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SOMMARIO  

Titolo:  Gemello digitale delle costruzioni: un quadro per un general contractor. 

L'Industria 4.0, come quarta ondata della rivoluzione industriale, offre ampi vantaggi per vari settori 

come la produzione, l'aerospaziale, l'ingegneria dei sistemi, il petrolio e il gas e l'edilizia. Digital Twin 

(DT), come uno dei principali concetti di Industria 4.0, introduce un nuovo paradigma nel settore delle 

costruzioni come replica virtuale in tempo reale di un bene fisico. Sebbene molti settori come quello 

manifatturiero, automobilistico, aeronautico e sanitario utilizzino ampiamente i concetti di Industria 4.0, 

l'industria delle costruzioni è in ritardo in termini di loro adozione e attuazione, nonché nella 

capitalizzazione dei loro benefici. Ad oggi, la maggior parte degli studi nel settore delle costruzioni si è 

concentrata sull'implementazione del DT nelle fasi di esercizio e manutenzione degli impianti mentre 

l'uso del DT nella fase di costruzione non è stato ancor affrontato a sufficienza. Una caratteristica delle 

attuali tecnologie di monitoraggio (ad es. telemetri, scansione laser, GPS, RFID, Wi-Fi, UWB, sensori 

intelligenti, ecc.) utilizzate nel settore edile è che i dati raccolti vengono generalmente utilizzati in modo 

isolato con un unico focus tematico, mentre  sono pochissimi i casi di utilizzo integrato di più tecnologie. 

C'è inoltre una mancanza di chiarezza sulle potenziali tecnologie per livelli più elevati di CDT in termini 

di integrazione con piattaforme socio-tecniche e il relativo utilizzo di simulazioni, ottimizzazione, 

apprendimento e coinvolgimento dell'utente finale, principalmente a causa della mancanza di 

implementazione e ricerca a tale livelli di sofisticatezza. La presente ricerca ha lo scopo di studiare 

l'implementazione di DT durante la fase di costruzione dei progetti. Un framework Digital Twin (CDT) 

di costruzione è sviluppato per dimostrare i diversi livelli necessari per l'implementazione del concetto 

DT di supporto alle attività di costruzione. In seguito allo sviluppo del framework CDT, è stato 

implementato un caso di studio sulla gestione dei movimenti terra come applicazione del CDT proposto 

al fine di convalidare il framework e dimostrare i vantaggi dell'utilizzo dei gemelli digitali durante la 

fase di costruzione. La simulazione delle operazioni dei movimenti terra è stata eseguita come parte del 

CDT e i risultati della simulazione nella valutazione di vari scenari ipotetici per l'allocazione ottimale 

delle risorse e la gestione delle operazioni hanno dimostrato i vantaggi dell'utilizzo del CDT nella fase 

di costruzione dei progetti e per i general contractor. Con lo sviluppo di un framework CDT e 

l'implementazione di un caso di studio basato su di esso e integrato con diverse tecnologie abilitanti, 

questo studio cerca di colmare le lacune esistenti nell'utilizzo dei gemelli digitali nel settore delle 

costruzioni. L'utilizzo di tale CDT nell'implementazione di diverse applicazioni può aiutare le imprese 

di costruzioni in una migliore gestione dei loro processi di costruzione, colmando il divario di 

informazioni tra i modelli BIM as-designed in fase di progettazione e i modelli BIM as-built al momento 

della consegna del progetto, abilitando vari servizi attraverso l'acquisizione di dati in tempo reale, 

l'aggiornamento del modello e l'analisi dei dati e le previsioni per il monitoraggio dei progressi, il 

monitoraggio del sito, l'allocazione delle risorse, l'esecuzione di scenari ipotetici. Come risultato 

dell'utilizzo di un CDT nella costruzione, emergono i diversi impatti come riduzione dei costi, la 

migliore collaborazione e lo scambio di informazioni tra vari domini, la gestione della costruzione basata 

sui dati, la consapevolezza dello stato in tempo reale o quasi del progetto e delle sue prestazioni e una 

maggiore trasparenza durante tutto il ciclo costruttivo. 

Parole chiave: BIM, Costruzione basata sui dati, Costruzione Digital Twin, Fase di costruzione, 

General contractor. 
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ABSTRACT 

Industry 4.0, as the fourth wave of the industrial revolution, offers ample benefits for various industries 

like manufacturing, aerospace, systems engineering, oil and gas, and construction. Digital Twin (DT), 

as one of the main concepts of Industry 4.0, introduces a new paradigm in the construction industry as 

a real-time virtual replica of a physical asset. Although many industries such as manufacturing, 

automotive, aviation, and healthcare are extensively using the concepts of Industry 4.0, the construction 

industry is lagging in terms of adopting and implementing Industry 4.0 principles and taking advantage 

of its benefits. To date, most of the construction industry studies have focused on the implementation of 

