgado and Oyedele (2021) discussed that the concepts of BIM and Digital Twin are different, yet both are necessary for different approaches depending on the industry’s requirements. The relationship between BIM and Digital Twin in the construction industry was thus further investigated. Deng et al. (2021) conducted a systematic review of the evolution of BIM to Digital Twins and developed a five-level ladder to reflect this evolution where level 1 represents BIM solely and is used for construction conceptual design and scheduling, level 2 is BIM with supported simulations implemented for facility management operation and estimation, level 3 illustrates the integration of BIM with IoT technologies supporting real-time tracking and real-time visualization, level 4 highlights a smarter integration of BIM with AI for data-based predictions and decision-making, and level 5 is the ideal Digital Twin which allows for control feedback, optimization, and integration. Furthermore, Atkins, an engineering and design company, proposed a Digital Twin maturity spectrum by defining six elements on a logarithmic scale of increasing complexity and connectedness (Evans et al., 2020). According to their report, a Digital Twin of an asset can be developed at any stage of the lifecycle of the asset and the process begins with data collection and reality capture (element 0) followed with the use of the collected data to create 2D maps/systems or 3D models (element 1) which is usually employed to create the as-built model. Then, information obtained from element 1 such as design information, material specifications, inspection reports, and asset management information enriched with data from BIM is extracted and connected to a static data set (element 2). Element 2 is later used for project planning, maintenance and operation, and decommissioning. Through the use of sensors and IoT technologies, data can be then updated in real-time enabling a continuous flow of data from the physical asset to the digital asset (element 3). Element 3 is used to predict asset performance and support decision making. The remaining two elements, element 4 and element 5, represent a higher level of complexity represented by the bi-directional integration and communication between the physical asset and the digital asset, and autonomous operation and maintenance supported by advanced algorithms and artificial intelligence.
With the emergence of the concept of Digital Twins in the construction industry, several researches identified the applications of Digital Twins in the built environment and discussed the potential of the technology in improving workforce productivity, health and safety, allow for efficient facility management, enhance the proficiency of the workforce, and reduce the cost of construction and operation (Bolton et al., 2018; Evans et al., 2020; Akanmu et al., 2021). Researchers further explained that Digital Twins uses multi-sourced data collected from sensors, historical data, or obtained by simulations to optimize the performance of the assets by monitoring and diagnosing the asset’s condition and enabling preventive predictions (Yitmen et al., 2021). Other researchers investigated the differences in the application emphasis of BIM and Digital Twin. Khajavi et al. (2019) conducted a comprehensive literature review on the visions and benefits of the Digital Twin for the built environment. The authors explained that the use of BIM for buildings is focused on applications related to design visualization and consistency, clash detection, lean construction, time and cost estimation, and stakeholder interoperability. Conversely, Digital Twin applications for buildings support predictive maintenance, enhance user’s comfort, allow for efficient consumption of resources, what-if-analysis, and closed loop designs. However, the authors further discussed that the essential components to create a Digital Twin of a building is to extract data from BIM and use various sensors to create a real-time view of the building. More recently, Opoku et al. (2021) conducted a literature review on the applications of Digital Twin in the construction industry and they classified the applications based on the project phase. It was found that the applications of Digital Twin are mainly focused on the construction and operation phase and limited applications are implemented in the design and planning stage where BIM is still mainly used. BIM capabilities of providing geometric modeling, coordination, Level of Detail (LOD), data schemes, and ontologies should be integrated with Digital Twin capabilities in the built environment without duplicating efforts (Delgado and Oyedele, 2021).
Additionally, Zhang et al. (2022) proposed a framework for utilizing Digital Twins for managing and monitoring construction sites by extending the adopted level of details for BIM models, by utilizing the digital presentation of the construction site provided by BIM and integrating the Digital Twin enabling technologies such as IoT, databases used for data storage and data analytics, and interaction with the existing construction site. Deng et al. (2021) discussed that implementing Digital Twins in the construction industry and collecting data from the building indoor environment or from construction sites by incorporating IoT enabling technologies such as WiFi, wireless sensor networks (WSN), 5G, LP-WAN, and monitoring cameras allows for real-time visualization of the building/construction site status and supports more efficient management. The authors further highlighted that Digital Twins can be implemented to conduct preventive maintenance and predict the building status by utilizing simulations including 4D construction simulations, energy and thermal consumption simulations, emergencies, and user comfort prediction or adopt machine learning techniques to target specific parameters that requires ground data such as the comfort of occupants. Moreover, the authors emphasized that Digital Twins support data-based decision making that relies on data collected in a real-time and used to inform decisions related to the construction progress and/or current status of the building and to predict future outcomes related to the building performance such as energy consumption and occupant’s thermal comfort. Other researchers proposed a Digital Twin platform “SPHERE” (Service Platform to Host and sharE REseidential data) which allows for seamless data integration between citizens, construction stakeholders, city administrators, and urban developers to better assess the design, construction, and performance of residential buildings. The main purpose of the developed platform is to improve and optimize the energy performance and design of residential buildings by reducing their emission of carbon dioxide and improving their environmental impact (Alonso et al., 2019).
In addition to exploring Digital Twins frameworks and platforms, few studies have investigated direct applications of Digital Twins in the construction industry. Examples of such applications include the use of Digital Twins system to monitor building assets and detect anomalies in a real-time manner by attaching sensors to assets with critical functionalities such as monitoring the vibration frequency of pumps or by monitoring the Quality of Service (QoS) of a combined system such as the HVAC system (Lu et al., 2020; Xie et al., 2020). The proposed model allowed the integration of multi-sourced data and facilitated data sharing across different stakeholders. Another application of Digital Twins considered the assessment of the structural integrity of certain structural members at the Cathedral of Milan by developing an exact 3D model of the building and study the response of the system under different conditions (Angjeliu et al., 2020). The developed Digital Twin model allowed the researchers to understand previous failures of structural elements of the building and conduct future preventive maintenance by taking necessary intervention. Additionally, Digital Twin frameworks formed of wearable sensors, VIVE Trackers, machine learning, and virtual reality were investigated to train construction workers on how to avoid musculoskeletal injuries by creating a postural training environment (Akanmu et al., 2020). Also, another Digital Twin framework was developed and used to support the digital supply chain by creating a Digital Twin of the construction material silos and having access to the silo’s current fill level by integrating sensors and IoT technologies (Greif et al., 2020). The proposed model supported the real-time tracking and repositioning of the silo transportation to construction sites and allowed planners to reduce time and cost required for construction material transportation and replenishment.
Along with the growing interest in Digital Twins among academicians, construction practitioners have been also exploring the practicability of the concept. For instance, the Center for Digital Built Britain (CDBB) has been working on setting definitions and principles across the built environment towards a vision for a National Digital Twin (NDT) an ecosystem of connected Digital Twins of physical assets to leverage the use of asset data for the benefit of the public (Bolton et al., 2018). buildingSMART International, the worldwide industry body driving the digital transformation of the built asset industry, formed the Digital Twins Working Group (DTWG) in 2020 to define what Digital Twins are and unlock potential social, environmental, and societal value for the entire built asset industry (buildingSMART International, 2021). Additionally, the European Commission funded a 4-year project in 2020 entitled “Cloud-based Building Information Modelling” or CBIM project to educate researchers in the development of innovative solutions that will automate the generation and automation of Digital Twins and boost the implementation of BIM to digitize the built infrastructure (European Commission, 2021). Recently, GlobalData published a report in 2021 on “Digital Twins in Oil and Gas—Thematic Research” highlighting the increased use of Digital Twins in the Oil and Gas industry (GlobalData, 2021). Moreover, McCarthy launched the “Digital Twin Challenge” in 2021, a competition that invites companies, startups, and other innovators in the technology community to submit innovative solutions that will enhance the Digital Twin approach in the construction phase and operation and maintenance phase of the construction project (McCarthy, 2021).
RESEARCH GAPS AND QUESTIONS