DT in operation and maintenance phases of facilities, and the use of DT in the construction phase has 

not been addressed sufficiently. A noticeable feature of the current monitoring technologies (e.g., range 

finders, laser scanning, GPS, RFID, Wi-Fi, UWB, smart sensors, etc.) used in the construction industry 

is that the gathered data is generally used in an isolated fashion with a single subject focus where there 

are very few cases of integrated use of more than one technology. There is also a lack of clarity on the 

potential technologies for higher levels of CDT in terms of integration with socio-technical platforms 

and using simulation, optimization, learning, and end-user engagement, mainly due to a lack of 

implementation and research at such levels of sophistication. This research is motivated to study the 

implementation of DT during the construction phase of projects. A construction digital twin (CDT) 

framework is developed to demonstrate the different tiers necessary for the implementation of the DT 

concept in construction. Following the development of the CDT framework, a soil management case 

study was implemented as an application of the proposed CDT to validate the framework and 

demonstrate the benefits of using digital twins during construction phase of projects. Simulation of the 

earthwork operations was performed as part of the CDT, and results of the simulation in evaluating 

various what-if scenarios for optimum resource allocation and operations management proved the 

benefits of using CDT in the construction phase of projects and for general contractors. With the 

development of a CDT framework and implementation of a case study using the proposed framework 

and enabling technologies, this study tries to address the existing gaps in using digital twins in the 

construction industry. Using the developed CDT in implementing several applications can assist general 

contractors in better management of their construction processes, filling the information gap between 

the as-designed BIM models at the design phase and the as-built BIM models at the time of project hand-

over, enabling various services through real-time data acquisition, model updating, and data analytics 

and predictions for progress tracking, site monitoring, resource allocation, performing what-if scenarios. 

As a result of using a CDT in construction, several impacts such as reducing costs, improved 

collaboration and information exchange among various domains, data-driven construction management, 

real-time or near real-time status awareness of the project and its performance, and improved 

transparency can be anticipated. 

Keywords: BIM, Construction Digital Twin, Construction Phase, Data-driven Construction, General 

Contractor. 
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1. INTRODUCTION  

Although the ample benefits of Industry 4.0 have been proven and industries like automotive 

manufacturing and maintenance are focusing on the interaction between industry elements and IoT 

devices, the construction industry is lagging in technology implementation (Hasan et al. 2021). As a 

result of the Industry 4.0 concept that is applied to the construction industry, Construction 4.0 proposes 

a framework for extensive application of BIM (Building Information Modelling) in different stages of 

a product/asset lifecycle, including design, construction, industrial modular production, cyber-physical 

systems (CPS), supply chain and construction sites works monitoring, and data analytics including big 

data, AI, cloud computing and blockchain (Sacks et al. 2020; Turner et al. 2021). Industry 4.0 

technologies are increasingly becoming appealing since construction projects' complexity is growing 

and coupled with the need for higher productivity (Turner et al. 2021). In addition to BIM, Digital Twin 

(DT), as one of the main concepts of Industry 4.0 and a subset of a CPS system, bespeaks a new paradigm 

in the construction industry as a real-time virtual replica of a physical asset. The federated BIM models 

produced during design and construction phases reflect the as-designed and as-planned states of the 

project, while Digital Twin captures the as-built and as-performed states by gathering real-time 

information of the physical asset and being updated constantly (Sacks et al. 2020). Therefore, the 

utilization of BIM and Digital Twin concepts ensures efficient information flow and management of the 

physical entity in its different stages and management aspects, including design, supply chain, 

construction, commissioning and handover, and maintenance. Moreover, DT deployment offers several 

opportunities such as asset performance management, asset risk assessment, shorter time for production 

planning, miscommunication and information wastage avoidance, collaborative decision making, and 

process automation (Wanasinghe et al. 2020). 

Several industries such as manufacturing, automotive, aviation, and healthcare are extensively using the 

concepts of Industry 4.0, but the construction industry is in its infancy in terms of adopting and 

implementing Industry 4.0 principles. According to Fenn and Raskino (2008), a new technology 

undergoes five major stages from its growth to development, referred to Innovation Hype Cycle (see 

Figure 1). As it is evident from Figure 1, DT and BIM are at the ñPeak of Inflated Expectationò and 

ñTrough of Disillusionmentò stages, respectively. It means that DT will experience a decline in its 

attractiveness to industries, and BIM is on its way to passing the decline stage. Therefore, researchers 

and early adopters should conduct studies to overcome the challenges of DT and BIM to reach the ñSlope 

of Enlightenmentò and ñPlateau of Productivity,ò respectively to expose the applications of these 

technologies to the real world (El Jazzar et al. 2020). 
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Figure 1- Hype-Cycle for Emerging technologies (Adopted from Gartner, Inc. (Walker 2018)) 

Moreover, most construction industry studies and practices have focused on implementing DT in 

operation and maintenance phases of facilities (El Jazzar et al. 2020; Lu et al. 2020), or proposing a 

theoretical/conceptual model of DT. Hence, there is also a need to implement it in the building and 

infrastructure design, construction, and supply chain phases. 

The main focus of this study is multi-fold. It aims at proposing a coherent, comprehensive, and feasible 

construction digital twin (CDT) framework and workflow for information management throughout the 

construction phase. The defined conceptual schema of the construction digital twin identifies, for each 

component ï the virtual model, the data collection systems on-site, the connecting infrastructure ï their 

requirements, their functioning and the potential solutions available on the market, also taking into 

account the necessities of each discipline. Adopting predictive algorithms and data analytics to exploit 

the data and the information stored in the digital twin will be explored. The enabling technologies for 

data acquisition in a construction site will be discussed. One simulated case study in the field of civil 

projects will  be discussed to demonstrate the potential implementation of the digital twin approach. In 

this case study, the digital twin solutions and data collection equipment will be explained, and modalities 

of predicting construction evolution and reporting to the project management team will be defined. To 

conclude, this study will discuss and assess potentialities and limits regarding the digital twin 

implementation in the construction industry, providing perspectives and requirements for further 

developments in the field. 