As the research on Digital Twins continue to grow in the construction body of knowledge the term “Digital Twin” is used for a wide variety of purposes where Digital Twins was discussed either by comparing it to BIM or by presenting the benefits of using the technology across the project lifecycle. However, this vagueness and lack of understanding of the concept, where the distinction between a model and a digital twin is not yet clear, might prevent users from adopting the technology and therefore diminish the overall adoption of the technology (Wright and Davidson, 2020). Moreover, resources argued that understanding the value of Digital Twins in the construction industry stem from having a good understanding of the concept (Shahzad et al., 2022). Additionally, and as noted by several researchers, the cornerstone of creating a Digital Twin is the identification of its purpose and challenges from the perspective of its users, i.e., construction stakeholders (Khajavi et al., 2019; Abusohyon et al., 2021). Even though, the Digital Twins applications identified in the current body of knowledge explore how Digital Twins can be implemented in the construction project, there is no research project that has yet investigated Digital Twins applications and challenges from the industry perspective. As noted by Khajavi et al. (2019) and Abusohyon et al. (2021), involving practitioners in the Digital Twins dialogue is critical to gain a better understanding of the concept and the purpose of Digital Twins and the areas practitioners need to focus on to ensure a proper implementation of Digital Twins. Consequently, more research is needed to collect the input of construction practitioners on their perception of the use of Digital Twins throughout the different phases of the construction project and the challenges hindering construction practitioners from implementing Digital Twins. Additionally, Delgado and Oyedele (2021) stated that grounding Digital Twins applications in real-world contexts plays a critical role in communicating the potential of Digital Twins, subsequently, more case studies that showcase the use of Digital Twins are needed.
Therefore, this research presents a holistic definition of the Digital Twin of a construction project and aims to understand the perception of construction practitioners of the extent to which Digital Twin can deliver value throughout the project lifecycle by investigating Digital Twin applications, capabilities, and challenges. To ground this research in real-world context, a case study is also presented to showcase an example of Digital Twins in action. Specifically, this research addresses four research gaps by answering the following research questions:
1) What defines a Digital Twin of a construction project?
2) What are potential applications of Digital Twins in construction and what capabilities does this concept offer?
3) What challenges are perceived to hinder the implementation of Digital Twins on construction projects and need to be addressed?
4) How is Digital Twin implemented in action?
To answer the above questions, the paper is structured as follows: the research methodology is presented next to outline the approach undertaken to answer each research question. The remaining sections aim to fulfill the identified research gaps and answer the corresponding research questions. The proposed definition of the Digital Twin of a construction project is first provided (answering the first research question). Digital Twins capabilities and applications are then presented (answering the second research question), followed by the Digital Twins implementation challenges (answering the third research question). Next, a case study demonstrating the use of Digital Twins is discussed. Finally, conclusions and limitations are presented.
RESEARCH METHODOLOGY
A review of the existing work on Digital Twins in the construction industry led to the identification of four research gaps that this research investigates. The methodology employed to address each research gap and its corresponding research question is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Overview of the research.
The first research question on the need to formulate a holistic definition for Digital Twins in the construction industry was addressed by reviewing and building on existing definitions. The second and third research questions targeting the need to solicit industry input on the applications, capabilities, and challenges of Digital Twins in the construction industry were sought by conducting interviews and analyzing the collected information using thematic analysis. Lastly, a demonstration of how Digital Twins can be implemented throughout the lifecycle of the construction project, identified as the fourth research question, was presented using a case study.
The approach undertaken to address every research question is discussed in the following sections.
Research Question 1 (RQ1)
The culminating effort of the literature review and elaborating on the various definitions of Digital twins from various industries assisted the authors to build on the existing knowledge and proposed their definition of the Digital Twin of a construction project, thus filling the first identified research question (RQ1 in Figure 1).
Research Questions 2 and 3 (RQ2 and RQ3)
Interviews
To answer the second and third research questions (RQ2 and RQ3 in Figure 1) and understand the potential of Digital Twins in the construction industry from the perspective of practitioners, qualitative research was used. Creswell and Poth (2016) explained that qualitative research is an inquiry process of understanding that allows the researcher to build a complex, holistic picture, analyze words, report detailed views of informants, and conduct the study in a natural setting. Among the different data collection methods used in qualitative research, structured interviews were selected to gather data on Digital Twins from the point of view of practitioners. Interviews enable the researcher to gain depths of information on the subject matter, especially when the subject matter is complex and unclear (Sheperis et al., 2010). Additionally, the primary uniqueness of interviews is the highest degree of interaction between the researcher and the participants (Sheperis et al., 2010).
The interview protocol, which is the first step in answering RQ2 and RQ3, started by stating the objective of the research and providing the definition of the Digital Twin of a construction project proposed by the authors. The visual was also presented to aid in the explanation of Digital Twins (Figure 2).
[image: Figure 2]FIGURE 2 | Visual representation of the proposed definition of the Digital Twin of a construction project.
Interviewees were then asked about their experience in the construction industry and if they are familiar with Digital Twins. To ensure the interviewees have a good understanding of Digital Twins, the interviewer answered any questions the interviewees had on the concept. Next, interviewees were asked to share their perspectives on the following:
- Challenges encountered in the construction industry that Digital Twins can assist in addressing
- Challenges that must be addressed to implement Digital Twins
Interviews were conducted virtually with nine construction practitioners with construction experience ranging from 5 years to 35 years. The profile of the interviewees is presented in Table 1. Virtual and in-person interviews were worth 29 h, where 23 h were transcribed verbatim from the online recordings and 6 h were captured in written notes from in-person interviews. Interviewers obtained the consent of the interviewees to record the virtual meeting.
TABLE 1 | Profile of interviewees.
[image: Table 1]Thematic Analysis
Once the data needed to answer RQ2 and RQ3 was collected through the first step (i.e., interviews), the second step was to analyze this data. Interview data was analyzed using thematic analysis, a technique used to thematically analyze and make sense of qualitative data in a systematic way that results in credible answers to the research objectives (Guest et al., 2011). The purpose of the thematic analysis employed in this research is exploratory (Guest et al., 2011) and aims to identify themes within qualitative data to address the second and third research questions (Maguire and Delahunt, 2017).
Thematic analysis of interview data proceeded in six phases as described by Braun and Clarke (2006):
- Phase 1: become familiar with the data by reading and re-reading the transcripts.
- Phase 2: generate initial codes that identify features of the data (semantic content or latent) that are deemed interesting to the research.
- Phase 3: search for themes, i.e., patterns that capture something significant about the data and its relation to the research objective. The codes generated in Phase 2 are examined in this phase and organized into broader themes.
- Phase 4: review the themes to refine those identified in the previous phase.
- Phase 5: define themes to identify the essence of what each theme is about.
- Phase 6: report on the results.
For the interview question on Digital Twins applications, the authors read the transcript of each interview and began coding the discussion that tacked the challenges faced by construction stakeholders and insights on how Digital Twins can address these challenges. A code is a type of raw data extracted from interviews and is a summary attribute that symbolically represents data or information generated by the researcher (Labra et al., 2020). Example of codes used to describe the interview data include concrete temperatures, materials, approvals, monitoring, project performance, project information, HVAC, project cost, procurement, flow of information, information exchange, sustainability, collaboration, analyzing, among others. The generation of these codes from the raw data led to the identification of 40 different Digital Twins applications shared by the interviewees.
Once the applications were extracted, the authors noted that some applications targeted specific areas or disciplines of the construction process, such as concrete, mechanical, fire systems, procurement, earthwork, among others. Upon reviewing all applications, the authors noticed that the divisions of the MasterFormat of the Construction Specifications Institute (CSI) can be used to define the scope of each application. The MasterFormat is the standard often used for formatting construction specifications in various countries including the US, Canada, and the Middle East and is a format that construction practitioners are familiar with. Additionally, the use of the CSI MasterFormat provides a means to organize the Digital Twins applications into work divisions that enables a structured and standardized way to investigate the potential use of Digital twins on a construction project. The most recent CSI MasterFormat published in 2016 and including 50 divisions was used to arrange the identified applications.
Next, Digital Twins applications were reviewed for the identification of themes. A theme is a sequence of words that serve as a synoptic and accurate representation of the signification that interviewees attribute to the subject matter (Labra et al., 2020). This inductive approach resulted in the identification of seven themes representing capabilities of Digital Twins in the construction industry as perceived by industry practitioners. Each theme, i.e., capability, is discussed in detail along with its corresponding applications to provide insights into the value of Digital Twins in the construction industry from the perspective of construction practitioners.
For the interview question on Digital Twins Challenges, similar analysis was performed to identify challenges associated with Digital Twins. Interviewees were asked to share their perception on what obstacles and challenges they expect their organization and the industry need to overcome to implement Digital Twins. The interview transcripts were reviewed and analyzed, and challenges were extracted. The essence of each challenge was then described using a code such as data, stakeholders, investments, and technology, to name a few. The codes were then reviewed and condensed further into themes that represent categories of challenges that need to be addressed to facilitate the implementation of Digital Twins on construction projects.
Research Question 4 (RQ4)