This study benefits from a mixed-method approach for its research methodology. This approach consists 

of an extensive literature review, BIM modelling and DT implementation along with their components, 

data analytics and artificial intelligence techniques, and a case study conducted in a construction project.  
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This research project contributes to the body of knowledge by proposing a comprehensive framework 

for implementing DTs for the construction phase of an asset. It enhances the industry practice by better 

information management in the construction stages of an asset or its related components in favor of 

contractors' and ownersô satisfaction. The uniqueness of the proposed research project lies in its 

integrated approach for taking the benefits of BIM and Industry 4.0 technologies in the construction 

industry as a comprehensive method that is applicable in real-world projects and supporting them at the 

construction phase. The proposed DT approach can be highly desirable since it enables actionable 

knowledge and effective decision-making in the construction phase based on real-time data and 

performing ñwhat-ifò scenarios, and reduces the construction waste to a great extent (LaGrange 2019; 

Roxin et al. 2019; Sacks et al. 2020; Wanasinghe et al. 2020). 

The remainder of the study discusses the digital twin as a concept of Industry 4.0. Then, construction 

digital twin (CDT) will be introduced along with its components and the proposed CDT framework. 

Next, a soil management application will be implemented as a case study in implementing the CDT 

framework. Finally, in the Conclusion section, the impacts and challenges of the proposed CDT 

framework will be evaluated. 
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2. DIGITAL TWIN ï AN INDUSTRY 4.0 CONCEPT 

Industry 4.0, as an evolution from Industry 1.0 to Industry 3.0, was first coined by the German federal 

government in 2011 as a strategic response to the German industry (Klinc and Turk 2019). The initiative 

was to catch up with the industrialization of Asia, and it was expected to alternate the production and 

promote the computerization of manufacturing (Gokalp et al. 2017; Kan and Anumba 2019; Klinc and 

Turk 2019). Later on, this digital transformation, i.e. Industry 4.0, has been adopted at international 

levels, e.g. European Union, as a strategy to the modernization of the industry such as manufacturing 

and a response to their associated challenges (Klinc and Turk 2019; Negri et al. 2017). It offers the 

transformation of ordinary systems, including machines and production systems, to self-aware, self-

predict, self-compare, self-configure, self-maintain, and self-organize devices and systems (Gokalp et 

al. 2017; Lee et al. 2015). This transformation enables the systems to gather real-time data of the 

product/process and self-diagnose to prevent or minimize the production disruptions or downtimes 

(Gokalp et al. 2017). 

Industry 4.0 is a collective term for a number of building blocks consisting of Internet of Things (IoT), 

Big Data, Cloud Computing, the Internet of Services, Cyber-Physical System (CPS), Smart Factories, 

Advanced Manufacturing, Digital Twin (DT) etc. (Kan and Anumba 2019; Klinc and Turk 2019; Negri 

et al. 2017). The essential building blocks of Industry 4.0 are cyber-physical systems (CPS) that link the 

digital and physical worlds (Hasan et al. 2021; Klinc and Turk 2019). CPS are known as óintegrations 

of computation with physical processesô where computational resources monitor the physical world with 

a feedback loop and interact with each other through embedded computers and networks (Lee 2008). A 

differentiating factor between Industry 3.0 (automation) and Industry 4.0 is the human mediator that 

connects the digital and physical realms (Klinc and Turk 2019), while in CPS, the cyber and physical 

worlds are integrated through networks and computational resources. Having said that, ñbi-directional 

communicationò is a critical component of CPS for effective integration of the virtual model with the 

corresponding physical components (Anumba et al. 2010). 

According to a guideline by Lee et al. (2015), in general, a CPS has two main functional components: 

(1) advanced connectivity, (2) intelligent data management, analytics and computational capability. The 

former establishes connectivity to gather real-time data from the physical world and information 

feedback from the cyber space, i.e. bi-directional communication, and the latter constructs the cyber 

space (Lee et al. 2015). Based on this guideline, they proposed a 5-level architecture for CPS 

implementation in the industry, as shown in Figure 2. 
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Figure 2- 5C architecture for CPS implementation (adopted from Lee et al. (2015)) 

2.1. Smart Connection Level 

Accurate and reliable data acquisition is the first step in developing a CPS and consists of ñPlug & Playò 

devices, communication and sensor networks. Selecting proper sensors and adopting suitable 

standardized protocols for data acquisition and transferring to a central server are two important factors 

in this level (Klinc and Turk 2019; Lee et al. 2015). 

2.2. Data to Information Conversion Level 

At this level, various tools and methodologies are deployed to derive information from data gathered at 

level 1 to be utilized in analysis and predictions in order to support decision-making (Klinc and Turk 

2019; Lee et al. 2015). 

2.3. Cyber Level 

This level plays as a central information hub in the CPS architecture (Lee et al. 2015). Digital Twin is a 

key component of this level, which means: ña digital representation of an object that exists or will exist 

in the physical worldò (Klinc and Turk 2019). Due to massive information gathered at this level, 

information and insights could be extracted at this level by deploying data mining and data analytics 

methods. 

2.4. Cognition Level 

This level produces comprehensive knowledge of the physical system to enable expert users with their 

decision-making. Hence, presentation and info-graphics methods are necessary to transfer the acquired 

knowledge correctly to the users (Lee et al. 2015). AI technologies can be exploited to perform machine 

learning and diagnostics and make advanced decisions (Klinc and Turk 2019). 
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2.5. Configuration Level 

This level applies the corrective and preventing decisions made in cognition level to the physical system, 

i.e., feedback from cyber space to physical space and controlling the machines to make them self-

configure and self-adaptive (Lee et al. 2015). 