To illustrate the use of Digital Twins for different stakeholders and answer the fourth research question (RQ4 in Figure 1), a case study is discussed. A case study is form of qualitative research and offers an in-depth examination of the topic (Marczyk et al., 2010). The case study presented in this paper is developed in a research project with the City of Vienna titled Building Regulations Information for Submission Envolvement or BRISE-Vienna (Urban Innovative Actions, 2019; Krischmann et al., 2020). In this case study, the authors work together with stakeholders of the administration of the City of Vienna and experts in the construction industry to explore how Digital Twins can be used throughout the lifecycle of a construction project while integrating the building authority into the digital process. A step-by-step approach is discussed highlighting the benefits gained by the building authority of Vienna from using Digital Twins.
DIGITAL TWINS DEFINITION
Existing Definitions
Digital Twins originated in aerospace engineering (Niederer et al., 2021) and are defined by the American Institute of Aeronautics and Astronautics (AIAA) in the context of engineering systems as “a set of virtual information constructs that mimic the structure, context, and behavior of an individual unique physical asset, or a group of physical assets, is dynamically updated with data from its physical twin throughout its lifecycle and informs decisions that realize value” (American Institute of Aeronautics and Astronautics, 2020).
The elements of Digital Twin as outlined in the AIAA definition, i.e., physical space, virtual space, and the data linking the two spaces, first appeared as elements of the “Conceptual Ideal for Product Lifecycle Management” in a presentation to the industry given by Dr. Michael Grieves in 2002 at the University of Michigan. The Product Lifecycle Management (PLM) signifies a dynamic representation between the physical product model and the virtual system throughout the entire lifecycle of the model, i.e., through the phases of creation, production, operation, and disposal (Grieves and Vickers, 2017). The concept of PLM was then replaced by “Mirrored Space Model” in 2005 in a journal article by Grieves (2005) and later was referred to as “Information Mirror Modeling” in books by Grieves (2006) and Grieves (2011). However, the explicit term “Digital Twin” first appeared in journal papers published by researchers at the National Aeronautics and Space Administration (NASA) in 2011 (Tuegel et al., 2011) and 2012 (Glaessgen and Stargel, 2012), where they adopted the concept in their technology roadmaps as a proposition for their next-generation fighter aircraft and NASA vehicles.
However, with the advancement in technology, the concept of Digital Twin is not limited to complex systems and can be implemented to provide a digital representation of any system. Research on Digital Twins has been conducted in a broad range of industries, reflecting a growing interest in and appreciation of the capabilities of this concept (Niederer et al., 2021). Table 2 provides an overview of some existing definitions of Digital Twins in different industries.
TABLE 2 | List of existing Digital Twins definitions in different industries.
[image: Table 2]Examining the definitions provided for Digital Twins in the Construction Industry (Table 2), it can be noted that the context of the definitions varies. Some definitions focused only on the bidirectional relationship between the physical and digital environment. Other definitions were limited to including the components of Digital Twins and either ignored the capability of Digital Twins in sharing data between the physical and digital environment throughout the project life cycle and/or neglected the need to integrate with other digital technologies to make use of the shared data. These inconsistencies in the Digital Twins definitions were further investigated by Shahzad et al. (2022) where the authors concluded that a consensus about the definition of Digital Twins in the building environment is still lacking. The authors noted, however, that there is agreement that any definition of Digital Twins should be data-centric to leverage the development of Digital Twins for the built-environment. Consequently, a more holistic definition of Digital Twins for construction project is required to enable a more informed dialogue in the construction industry around Digital Twins.
Proposed Definition
Given the recognized need for a holistic definition of Digital Twin in the construction industry, this section builds on the existing definitions as well as the gaps identified and proposes a definition for the Digital Twin of a Construction project. The subsequent paragraphs present the rationale behind the proposed definition.
While the development of the Digital Twin of an asset requires the physical asset to be available to be twinned as noted in the definitions mentioned above, the creation and use of the Digital Twin of an asset and the insights it generated is not limited to the availability of the physical asset (Madni et al., 2019; Evans et al., 2020). Even though the concept of Digital Twin emerged initially in the manufacturing industry to monitor a product throughout its lifecycle, it is now being used to design and predict the behavior of the product in a virtual environment, thus allowing to differentiate between two types of Digital Twin: Digital Twin Prototype (DTP) and Digital Twin Instance (DTI) both operated in a Digital Twin Environment (DTE) (Grieves and Vickers, 2017). DTP includes all the information necessary to design and produce a physical asset. DTI refers to the digital twin of the physical asset in a specific instance and can be interrogated for their current state or past histories (Grieves and Vickers, 2017). The accumulation of data from multiple instances of the asset can be used to predict the product’s future state (Grieves and Vickers, 2017). This was further explained by Madni et al. (2019) where the authors described four levels of Digital Twin virtual representation. Level 1 is said to not require the presence of a physical twin and it represents a conceptual model to support decision making related to the design of an envisioned system to be built. After the establishment of a physical twin, a level 2 Digital Twin can be generated and is able to incorporate data from the physical model such as historical, performance, and maintenance data. However, an advanced level is an adaptive Digital Twin, i.e., level 3, which takes into consideration the user interface by learning the preferences and priorities of the user in different concepts achieved by pulling data from the physical model in real-time and continuously update the digital model. Finally, a level 4 Digital Twin is an intelligent model generated by integrating machine learning capabilities associated with a higher degree of autonomy by optimizing self-learning capabilities without human involvement.
In the context of the construction industry, this means that while the development of the digital twin can happen during construction and post-construction when the physical asset comes to life, the use of the digital twin spans the entire lifecycle of the construction project. Sacks et al. (2020) considered all the information used in a project workflow in their work on Digital Twin and put fore two types: 1) information about the future state of a project in both design and construction plans and is defined as Project Intent Information (PII) and refers to the as-designed and as-built state of the project, and 2) information about the past state of a project with records about the different versions of the condition of the project with details about the progress of construction and time and date at which it was measured and is defined as Project Status Information (PSI) and refers to the as-built product and as-performed process information. Both the PII and PSI of a project are considered part of the authors’ developed concept of Digital Twin Construction.
Building on the existing discussions on Digital Twins in the construction industry and to demystify the meaning of Digital Twins and account for the entire lifecycle of a construction project and the direction of data and flow of information exchange, the following definition is proposed by the authors: the Digital Twin of a construction project is the concept where a digital model related to either an existing, on-going, or future construction project is created and is linked throughout its lifecycle. When the project is existing or on-going, the digital model is a replica of the physical project and the two aspects (i.e., virtual and physical) have a bi-directional relationship enabled through advanced technologies including IoT, CPS, AI, and sensors. In the case of a future project, the digital models built from historical projects feed into the realization of the future project creating a one-directional relationship, which becomes bi-directional when the future project is in construction mode. Through this bi-directional relationship, the digital model is enriched in real-time with layers of up-to-date semantic data such as geometric, specifications, drawings, schedules, and financial reports that builds up through every phase of the construction project lifecycle and is an accurate representation of the project at a time t. This digital model is translated into information that construction stakeholders can use at time t and in the future.
The proposed definition of the Digital Twin of a construction project is visually represented in Figure 2.
Figure 2 begins with the physical environment which contains different project portfolios, each encompassing a number of projects designated with a certain shape and color. The projects in the physical environment can reflect existing projects that have already been constructed (existing projects), projects that are under construction (ongoing projects), or projects that are being considered in the future (future projects). Throughout the lifecycle of a project, and depending on its status (i.e., existing, on-going, or future), layers of data are being generated and collected.
The second environment illustrated in Figure 2 is the digital environment which hosts the digital models of the different projects. These digital models are enriched with semantic data obtained and collected from the physical environment. The data maturity of these digital models depends on the availability of data that feeds into them. For existing projects, two scenarios are considered. The first scenario is where a digital model is created for the project during its early phases allowing layers of data to be collected from all phases of the construction project lifecycle (i.e., planning, design, construction, and operation and maintenance). The generated data is used to create and continuously update the digital model of the project, which is then translated into layers of information [represented in orange, dashed arrow labeled (I)] that are analyzed and used to act and influence decisions made to the physical project itself in the operation and maintenance phase [flow represented in green, dashed arrow labeled (A)] or other on-going projects that share similar characteristics of the physical project under consideration [flow represented with green, dashed arrow labeled (B)] and future projects [low represented in blue, dashed arrow labeled (ii) and green, dashed arrow labeled (C)]. The second scenario considered a project that was planned, designed, and constructed with no Digital Twin established and needs to be renovated (example project illustrated in the green cylinder labeled R). Such projects can still benefit from Digital Twins where a digital model can be created with available data and enriched with data collected from the operation and maintenance phase of the project. Similar to the first scenario, the digital model is translated into layers of information that can be linked and used on the physical project being renovated or other on-going and future projects. For both scenarios, the relationship between the physical and digital assets is said to be bi-directional where data from the physical asset is being collected to enrich the digital model, which is then used to analyze the data and generate information to act upon in the physical asset.
Similarly, for ongoing projects, the physical and digital assets have a bi-directional relationship where data collected from the physical asset is linked to the digital model which represents the project at time t and is translated into layers of aggregated information [represented in orange, dashed arrow labeled (II)] that is integrated into the ongoing project itself [flow represented in blue, dashed arrow labeled (i) and green, dashed arrow labeled (B)] or into future projects [flow represented with green, dashed arrow labeled (C)].
Future projects benefit from the digital models and the layer of information aggregated from prior existing and on-going projects, creating a one-directional relationship between the digital and physical environment. Future projects when they get into construction mode become ongoing and a physical model is then available. Ongoing projects, in turn, become existing projects once completed (cycle illustrated in the upper part of Figure 2).
DIGITAL TWINS CAPABILITIES AND APPLICATIONS
Interviewees were asked to elaborate on challenges the construction industry face and their perception on how Digital Twin can assist in addressing these challenges. The feedback collected from the interviewees was then analyzed using thematic analysis. The interview data was first coded and organized into the corresponding divisions of the 2016 MasterFormat of the Construction Specifications Institute (CSI). For instance, interviewees mentioned that their projects faced major challenges when pouring concrete, especially in hot weather, when project teams could not predict how the temperature of the cast-in-place concrete will vary, thus, failing to take preventive actions to ensure the quality of the concrete structure. Interviewees then elaborated that with Digital Twins, they can be better prepared for such situations and take preventive measures when high concrete temperatures are forecast. This data was coded as “concrete temperature,” “predict,” and “prevent” and lead to the identification of the Digital Twins application of “Predict peak concrete temperature to take preventive measures when limit is expected to be exceeded.” This application was then matched with the CSI division 03 which covers concrete works. The analysis of all interview data resulted in a total of 40 Digital Twins applications. The next step in the thematic analysis was to review the 40 identified Digital Twins applications to detect any patterns or themes that present an interpretation of how Digital Twins is perceived to be used (i.e., what Digital Twin can do). This step resulted in the identification of seven themes which are referred to as Digital Twins capabilities. The 40 Digital Twins application were aggregated into seven themes that illustrate capabilities of Digital Twins (i.e., what Digital Twin can do), namely: Increased Transparency of Information (with eight applications); Real-Time Monitoring, Analysis, and Feedback (with eight applications); Better Stakeholder Collaboration (with seven applications); Advanced Preventive Measures (with six applications); Advanced What-If Scenario Analysis and Simulations (with six applications); Real-Time Tracking (with three applications); and Higher Accuracy (with two applications). Considering the concrete example provided above, the “predict peak concrete temperature” coded Digital Twin application was found to illustrate an example of the “advanced predictive measures” capability of Digital Twins.
To visually illustrate the potential of Digital Twins, a 3D model of a house was obtained from the 3D Warehouse of SketchUp, and its components were broken down into the corresponding CSI divisions, showcasing examples of the Digital Twin applications shared by the interviews as outlined in Figure 3.
[image: Figure 3]FIGURE 3 | Visual representation on some Digital Twin applications shared by interviewees.
By examining the 40 identified Digital Twins applications outlined in Tables 3–9, it can be observed that most applications shared by the interviewees belong to the CSI division 01 entitled General Requirements where prices and payment procedures, administrative requirements, quality requirements, product requirements, execution and closeout requirements, performance requirements, and lifecycle activities are discussed. This observation highlights the idea of integrating Digital Twins in early phases of the construction project lifecycle, reinforcing the observation made by Evans et al. (2020) in the Atkins study.
The seven themes identified through the interviews are discussed in the following sections where each section includes 1) a table that presents the Digital Twins applications corresponding to a particular Digital Twins capability, and 2) a discussion that elaborates on some of the identified applications as perceived by the interviewees.
Increased Transparency of Information
Project success relies heavily on the management of the flow of information among players. The multidisciplinary and fragmented nature of construction creates a challenging environment for successful project implementation. Thus, increasing process transparency and bridging information gaps between construction stakeholders are key ingredients to the success of the project and to building strong relationships between the involved parties. According to Merriam-Webster (2021), the definition of transparent include “free from pretense or deceit”; “easily detected or seen through”; “readily understood”; and “characterized by visibility or accessibility of information especially concerning business practices.” While current practices and tools in construction, for instance relying on BIM as a static 3D visualization tool of the built environment do not promote full transparency of information, Digital Twin has the potential to build a culture of transparency by integrating real-time building environment data collected using smart IoT sensors which will contribute to better transparency of information flows within processes and among stakeholders. The applications identified by the interviewees for the Increased Transparency of Information are outlined in Table 3, and selected examples on how Digital Twins can create transparency in the construction industry are displayed below.
TABLE 3 | Digital Twin capability of Increased Transparency of Information and the identified applications.
[image: Table 3]Example 1 on Submission Process (CSI Division 00 Procurement and Contracting): Existing processes established by the building authority to approve permits are based on 2D plans and result in a lengthy approval process for planners and investors (i.e., applicants). Having a Digital Twin of the planned facility with regulatory requirements associated with it enables a model-based submission process where geometric and semantic information obtained from the applicants’ model is checked by the building authority for legal compliance through Digital Twin. The compliance report is then seamlessly shared with the planner and the building authority. Automating the submission process with Digital Twins provides the city with an efficient strategy to ensure that all buildings have met certain minimum requirements, thus, increasing the quality of the model not only in the planning phase, but also for further use by downstream companies (e.g., construction companies) and the building owner and facility managers in the operation phase.
Example 2 on Payroll (CSI Division 01): Cost codes are central to resource allocation and management and activity-based costing of future projects and provide contractors and subcontractors with a strategy to determine where money is being spent, leading to identifying areas in need of productivity improvement. Keeping track of “who did what and how much was spent” is a challenge for contractors and subcontractors. Digital Twin provides a platform to standardize the collection of this data, building transparency within companies and across projects.
Example 3 on Purchased Materials (CSI Division 01): Contractors and subcontractors often purchase construction materials onsite, the information for which is not documented properly for later use or even shared with other sites. Digital Twin provides the means to collect and capture this data in a database that can be used on future projects to inform better financial decisions.
Real-Time Monitoring, Analysis, and Feedback
The physical-digital connection ensured by the concept of Digital Twin and powered through the advent of CPS, IoT, sensors, and AI enables real-time data to be captured, streamed to a digital platform, and shared with project stakeholders, which, in term, can monitor the live status of the project, perform analysis, and engage in closed feedback cycles across the construction project lifecycle. The applications identified by the interviewees for Real-Time Monitoring, Analysis, and Feedback are outlined in Table 4, and selected examples shared by the interviewees on potential Digital Twins applications to enable real-time monitoring, analysis, and feedback are illustrated below.
TABLE 4 | Digital Twin capability of Real-Time Monitoring, Analysis, and Feedback and the identified applications.
[image: Table 4]Example 1 on Going Green with (Mechanical/Electrical/Plumbing) MEP Systems (All CSI Divisions related to MEP): Construction companies are engaging in addressing the threat of climate change and environmental degradation and more emphasis is being placed on sustainability and sustainable systems. For instance, buildings need to be energy-efficient and water-efficient, and thus, water and power consumption must be kept at its lowest rate to attain an ecofriendly building during both construction and operation phases. Users’ consumption of water and energy can be tracked through IoT sensors installed throughout the building. This information can be transferred from the physical asset to the digital asset where systems can be monitored, and data can be gathered for analysis and feedback to study how the systems are operated and what activities need to be further analyzed to achieve a more sustainable environment. Digital Twins of buildings in their operating phase can serve as input for the planning and design phases of future projects to add more value to the customer and build sustainability into design.