CPS, as a core component of Industry 4.0 requires Digital Twin for its development. As CPS aims at 

enhancing the production system and controlling the production in real-time, Digital Twin, as a specific 

form of a CPS, aims at providing a digital replica of the physical product or process in real-time or near 

real-time and capture all useful information throughout the product or process lifecycle (Kan and 

Anumba 2019; Uhlemann et al. 2017). Compared to CPS, DT focuses more on data and high fidelity 

models (Zheng et al. 2019). Serving as the virtual and computerized counterpart of a physical system, 

DT enables simulation and real-time synchronization of the sensed data from the field that is acquired 

via enabling technologies of Industry 4.0 such as IoT (Negri et al. 2017). DT was first developed by 

National Aeronautics and Space Administration (NASA) during the Apollo 13 mission when one of the 

oxygen tanks exploded on April 13, 1970, two days after launch, and the NASA flight control team used 

a simulated environment to model, simulate and test possible scenarios and successfully found a solution 

(Barricelli et al. 2019; NASA 2004). Though DT was first born in the aerospace field, it has been recently 

adopting and gaining interest in a range of industries such as manufacturing, automotive, healthcare, 

medicine, aviation, and terrestrial exploration (Barricelli et al. 2019; Uhlemann et al. 2017; Wanasinghe 

et al. 2020). 

The rewarding attempts of utilizing the Industry 4.0 concept, such as CPS, from other industries 

encouraged the construction industry to recognize the potential benefits of such concepts. For example, 

energy monitoring and structural health monitoring (SHM) were among the first applications of the CPS 

in the construction industry (Kan et al. 2018). Although the construction industry is at the beginning of 

the digital transformation process, it has gained speed to become digital and seeks out innovations (Kan 

and Anumba 2019; Zhou et al. 2020). As such, DT is also at its infancy in the construction industry 

domain; therefore more research in its applications in construction and other domains would be 

beneficial to its maturity and adoption within the construction industry (Kan and Anumba 2019). 

Applying appropriate integration of automated systems and information communication technologies 

(ICT) in the physical construction process will result in a more controlled project delivery process 

(Anumba et al. 2010). According to the National Institute of Standards and Technology (NIST) report 

on interoperability problems in the U.S. capital facilities industry, $ 15.8 billion was quantified as the 

annual interoperability costs for the capital facilities industry in 2002 besides other inefficiency and lost 

opportunity costs associated with the inadequate interoperability (OôConnor et al. 2004). The adoption 

of CPS approach offer a more intelligent, sustainable, and interoperable construction process resulting 

in a major reduction in such losses (Anumba et al. 2010). 

2.6. Digital twin definitions  

Grieves introduced the concept of Digital Twin in 2003 at his university course on product lifecycle 

management (PLM) (Grieves 2014). NASA also provided one of the first definitions of Digital Twin as 

ñan integrated multi-physics, multi-scale, probabilistic simulation of a vehicle or system that uses the 

best available physical models, sensor updates, fleet history, etc., to mirror the life of its flying twin. 
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The digital twin is ultra-realistic and may consider one or more important and interdependent vehicle 

systems, including propulsion/energy storage, avionics, life support, vehicle structure, thermal 

management/TPS, etc. In addition to the backbone of high-fidelity physical models, the digital twin 

integrates sensor data from the vehicleôs on-board integrated vehicle health management (IVHM) 

system, maintenance history, and all available historical/fleet data obtained using data mining and text 

miningò (Shafto et al. 2012). According to NASAôs definition, a ódigital twinô can be defined as a 

prototype that mirrors its corresponding physical flying twin in real-time.  

DT is usually wrongly referred to as only a 3D model of the physical world (LaGrange 2019; 

Wanasinghe et al. 2020). Therefore, though there is no such universally accepted definition of Digital 

Twin due to different viewpoints, researchers and institutions have provided broader definitions of 

Digital Twin (Kan and Anumba 2019; Wanasinghe et al. 2020). This is also the case among AEC/FM 

industry stakeholders who do not share a common definition of DT (Camposano et al. 2021). Table 1 

provides various definitions provided in the literature with respect to the related industry. 

Table 1- Sample Definitions of a Digital Twin 

Reference Definition Industry  

Glaessgen and 

Stargel (2012) 

ñA Digital Twin is an integrated multi-physics, multiscale, 

probabilistic simulation of an as-built vehicle or system that uses 

the best available physical models, sensor updates, fleet history, 

etc., to mirror the life of its corresponding flying twin.ò 

Aeronautics 

Negri et al. 

(2017) 

ñthe virtual and computerized counterpart of a physical system 

that can be used to simulate it for various purposes, exploiting a 

real-time synchronization of the sensed data coming from the 

fieldò 

Manufacturing 

Hasan et al. 

(2021) 

ña representation of a physical entity via a virtual model that 

mimics its change in state whether it is mechanical motion or 

physical/dimensional changes.ò 

Construction 

Xu et al. (2018) ña comprehensive virtual copy of the physical operating facility 

throughout its complete lifecycle ï starting from idea and up to 

decommissioning and project closure ò 

Construction 

LaGrange (2019) ñadvanced 3D models, representing dynamic, cross-domain 

digital models that mirror the performance and operation of a 

physical asset or process as it moves through the lifecycle ï from 

design, engineering, construction, commissioning, and finally, 

into operation.ò 

Oil and Gas 

Khajavi et al. 