Example 2 on Earth Movement (CSI Division 31): Soil settlement in building especially differential settlement is one of the biggest challenges in construction as it threatens the building integrity, leading to concrete cracks and major structural damages to the building itself. Having a Digital Twin during and after construction can enable the real-time monitoring of the building settlement throughout its lifespan. Such application provides owners, engineers, contractors, and operators with the right data to closely monitor the performance of the building and analyze the captured data which can assist in the early detection and prevention of settlement that exceeds design criteria.
Example 3 on Dewatering (CSI Division 31): Dewatering is one of the most dangerous activities on site that carriers a lot of uncertainty when the ground water table levels are high, and the excavation level is deep. While contractors account for this uncertainty by applying appropriate safety factors and increasing the number of wells when designing the dewatering systems and by taking various precautions during execution and using standby pumps and generators, accidents still happen, and floods invade the jobsite. Digital Twin can be a powerful strategy that enables contractors to monitor water levels inside the wells and around the building limits, the pumps, and the generators or electrical distribution boards that feed the system in real-time and send warning signals that allow contractors to analyze the situation and prevent any accidents or flooding in the event of predicated system failure.
Better Stakeholder Collaboration
The making and operation of a construction project is a collective effort that requires the involvement of a wide range of organizations throughout its lifecycle. Construction project teams, thus, differ from teams in other industries as they comprise individuals who are employed by organizations that conduct different businesses. Building strong relationships between the different players is important for the success of the project. Communication, coordination, cooperation, and collaboration, collectively referred to as the Four Cs Model, are critical for forming a high-performing team. Among these four Cs, collaboration is perceived to have the most power because it represents the mutual engagement of participants in a coordinated effort to solve problems together. Digital Twins provides the means to promote better collaboration among all construction stakeholders and throughout the lifecycle of the construction project. The integration and synchronization of the physical and virtual assets enable a collaborative environment for stakeholders to create a shared meaning about a problem or a situation and formulate effective solutions or ideas. The applications identified by the interviewees for Better Stakeholder Collaboration are outlined in Table 5, and selected examples of how Digital Twin can achieve better collaboration for construction stakeholders are discussed below.
TABLE 5 | Digital Twin capability of Better Stakeholder Collaboration and the identified applications.
[image: Table 5]Example 1 on On-Site Collaboration Between Trades (CSI Division 01): It is no surprise that trade contractors often work in silos and are focused on their specific scope of work, which leads to non-collaborative and adversarial relationships that negatively impact the project. MEP and finishing works conflicts, for instance, can cost the contractor and its subcontractors major losses if the trades don’t collaborate to fix the coordination conflicts and avoid rework. Having a Digital Twin of the MEP and finishing works installed in the field (as well as other construction works) provides the contractors and subcontractors with a platform to obtain real-time data on the progress on-site, which can be compared to the project schedule and work sequence. This comparison can improve collaboration on-site by facilitating clearance and handoffs between trades and bringing potential conflicts and problems to the fore.
Example 2 on Handoffs between trades (CSI Division 01): Identifying handoffs between trades and crews requires commitment from the project team and is critical to the schedule and flow of work. Removing constraints on handoffs is important for a seamless interface between trades. Digital Twin can provide a single source of truth where all the information and artifacts generated through the project phases are centralized and, thus, providing stakeholders with the means to truly collaborate to remove any constraints and make better promises to clearly identify handoff points on the schedule.
Advanced Preventive Measures
By providing an accessible platform to connect information from different sources and stakeholders, Digital Twins can enable construction project players to foresee scenarios by incorporating algorithms and data collected from smart IoT sensors to generate predictions and take necessary preventive measures in the construction project lifecycle. Interviewees noted that more often than not, project designers, constructors, and operators are responsive and not proactive in addressing issues that arise throughout the lifecycle of the construction project. They indicated that the unavailability and inaccessibility of the right data when needed and the ineffective use of available data in a timely manner are the major reasons that prevent construction stakeholders from being proactive and taking preventive measures on the construction project. The applications identified by the interviewees for Advanced Preventive Measures are outlined in Table 6, and selected examples shared by the interviewees to highlight the capabilities of Digital Twins in enabling preventive measures are discussed next.
TABLE 6 | Digital Twin capability of Advanced Preventive Measures and the identified applications.
[image: Table 6]Example 1 on Health, Safety, and Emergency Response Procedures (CSI Division 01): As safety continues to be a challenge in the construction industry, Digital Twin is perceived to have the potential in enabling a zero-accident site, a practice that every construction stakeholder strive to achieve. Wearable sensing technologies, coupled with visualization technologies, IoT, and AI can create opportunities for a proactive safety management to detect and resolve safety issues before incidents or injuries occur. Safety managers and officers can keep track of the location of danger zones, workers, and equipment and effectively prevent injuries that may be caused by unsafe location-based behaviors. Digital Twins can offer a two-way communication stream that enables workers to send supervisors data that the latter can use to protect the former from potential safety hazards. Additionally, safety knowledge captured from different projects can be fed into the Digital Twin of a future or on-going project to run safety simulations and identify potential hazards before they occur. Digital Twin can also be used for complex buildings with large flow of people to improve indoor safety management by inserting sensors inside the buildings and running different danger simulation for example illegal intrusion, overcrowding, and fire. Digital Twin can be implemented to improve construction work safety by documenting the occurrences of all possible risk behaviors, help in customizing training programs based on the documented risk behaviors, and trigger real-time warnings related to a risk behavior.
Example 2 on Product Storage and Handling Requirements (CSI Division 01): The storage of hazardous material at a job site is dangerous and must be carefully handled as lives are at stake. With Digital Twin, hazardous materials can be tracked to ensure they are properly stored and can be monitored to send early warning signs to prevent any disasters on the jobsite.
Example 3 on Model-Based Representation of Maintenance Space (CSI Division 01): Failing to consider minimum sizes of maintenance space for trades to install their equipment and for facility managers to perform their work in the planning phase leads to high costs and unfavorable special solutions in the construction and operation phase. A Digital Twin of the construction project allows the representation of these abstract aspects which do not exist in reality. These model-based maintenance spaces are verified and validated in the digital environment by means of collision checks (e.g., checking maintenance space in mechanical rooms). This enables early detection of problems that would otherwise only occur during execution and maintenance activities. Early detection of space constraints prevents clashes and increases efficiency in the operational phase of the building.
Example 4 on Concrete Temperature (CSI Division 03): Monitoring the temperature of cast-in-place concrete after pouring according to the American Society for Testing and Materials (ASTM) guidelines is a major step in the construction of concrete structures. Being proactive in predicting how the concrete temperature will vary, especially during extreme weather conditions, is critical to ensuring the quality, strength, and durability of the poured concrete structure. According to the interviewees, Digital Twins can empower contractors to forecast concrete performance and take preventive measures to ensure optimal curing conditions for the concrete structure. Interviewees explained that sensors can be installed in the to-be-poured concrete structure. Real-time data on the temperature of concrete can be continuously collected and linked to a BIM model of the concrete structure to visualize the progress and status of concrete performance. Artificial Intelligence can be then used to make data-driven predictions of concrete temperatures over time, indicating when the temperature is most likely to peak and what the peak value could be. The predicted peak temperature can be then compared to the ASTM guidelines to know if the value is within the acceptable limits or not, thus, allowing the contractor to take preventive measures when the temperature is expected to be beyond the allowed limit. Interviewees noted that readings of concrete temperature are already being collected on construction projects, providing a historical dataset that can be trained to inform predictions.
Example 5 on Concrete Mix Design (CSI Division 03): Rejecting a ready-mix concrete truck upon arrival on site because the concrete mix design used at the batch plant is different from the approved concrete mix design is unfortunately a common challenge for contractors which results in schedule delays, cost overruns, and increased conflicts on the jobsites. Digital Twins can be the link between the batch plant and the jobsite. Contractors can have access to real-time data of 1) the making of their concrete at the batch-plant which enables contractors to verify the mix ratios and concrete constituent proportions and 2) the delivery of the truck to make sure the right concrete batch will arrive to the jobsite.
Advanced What-If Scenario Analysis and Simulations
A construction project entails a myriad of decisions stakeholders need to constantly make across the lifecycle of the project. With the rapid advances in computing, data science, and AI technology, Digital Twin allows for these technologies to be leveraged and creates new opportunities to run what-if scenario analysis and nD simulations to learn from data and assist decision-making. What-if scenario analysis and nD simulations are key management techniques to assess risks and predict outcomes, performance, and challenges, and act proactively. The applications identified by the interviewees for Advanced What-If Scenario Analysis and Simulations are outlined in Table 7, and selected examples of how Digital Twins enable what-if scenario analysis and nD simulations are highlighted below.
TABLE 7 | Digital Twin capability of Advanced What-If Scenario Analysis and Simulations and the identified applications.
[image: Table 7]Example 1 on Occupants’ Use of Space (CSI Division 00): The COVID-19 pandemic involuntarily forced employees to transition to work remotely from home and to maintain social distancing when sharing space with others. This change in the working environment can influence the design of future projects where more focus is placed on the optimal use of space to satisfy the needs of end-users and meet new preferences. Using data collected on how occupants make use of their space, whether in their units or to maintain social distance in offices, and through Digital Twin, future project layouts and designs can be simulated in a digital environment to predict specific parameters such as occupant’s comfort, occupant’s use of oxygen, lighting access, and acoustic insulations. In the case of future pandemics, Digital Twins can be a powerful strategy for hospitals and healthcare facilities to run through what-if scenarios and simulations to analyze how their spaces can be best used to keep patients, healthcare professionals, and society safe.
Example 2 on Smart City Planning (CSI Division 01): To ensure compliance of all buildings throughout their lifecycle (i.e., from building submission to building operation), the building authority (i.e., the government) needs to check building characteristics (such as building height for the building submission process and building consumption of power during operation) and collect this data for future use as well. Digital Twins provide a platform for the building authority to access and collect this data automatically for all buildings. These individual Digital Twins can then enable the building authority to run simulations (e.g., energy supply, fire protection, land use simulations, and urban mining) to optimize the performance of future buildings and adjust requirements and specifications to fit strategies developed to address climate change and enforce sustainable processes.
Example 3 on Energy Performance (All CSI Divisions): Sustainable construction requires the prediction and optimization of a building’s energy consumption and performance. With the pressing need to address climate change and the drive toward a low carbon emission economy, the construction industry is challenged to adopt new construction approaches and use sustainable materials. Existing buildings can benefit from Digital Twin to explore different renovation processes that allow for cost reduction and optimized energy performance. Creating a Digital Twin for a building including its design, construction, operation, and maintenance phase will allow for conducting energy performance simulations and making decisions from an economical and environmental perception.
Real-Time Tracking
Traceability is an important concept for construction projects, especially complex projects. Being able to trace and track materials, products, equipment, people, and information across the project lifecycle can be challenging. Tracking produces real-time, up-to-date information that construction stakeholders in different phases of the project can leverage to inform and perform their tasks. Digital Twin can facilitate real-time tracking by its ability to integrate heterogenous data sources and, thus, achieve traceability of the construction project and its multi-varied components. The applications identified by the interviewees for Real-Time Tracking are outlined in Table 8, and selected examples of real-time tracking enabled through Digital Twin are presented next.
TABLE 8 | Digital Twin capability of Real-Time Tracking and the identified applications.
[image: Table 8]Example 1 on Material Storage (CSI Division 01): Materials are a key component of any construction project and ensuring the availability of materials on site is essential for continuous operations. Digital Twin can serve as a decision support system that enables construction players to make sure materials are available on-site to use when needed based on real-time data that shows where materials are being used and how much more is needed and when to eliminate delays and reduce operational costs.
Example 2 Construction Equipment Tracking (CSI Division 01): Construction sites can be haphazard environments with multiple heavy construction equipment operating at high speeds under different site conditions. Improving the productivity and safety of construction equipment requires awareness about the equipment’s surroundings, tasks to be executed, and site conditions. A Digital Twin of the construction equipment and the construction site can allow for direct interaction with operators to inform them of any change that requires instant intervention to optimize operations and enhance the safety of the workers and the equipment.
Higher Accuracy
Accuracy and access to accurate information are fundamental for construction stakeholders. Digital Twin, through visualization technologies, sensing technologies, IoT, and laser scanning, enables the creation of a useable, dynamic, and accurate digital model of a construction project (during construction and operation and maintenance). The accurate representation of the construction project digitally empowers construction stakeholders to validate their work, inform better decisions, and build more reliable databases for future use. The applications identified by the interviewees for Higher Accuracy are outlined in Table 9, and the following examples are shared by the interviewees to illustrate their thoughts on how Digital Twins can result in higher accuracy.
TABLE 9 | Digital Twin capability of Higher Accuracy and the identified applications.
[image: Table 9]Example 1 on Site Surveying (CSI Division 02): Shoring is usually the footprint of the building and if done wrong, the entire design of the building will be affected. Digital Twin can enable the collection of accurate readings on the shoring coordinates on the job site which can be compared to the approved layout and design. The accuracy of the data collected from site provides contractors with a higher confidence level to detect discrepancies and prevent any misalignment, verticality, or layout problems.
Example 2 on Layout Work (All CSI Divisions): Start right. It is important when embarking on a new construction project to start right and set up the project properly. Wireless and sensing technologies can now enable contractors to accurately overly the digital model over the actual, physical asset. Interviewees added that checking the first fix of MEP installations can be challenging and is critical to avoid rework. When the physical and digital model are connected and synched, the data they both provide is thus accurate, allowing the contractors and subcontractors to inspect installation and check for misalignments virtually.
DIGITAL TWINS CHALLENGES
Once interviewees discussed Digital Twin applications that they suspect to address current challenges and improve project performance, they were asked to elaborate on challenges the industry and construction companies must address and overcome. The authors collected 34 challenges from the interviews and grouped them into six themes or categories using Thematic Analysis as outlined (alphabetically) in Table 10. The identified categories are: Contractual Awareness and Knowledge; Data Understanding, Preparation, and Usage; Financial Uncertainties; Human Capital Development; Organizational Structure and Processes; and Technology Deployment. Interviewees were not asked to rank the challenges, and thus, the results provided in this section are exploratory and provide an overview of what practitioners are most concerned about. According to the analysis of the interviews, it can be observed that Data and the lack of understanding of its aspects, features, and guidelines is a major challenge for construction organizations when considering Digital twins.
TABLE 10 | Challenges to implementing Digital Twins.
[image: Table 10]DIGITAL TWIN IN ACTION: A SMART CITY PLANNING CASE STUDY
This case study is part of the ongoing research project titled BRISE-Vienna (Urban Innovative Actions, 2019), in which a research team is developing an openBIM based building submission process and is analyzing the surplus value of the submitted BIM model for the City of Vienna using Construction 4.0 technologies, including Augmented Reality (e.g., Schranz et al., 2021) and Digital Twins. The case study presented in this paper focuses on the use of Digital Twins by the building authority on future construction projects.
Recently, Vienna has been experiencing continued growth and demand for new buildings, pressuring the City of Vienna, i.e., the building authority, to issue thousands of new building permits every year. The established building verification and permission procedures are sophisticated and often based on 2D plans and documents submitted by the planners and investors, resulting in a lengthy process that is prone to information loss between the building authority and the planners and investors.
As digitization is becoming a must, planners and investors have increased their use of BIM when planning their projects and are able of producing a BIM model of their future facility by the time they submit the required project documents to the building authority. The transition of planners and investors to be more digital, coupled with the increased awareness of Digital Twins, has planted the seed for the digital transformation of the building authority as well to enable a fast and efficient building verification and permission process. The case study discussed below is a joint effort between the City of Vienna, TU Wien, experts from the engineering firm ODE (based in Vienna), and the Austrian Chamber of Architects and Chartered Engineering Consultants and aims to develop the process for integrating the building authority into the Digital Twin of a construction project throughout its lifecycle—i.e., from cradle-to-cradle. This end-to-end digital process is illustrated in Figure 4 which describes the relationship between the building authority and the actual building site.
[image: Figure 4]FIGURE 4 | City authority’s usage of Digital Twin throughout the construction lifecycle.
As displayed in Figure 4, a building, throughout its lifecycle, has four major contact points with the building authority: building submission, completion notification, conversion, and demolition. At each interface, the BIM model is enriched with geometric information (e.g., model) and alphanumeric information (e.g., superstructure) and is handed over to the building authority by the owner.