(2019) 

The digital counterpart of a physical asset designed to integrate 

real-time sensor readings to analyse and improve assetôs 

Construction 
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operational efficiency and interaction with the environment and 

users, and to enable predictive maintenance. 

National 

Infrastructure 

Commission 

(2017) 

ñA digital twin is a virtual representation of a physical object or 

system across its lifecycle, using real-time data to enable 

understanding, learning and reasoning.ò 

Infrastructure 

Madni et al. 

(2019) 

A digital twin is a dynamic virtual representation of a physical 

system that is continually updated with its physical twin's 

performance, maintenance, and health status data throughout its 

life cycle. 

Systems 

Engineering 

Jones et al. 

(2020) 

ña system that couples physical entities to virtual counterparts, 

leveraging the benefits of both the virtual and physical 

environments to the benefit of the entire system.ò 

Manufacturing 

Bolton et al. 

(2018) 

ña realistic digital representation of assets, processes or systems 

in the built or natural environment.ò 

Built 

Environment 

Pan and Zhang 

(2021) 

ña mirror and digital depiction of the actual production process, 

which can imitate all aspects of physical processes under the 

integration of physical products, virtual products, and relevant 

connection data.ò 

Construction 

B.I.M.Dictionary 

(2021) 

ñA set of digital assets ï models, documents and datasets - that 

mirror a physical Asset for part/whole of the Asset Life Cycle.ò 

Built 

Environment 

Grieves (2014) ña virtual, digital equivalent to a physical product é [and] rich 

representations of products that are virtually indistinguishable 

from their physical counterparts.ò 

Manufacturing 

Boje et al. (2020) ñthe digital representation of the building, enriched by the 

addition of sensing capabilities, big data and the Internet of 

Things from site to building operation.ò 

Construction 

Barricelli et al. 

(2019) 

ñA DT is a living, intelligent and evolving model, being the 

virtual counterpart of a physical entity or process.ò 

General 

Grieves and 

Vickers (2016) 

ñthe Digital Twin is a set of virtual information constructs that 

fully describes a potential or actual physical manufactured 

product from the micro atomic level to the macro geometrical 

level.ò 

Manufacturing 
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Regardless of the type of definition or industry, DT has three main components (Grieves and Vickers 

2016): 

¶ Physical space, 

¶ Virtual space, 

¶ Link for data/information flow between real/virtual spaces. 

This new generation of CPS integrates the physical and virtual worlds via twinning that establishes the 

inter-connection between physical and virtual spaces through data collected by sensors (Kan and 

Anumba 2019). In this connection loop, real-world data from the physical components are collected and 

sent for processing, and the virtual part applies AI and engineering models to extract insights and 

information used for managing the physical part (Boje et al. 2020). Ideally, DT contains all information 

that could be obtained from various facets of a physical entity, i.e. a product, a physical system, a 

process, or even an organization (Grieves and Vickers 2016; Qi et al. 2021). Assuming the costs of 

working with a physical component and the virtual one are equal today, as it is evident from Figure 3, 

these costs have divergent trends where the physical costs are increasing, and the virtual costs are 

decreasing exponentially (Grieves and Vickers 2016). Hence, covering the entire lifecycle of the 

physical asset, DTôs primary benefit is reducing the long-term costs of its physical twin (Boje et al. 

2020). 

 

Figure 3- Real versus virtual costs (adopted from Grieves and Vickers (2016)) 

Collaboration between relevant stakeholders such as customers and designers is another beneficial 

aspect of DT. This is because DT is an updated and faithful replication of the physical product that 

enables fast and transparent communication between individuals (Tchana et al. 2019). With real-time 

data and knowledge base, early simulations of future behaviours of the designed system would be 

possible to evaluate the performance of the system, which in turn allows savings. DT also contributes 

to optimizing the operation, manufacturing, inspections, and leveraging of the productôs lifetime 

(Tchana et al. 2019). 
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Considering the data flow between the physical and digital objects, three levels of digitisation exist: 

digital model, digital shadow, and digital twin (Ruppert and Abonyi 2020). 
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Figure 4- Levels of digitisation 

On the first level, Digital Model is offline and the data flow between the physical and virtual objects is 

done manually (Ruppert and Abonyi 2020). It is believed that the construction industry and BIM are 

currently in the Digital Model subcategory (El Jazzar et al. 2020; Tchana et al. 2019). On the Digital 

Shadow level, the data flow is automatic in one way from the physical space to the digital space; 

therefore, the material world leads the change. Finally, on the top level, Digital Twin automates data 

flow between the physical and virtual worlds in both directions, and ensures full integration and 

synchronization  (Ruppert and Abonyi 2020). 

Considering the BIM maturity levels (Bew 2008), Jones et al. (2020) map BIM levels 1 to 3 across the 

Digital Model, Digital Shadow, and Digital Twin, respectively, as shown in Figure 5. Two and three-

dimensional CAD models (BIM Level 1) being as Digital Models. BIM Level 1 containing data from 

the actual physical construction (BIM Level 2) showing the Digital Shadow. Finally, BIM Level 2 with 

two-way data connections (BIM Level 3) being the Digital Twin. 

Digital
Model

Digital 
Shadow

Digital
Twin

 

Figure 5- BIM maturity levels in relation to digitization levels 
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2.7. Digital Twin in the construction industry 

Increased interest in the digital twin has encouraged the construction industry to follow this concept (El 

Jazzar et al. 2020). However, in the construction and built environment, the digital twin is not defined 

in a comprehensive way by academia, and it is simply considered as BIM models produced in design 

and construction phases (Sacks et al. 2020). Others looked at it as a digital representation of a built asset 

such as a building or a bridge, and for the operation and maintenance, some take it as BIM models 

produced during design and construction (LaGrange 2019; Wanasinghe et al. 2020). The federated BIM 

models produced during design and construction phases reflect the as-designed and as-planned states of 

the project and they are not capable of being constantly updated as the physical componentôs status 

changes (Sacks et al. 2020). Advancements in information technology such as CPS are transforming 

construction planning and monitoring methods (Kan et al. 2018). Unlike BIM, Digital Twin captures 

the as-built and as-performed states by gathering real-time information of the physical asset and being 

updated constantly (Sacks et al. 2020). Although as-built BIM models represent the current status of the 

completed work, they only contain the product information which is prepared at the time of delivery to 

the owner as Asset Information Models (AIM) for operation and maintenance, and they lack the process 

information of the productôs construction history (Sacks et al. 2020). 

As DT has proven its benefits in the manufacturing industry, it encouraged researchers and practitioners 

to make efforts in developing cyber-physical models to support digital development in the construction 

industry (Pan and Zhang 2021). In the construction industry, improving productivity, sustainability, 

safety, and achieving other organization or projectôs goals are the key purposes of a DT (Sepasgozar 

2021). Infrastructures, built environment, and city assets can benefit from the applications of DT in 

monitoring, managing, and predicting an asset's current and future status (Pan and Zhang 2021). For 

instance, Pan and Zhang (2021) worked on building a digital twin framework with the integration of 

BIM, IoT, and data mining techniques for more efficient project management. They claimed that with 

their proposed data-driven digital twin framework, data communication and exploration will be 

enhanced, resulting in better understanding, predicting, and optimizing the physical construction 

operations. Lu et al. (2020) presented a system architecture to implement DT in building and city levels. 

They implemented a case study using the proposed framework in real practice with the focus on Facility 

Management (FM). Ham and Kim (2020) worked on DT on the city level by proposing a method for 

leveraging unstructured crowdsourced visual data for locating objects in urban areas that are vulnerable 

and have potential risks to citizens. They focused on integrating such information with a 3D virtual city 

model and using this model in a computer-aided virtual environment for other visualizations. Hasan et 

al. (2021) aimed at implementing Augmented Reality (AR) and DT in a construction context and 

developed a modular CPS prototype compatible with BIM platforms and smart devices to monitor the 

operations of the construction site machinery and interact with them. Kan et al. (2018) explored the 

applicability of CPS and information technology to mobile cranes on construction sites and proposed a 

five-layer system architecture for planning and monitoring mobile cranes operations. Zhou et al. (2020) 

proposed a data-driven digital process platform for the digitalization of construction sites. They focused 

on interoperability between different actors on construction sites and developed their approach to 

increase productivity and efficiency in the construction processes by real-tile monitoring and process 

analysis. Anumba et al. (2010) presented a CPS approach for integrating virtual models and physical 

construction with bi-directional communication to control the construction activities and consistency 
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between the virtual models and the physical construction, and thus reducing the risks of undesirable 

project outcomes. Turner et al. (2021) discussed utilizing Industry 4.0 on the construction sites and how 

interconnected Industry 4.0 enablers improve productivity. They also discussed Industry 4.0 concept 

and its enabling technologies such as data analytics and artificial intelligence, robotics and automation, 

BIM, sensors and wearables, DT, and industrial connectivity and provides its relevant applications in 

construction industry especially in modular building components and safety domains. Akanmu and 

Anumba (2015) developed system architectures, scenarios and prototype systems to implement the CPS 

approach in construction. They demonstrated two applications of the CPS approach, namely: (1) Steel 

placement, and (2) Light fixture monitoring and control, and discussed the key elements of the CPS 

approach and enabling technologies to enhance bi-directional coordination between virtual models and 

the physical construction. Greif et al. (2020) explored the opportunities and potential business value of 

adopting DT in construction site logistics by establishing digital twins for bulk silos to continuously 

monitor and track silo fill levels. 

Boje et al. (2020) and Wanasinghe et al. (2020) have conducted extensive literature reviews on the 

emergence date and distribution pattern of DT in publications in various industries as well as the 

construction sector. Wanasinghe et al. (2020) revealed the upward trend of DT publications from 2003 

until 2020 in different industries, namely: Manufacturing, Automotive, Aviation or Aerospace, 

Healthcare, Retail, and Oil and Gas. According to their study, there was a big leap in DT publications 

in 2018 and subsequent years. A similar pattern in the construction sector was shown by Boje et al. 

(2020), where there was a considerable increase in DT publications in 2017 and especially in 2018, with 

the emergence of DT articles in 2011. They concluded that although there has been an increase in 

research in the area of DT, the research about DT is still scarce.  

Although from industry to industry (e.g., construction compared to manufacturing), DT demands its 

specific models, tools, and technologies, the overall architecture, functionalities and features of a DT 

are considered generic (Boje et al. 2020). Sensing and monitoring the physical, data connection, and 

utilization of AI are among these generic functionalities of a CPS/DT which are common in cross-

domain DT uses (Boje et al. 2020; Lee et al. 2015). Automatically detecting issues, performance 

evaluation and formulating optimized solutions to enhance the reliability and efficiency of operations 

increase the potential of the DT to be seen as a promising concept for the progression of the construction 

industry (Pan and Zhang 2021). 