The first interaction planners and investors have with the building authority is the building submission, where project required documents and a BIM model that contains both geometric and alphanumeric information are submitted. At this point of time, the building site is the only physical asset that is available. In the digital environment, however, the building authority will produce a 3D digital model of the building before it is erected using the documents submitted by the planners and investors. This 3D digital model is developed by the building authority and is enriched with the regulatory requirements that are specific to the project under consideration to ensure alignment with the existing regulations and specifications of the site. This model-based representation of the future construction project is considered to be the starting point for the Digital Twin of the building. Having a Digital Twin of the future building enables the building authority to perform a semi-automated check of the building code (e.g., building height and escape route length) and speed up the approval process for planners and investors (Krischmann et al., 2020). This application showcases the preventive measures capability of Digital Twin where potential non-compliances and deviations from regulations can be detected early on (e.g., safety requirements). Moreover, producing a Digital Twin at this phase of the building lifecycle (i.e., planning) allows citizens to be better involved in the planning process and be active decision-makers, as opposed to what they experience when they are provided with 2D plans (Schranz et al., 2021). The application of Digital Twins to improve the efficiency of the submission process is explained in detail in Urban et al. (2021).
In addition to enhancing the submission process, the potential of Digital Twins to improve the documentation of all building submissions was also explored to enable the City of Vienna to create robust databases that can be used on ongoing or future projects. Data fed into the Digital Twin and information generated from the Digital Twin can be integrated into databases that the building authority has control over and can leverage to ensure consistent data management across all buildings. Digitizing the submission and documentation processes through Digital Twins reduces redundant data input and potential sources of error and paves the way for additional applications. For instance, in addition to going through the submission process, each apartment in Vienna is required to be listed in a digital apartment register, where information on the usable living space, the heating system, the type of use, and address is provided. Usually, this information is entered manually into this separate register. Having this information transferred from the BIM model to the Digital Twin created at the onset of the submission process can enable the transparent flow of information where needed information can be accessed directly from the Digital Twin, resulting in time and cost savings and reduced data errors and inconsistencies. This application illustrates the capability of increased transparency of information enabled through the use of Digital Twins.
Moving across the building lifecycle, and during the construction phase of the building, requirements for site equipment and site safety (Zhang et al., 2013) can be collected and documented in the Digital Twin providing the building authority with good visibility into this data. This enables the building authority to perform semi-automated checks to compare the condition of the physical building to the requirements set in the Digital Twin. This allows building authority to give feedback to the construction company or the owner. Hence, this includes the capability of monitoring, analysis, and feedback.
Upon construction completion, the Digital Twin is updated for the building authority to access the needed information to carry out a change detection to the Digital Twin created after the submission. Digital Twins, thus, provide a platform to detect, check, and, if necessary, approve deviations more effectively, promoting a better collaboration between all stakeholders (i.e., building authority, owner, planners, contractors, and subcontractors). In the operation phase, Austria requires the submitting and regularly updating of a construction protocol. In this protocol, maintenance intervals, construction status, and an inspection report are listed. This documentation is ongoing and takes place throughout the project lifespan and is linked to the Digital Twin, which continues to reflect the actual status of the building. The building authority, thus, will continue to have access to the most recent project data through the Digital Twin.
In the case of the conversion of the building (i.e., changing the purpose of the building or performing retrofits), the Digital Twin can be used by the building authority in the same way as in the submission process. Additionally, the Digital Twin allows to use the data for urban mining (i.e., automatically generated an updated list of all materials used in the building along with properties associated with the materials, and appropriate means and methods to recycling and disposing materials). Also, the digital apartment register can be updated automatically. The use of Digital Twin for conversion is also applicable to the use of Digital Twins for demolition.
Looking into the long-term future, the development and maintenance of a Digital Twin for all buildings provides the building authority access to up-to-date Digital Twins throughout the phases of the building lifecycle. The sum of the Digital Twins of all buildings results in a Digital Twin of the city, named an Urban Digital Twin (UDT) which is similar to the vision of CDBB for a National Digital Twin (NDT) and is expressed as:
[image: image]
UDT creates new opportunities for strategic considerations (urban mining, area analysis, and fire protection analysis) and for further research activities (data basis for AI training and thermal simulation). Hence, UDT allows the city to perform advanced what-if scenario analysis and simulations to simulate the change of power supply or heating systems in a whole area for instance (i.e., change to district heating).
CONCLUSION AND LIMITATIONS
As the construction industry goes through its digital transformation, interest in Digital Twins continues to grow among researchers and practitioners. While the research conducted to date has offered insights on Digital Twins in the construction industry, there is still no single definition of what this concept is. Additionally, while identifying the purpose of Digital Twin is recognized as the first step in implementing Digital Twins, there is little discussion in the existing body of knowledge on the perception of construction practitioners of the extent to which Digital Twin can deliver value. To answer the research questions, existing definitions on Digital Twins were reviewed and a holistic definition of the Digital Twin of a construction project that addresses the gaps in the existing definitions was proposed. A visual was created to illustrate the proposed definition and facilitate the discourse around Digital Twins in the construction industry by providing a common understanding of the concept, enabling an informed dialogue between the various construction stakeholders.
Next, to understand Digital Twins from the practitioner’s perspective, the authors conducted a series of semi-structured interviews with nine construction practitioners. The interviews discussed two items: 1) interviewee’s perception on the use and value of Digital Twins and 2) interviewee’s perception on the challenges associated with the implementation of Digital Twins. Thematic analysis was used to analyze the data collected from both questions. The analysis of the use of Digital Twins resulted in seven Digital Twin capabilities explained through 40 applications as outlined by the interviewees. The identified applications illustrated specific use-cases shared by the interviewees on the potential use of Digital Twins, thus addressing the gap in the existing work where little discussion was presented to date on direct examples of how Digital Twins can be used. Among the seven identified Digital Twin capabilities, Increased Transparency of Information and Real-Time Monitoring, Analysis, and Feedback were the most discussed, with eight applications articulated by the interviewees for each capability. Additionally, the majority of the applications shared are applied to the entire project, thus reinforcing the idea of the need to integrate Digital Twins in the early phases of the construction project. The findings also highlight the importance of other technologies to support these applications such as sensors and IoT. Construction stakeholders thinking about Digital Twins, need to invest in the right infrastructure to support the technology and must plan, design, construct, and operate their facilities with Digital Twins in mind from the early phases for a true implementation of Digital Twins.
The analysis of the data collected on the interviewee’s perception of Digital Twins challenges led to the identification of 34 challenges clustered into six themes or categories, namely, Contractual Awareness and Knowledge, Data Understanding, Preparation, and Usage, Financial Uncertainties, Human Capital Development, Organizational Structure and Processes, and Technology Deployment. Among the six identified themes, Data Understanding, Preparation, and Usage emerged as the theme with the most concerns for the interviewees, highlighting the need to better understand data requirements and specifications in the construction industry. The notion of data becomes critical in construction given the information-intensive, fragmented nature of the industry. Data is the fundamental underpinning for Digital Twins as it constitutes the channels of communication between the physical and digital environments. Data is the most valuable asset for every construction element, system, and process. Data standardization and governance play a crucial role in addressing data challenges in the construction industry and providing a better foundation for implementing Digital Twins.
This paper also showcases the feasibility of implementing Digital Twins by offering a case study that showcases the usage of Digital Twins of a construction project throughout its lifecycle from the perspective of the building authority. The case study builds on the proposed definition and the findings of the interviews, and illustrate how Digital Twins can be implemented in early phases of the construction project lifecycle. Also, it highlights the important and critical role data plays throughout the implementation process of Digital Twins.
This work contributes to the existing body of knowledge by introducing the practitioner’s point of view into the extent to which Digital Twin can deliver value, however, it has limitations that future work can address. The focus of the interviews was on the vertical section and Digital Twin for infrastructure was not discussed. A broader sample size of experts with more diverse experience in construction projects can generate additional insights on the value of Digital Twins. While Digital Twins challenges were identified from the interviews, the discussion of how these challenges can be addressed is outside the scope of this research and can be pursued in future work. Moreover, further research is needed to investigate the benefits of Digital Twins. Furthermore, the findings of this paper are based on qualitative research, which can be further validated as more Digital Twins applications are developed and tested, allowing the generation and analysis of quantitative data and the development of cost-benefit analysis to investigate full-scale implementation of Digital Twins.
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[.. ] a set of virtual information constructs that mimics the structure, context and behavior of an
individual unique physical asset, or a group of physical assets, is dynamically updated with data
from its physical twin throughout its lifecycle and informs decisions that realize value

.. ) alifemanagement and certification paradigm whereby models and simulations consist of as-
buit vehicle state, as-experienced loads and environments, and other vehicle-specific history to
enable high-fidelity modeling of individual aerospace vehicles throughout their service fives

[.. Janintegrated multiphysics, multiscale, probabilistic simulation of an as-built vehicle or system
that uses the best available physical modiels, sensor updates, leet and history, to mirror theffe of
its corresponding flying twin

[-. ] a data element representing a set of properties of an observable manufacturing element with
synchronization between the element and its digital representation

[....] formed of two core elements models and data, the model serves as a communication and
recording mechanism to help interpret the behaviors of machines or systems and to predict their
future state based on real-time data, historical data, experience, and knowledge, as well as on
data from models

.. Jadigital informational construct about a physical system that could be created as an entity on
ts own. This digitalinformation would be-a “twin” of the information that ws embedded within the
physical system itself and be linked with that physical system through the entire lifecycle of the
system

[.. ] a virtual representation of a production system that is able to run on different simulation
disciplines that is characterized by the synchronization between the virtual and real system,
thanks to sensed data and connected smart devices, mathematical models and real time data
elaboration

] a secure environment for testing the impact of changes on the performance of a system

[.. Jincludes six features: 1) real-time data collection and data presentation of the physical asset
systems, 2) data analytics by utilzing stored historical data to conduct continuous analysis and
generate insights about the asset's condifion, 3) data simulations to test muliple case-scenarios
and optimize data-driven decision making, 4) data visualization by overlying real ffee 3D BIM

models and other formats of data visuals such as images and videos, 5) automation by creating a
bidirectional connection between the physical asset systems and their digital representation, and
6) predicting the future behavior of the asset by utiizing the conducted what-if simuiations and
data analysis based on the stored historical data and the data collected in a timely manner

[...] an approach for connecting a physical system to its virtual representation via bidirectional
communication (with or without human in the loop) using temporally updated Big Data (primary
data collected from this physical system and supplementary data from the surrounding
environment interacting with it for the purpose of contextual awareness) to allow for exploitation of
Artficial Intelligence and Big Data Analytics by hamessing this data to unlock value through
optimization and prediction of future state

[ the real-time digital representation of the physical building or infrastructure. Usually, data is
gathered by on-site sensors that continuously monitor changes in the buiding and in the
environment and update the BIM model with the most recent data and measurement

] composed of three main components: 1) physical or experimental reality, 2) collected data
describing the experimental realty, ) the virtual reality. The triad (physical model, big data and
virtual simulation model) is called the Digital Twin

Jalso referred toas digital shadow, digitalreplica or digital mirror andiis a digital representation
of a physical asset. Linked to each other, the physical and digital twin regularly exchange data
throughout the Plan-Build-Operate-Integrate (PBO-) lfecycle and use phase. Technology like Al
machine learning, sensors and IoT allow for dynamiic data gathering and right-time data exchange
to take place

[.. ] a realistic digital representation of assets, processes or systems in the built or natural
environment. What distinguishes a digital twin from any other digital model or repiica i its
connection to its physical twin
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Application: Digital Twin can. ..

Allow owners, designers, contractors, and trades to speak the same language and share a common
understanding of project requirements, constraints, and needs

Establish common grounds between contractors and owner's representatives in preparing punchiists
where items tagged on site can be automatically highiighted in the cigital model, allowing punchiists to be
automatically generated

Faciltate the on-site inspection process by enabing all involved stakeholders including the owner, the
owner’s representative, the designer, contractors, subcontractors, and third parties to access and
effectively leverage true, updated information when needed in a collaborative environment

“Obtain real-time data on the progress on-site and compare it to the project schedule and work sequence
to faciltate on-site collaboration

Provide contractors, subcontractors, and suppliers with an effective strategy to train facility operators on
the use of systems available on a project

Read progress from site and compare it to the schedule and work sequence and then reply back with a
clearance once needed or alert in case of a site problem

“Provide a single source of truth where al the information and artifacts generated through the project
phases are centralized and, thus, providing stakeholders with the means to truly collaborate to remove
any constraints and make better promises to clearly identify handoff points on the schedule

*Represents applications discussed as examples in the following sections.
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Application: Digital Twin can. ..

Ease the development and collections of operation and maintenance manuals and as-
buis by enabling updated information to seamlessly flow across between stakeolders
and across the stages of construction to provide owners and facilty managers with
accurate documentation of the facility

“Enable the authority to perform automatic and transparent checking on legal compliance
of the building submission models of planners and investors

Enable designers to acquire project information that was not previously made available
which they can leverage to inform the design of future projects

Enable owner's representatives to efficiently walk through the punchlist progress and
corrections made onsite and automatically update the list

“Provide a platform to standardiize the collection of the data related to the project activities'
cost and build transparency within companies and across projects

Provide construction companies with a st of vendors and suppliers that reflect the actua
transactions made across multiple projects, providing the company with accurate prices
oftools, materials, and equipment and enabiing all project leaders across the company to
have access to the same data and save on ongoing and future projects

“Provide the means to collect and capture the data related to purchasing construction
material onsite in a database that can be used on future projects to inform better financia
decisions

Provide a platform to link Building Management System (BMS) to all systems espedially
MEP to collect real-time data that can be analyzed on current and future projects
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Application: Digital Twin can. .

Continuously collect data from all MEP equipment in operating buildings to be integrated into the fire
strategy of operating buildings and future projects

Collect and analyze continuous data throughout the operation and usage of the facilty to develop a
database that can be trained for future projects and provideinsights on facilty design criteria such as
pressure (head calculation), cooling and heating (load calculation), and power and lighting (ux
calculation)

“#Monitor and control the consumption of water and power to attain an ecofriendly building during
both construction and accommodation stages

“Monitor building settlement throughout its lifespan and analyze the captured data to assist in the
early detection and prevention of settiement that exceeds the design criteria

Mornitor existing pile performance readings to gather data on the performance of existing buildings to
be analyzed with project circumstances and used as design input on future projects to reduce the
significant cost and time associated with pile testing

“Monitor water levels insid the wells and around the buiding imits, the pumps, and the generators or
electrical distribution boards that feed the system in real-time and send warning signals that allow
contractors to analyze the situation and prevent any accident or flooding in the event of predicated
system falure

Facilitate a smooth testing and commissioning of HVAC equipment, for instance, by obtaining real-
time readings from machines installed on site and enabling contractors to analyze this accurate data
to decide if adjustments are needed and act accordingly

Monitor project status during execution and compare it to the approved shop drawings, material
submittals, cutting lists, caloulation notes, schedules, etc. to ensure work is performed as per the
contract documents and norms
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