2.8. Digital Twin in the construction phase: Construction Digital Twin (CDT) 

The design and construction phases of a project account for a considerable portion of the total projectôs 

cost (up to 40 percent). However, most construction industry studies and practices have focused on the 

implementation of DT in operation and maintenance phases of facilities (El Jazzar et al. 2020). In the 

product manufacturing stage, DT can realize real-time monitoring of products and predict their 

performance accurately. In addition, with the utilization of DT, the consistency of the final product with 

the required specifications can be evaluated in this stage (Zheng et al. 2019). The construction phase of 

the projects exposes its stakeholders, i.e. designers, consultants, contractors, owners, suppliers, etc., to 

various challenges as they generate big chunks of information about the product and construction 

process using their various digital tools and multiple data formats that are not usually interoperable 

(Sacks et al. 2020). Besides, monitoring the building components, workers, and construction equipment 
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is challenging. Therefore, the DT approach for construction can be highly desirable since it enables 

actionable knowledge and effective decision-making in the construction phase based on real-time data 

and performing ñwhat-ifò scenarios, and reduces the construction waste to a great extent (LaGrange 

2019; Roxin et al. 2019; Sacks et al. 2020; Wanasinghe et al. 2020). As an example, with the use of DT 

of a construction site, potential issues can be detected and predicted in the virtual space before happening 

in the physical space (Qi et al. 2021), which in turn prevents the rework costs or increased idle time of 

workforce and equipment and poor performance due to material unavailability and insufficiency. 

A noticeable feature of the current monitoring technologies (e.g., range finders, laser scanning, GPS, 

RFID, Wi-Fi, UWB, smart sensors, etc.) used in the construction industry is that the gathered data is 

generally used in an isolated fashion with a single subject focus where there are very few cases of 

integrated use of more than one technology (Sacks et al. 2020). There is also a lack of clarity on the 

potential technologies for higher levels of CDT in terms of integration with socio-technical platforms 

and using simulation, optimization, learning, and end-user engagement, mainly due to a lack of 

implementation and research at such levels of sophistication (Boje et al. 2020). 

Since its emergence, BIM has enhanced the collaboration and information exchange in different project 

stages among the involved parties. As industries are adopting the Industry 4.0 revolution and automation 

solutions, BIM, which was initially envisaged to facilitate the information exchange among fragmented 

entities, is facing new challenges in leveraging big data, IoT and AI (Boje et al. 2020). In addition, BIM 

tools and methods like generative design, applications for energy analysis, structural analysis, lighting 

etc., are designed for predictive use in the design or future performance of the built product, not for the 

projectôs construction phase (Sacks et al. 2020). Seemingly, static BIM and its interoperability 

innovations, such as ISO STEP, IFC, and IfcOwl have limitations in leaping to dynamic design and 

construction stages where a large amount of data is produced, limiting the added benefits to the 

construction supply chain (Boje et al. 2020). However, efforts have been made to enhance the IfcOwl 

ontology, such as EXPRESS to OWL conversion for particular use in the architectural design and 

construction industry (Pauwels et al. 2017; Pauwels and Terkaj 2016). 

Moreover, BIM object models cannot represent the construction process aspects due to the insufficiency 

of their schema components to reflect such processes (Sacks et al. 2020). The other limitation of BIM 

is that it cannot evaluate, analyse, and predict the real-time status of a product or process (Pan and Zhang 

2021). Therefore, these limitations might hinder the full  utilization of BIM throughout the built asset 

lifecycle.  

As mentioned before, a DT integrates the physical and virtual worlds via real-time data from IoT and 

enables AI and data analytics. The bi-directional communication capability of a DT enables data to flow 

from the physical to the virtual and information feedback in the other direction, i.e. from the virtual to 

the physical (Kan et al. 2018). Therefore, a DT has great potentials in addressing the challenges of static 

BIM and promises a real-time and linked data paradigm and fully represented models of building 

products in the form of a DT (Boje et al. 2020). In the construction context, DT, as a new phenomenon 

(Sacks et al. 2020), aims at enhancing the construction processes and so-called nD BIMs by cyber-

physical synchronicity to represent the physical construction assets in real-time (Boje et al. 2020). 

Various applications of BIM have been explored and applied, from design to decommissioning of a built 

asset in terms of architectural and structural design, quantity surveying, construction project 
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management, and sustainability (Whitlock et al. 2018). However, there are limited studies on BIM uses 

during the construction phase, such as construction logistics management, and usually, 4D/5D BIM uses 

have been traditionally implemented during the construction phase due to increased requirements for 

collaboration, actors and models (Boje et al. 2020; Whitlock et al. 2018). In addition, the application of 

DT in buildings is mostly limited to building operation and maintenance (Sacks et al. 2020). BIM has 

several uses during construction, such as scheduling, clash detection, safety management, etc. Although 

it is becoming more common to use BIM during construction, the level of development of DT during 

construction is still very low (Boje et al. 2020). Considering the substantial impact of the design and 

construction processes of a construction asset on its operation costs (Boje et al. 2020), any benefit from 

DT during construction will have added value. Therefore, this study is motivated by proposing a 

construction digital twin (CDT) framework for general contractors to use DT in the construction phase 

of projects and benefit from various advantages it offers. 
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3. CONSTRUCTION DIGITAL  TWIN (CDT)  ï A 

FRAMEWORK FOR A GENE RAL CONTRACTOR  

Taking into account the value chain management, construction companies are seeking to adopt 

technologies to increase their profits and add value to their customers while reducing the costs of 

implementing such technologies (Boje et al. 2020). Hence, considering the implementation costs, a 

general contractor can benefit from a CDT during its construction activities to increase its benefits and 

decrease the risks, and at the delivery and handover stage to increase its customer satisfaction. The 

capabilities of DT bring value to building and society levels by reducing energy waste and carbon 

emission and developing more sustainable strategies. A CDT of a physical entity starts its life before or 

during the construction phase. In other words, the focus of a CDT is on the pre-construction and 

construction phases of a project or physical entity. The construction phase of projects takes up to 40% 

of the total budget and due to the existence of several problems in this phase, such as site conditions, 

inappropriate construction methods, mistakes during construction, poor project management, etc., 

(Esmaeili and Kashani 2021), projects cost overruns are inevitable and will lead to higher budget 

requirements. Numerous challenges occur during this phase, and the general contractor, as the main 

player in this phase, needs proper management and solutions to address these difficulties. As BIM 

models are not updated until the handover of the project and they also have limitations in real-time data 

synchronization and model updating, a CDT fills this gap by integrating the physical entities, virtual 

models, analytics and prediction capabilities, and services by real-time or near-real time data 

connections during the construction phase prior to the handover. Hence, while benefiting from the 

CDTôs advantages, the general contractor plays an important role in filling this gap and meeting the 

ownerôs requirements regarding the construction history. Therefore, a framework for the general 

contractor to use a digital twin or a system of digital twins during the construction phase and 

implementing it for different applications can help the general contractor in managing construction 

products and processes and mitigating aforementioned gaps. 

Considering the literature review from various domains and the current research landscape, this section 

proposes a comprehensive framework for CDT deployment. It highlights the CDT framework layers 

and components, allowing contractors to take advantage of DT and its uses during the construction 

phase. This is done by evaluating DT uses and its components and features from various domains such 

as manufacturing, systems engineering, oil and gas, construction etc., and superimposing them into a 

CDT, enabling a general contractor to deploy it in his desired areas of application. As mentioned before, 

the three main components of a DT are ñthe physical,ò ñthe virtual,ò and ñthe link,ò each of which has 

specific features and abilities. The physical senses, monitors, and actuates while the virtual simulates, 

predicts, optimises, and acts as an agent by embracing the data through its abilities of BIM, IoT, data 

linking, and knowledge storing (Boje et al. 2020). The superiority of digital twin lies in the relationship 

between the physical world and the virtual world and their closed-loop control system where the virtual 

world is updated constantly via real-time data to represent the current status of the physical world and 

enables the analysis, diagnosis, optimization and prediction of the real world (Pan and Zhang 2021; 

Rausch et al. 2020) and provides various services and applications. Hence, a DT should not be viewed 

as an extension of BIM that is integrated with sensing and monitoring technologies (Sacks et al. 2020). 

Accordingly, the proposed 3-dimensional DT in the literature is expanded in this study by adding three 
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more components namely: data, prediction and analytics component, and service to properly serve the 

purpose of a CDT in terms of ingesting required data, analysing and predicting project/site evolution, 

and providing services. 

3.1. CDT Components 

3.1.1. The Physical 

The physical in a CDT is a broad term for ñPhysical Entity,ò ñPhysical Environment,ò ñPhysical 

Process,ò etc. It is where sensing, monitoring, and actuating happens. Generally, the ñobject layerò 

consists of the desired physical component of a CDT, the essential site components, and the sensing 

system (Kan et al. 2018). Construction sites, buildings and physical assets, human and material 

resources, equipment and machinery, and other physical entities related to the construction processes 

are samples of the physical component. The commonality in these entities lies in their physical, real-

world existence. The means for sensing, monitoring, and actuating such as sensors, IoT devices, laser 

scanners and communication infrastructure and generally the sensing system to be leveraged onto the 

physical components are defined in the physical category (Kan et al. 2018; Zheng et al. 2019). The 

physical component can be referred to as the ñphysical entityò or the ñphysical twinò regarding it has 

been twinned or not, i.e., whether or not the virtual and physical states are synchronized (Jones et al. 

2020). ñPhysical Environmentò (also referred to as ñreal-spaceò and ñreal-worldò) is the real-world 

space within which the physical entity exists, and ñPhysical processesò are those activities being 

performed by the physical entity in the physical environment (Jones et al. 2020). 

3.1.2. The Virtual  

Virtual models are the real-time digital equivalents to physical entities that reproduce their geometrical 

and functional aspects, i.e. geometries, properties, behaviors, and rules (Kan and Anumba 2019; Qi et 

al. 2021). ñVirtual Entity,ò ñVirtual Environment,ò and ñVirtual processò are among the characteristics 

of ñThe Virtual.ò ñModel,ò ñcyber,ò ñobject,ò etc., are terms used in literature to mention the virtual 

entity. The term óvirtual twinô is used when the virtual entity is twinned (Jones et al. 2020). Visualization 

is the essence for real-time monitoring of the physical products and processes (Qi et al. 2021). ñVirtual 

environmentò mirrors the physical environment and exists within the digital domain. Similar terms such 

as ñvirtual-spaceò and ñvirtual-worldò are other terms used in place of virtual environment (Jones et al. 

2020). The virtual environment is used for modelling, simulating, optimizing, predicting, and visualizing 

the physical reality. These activities that are performed using the virtual entity within the virtual 

environment are called virtual processes (Jones et al. 2020). Various software environments and 

platforms are available and could be utilized to create virtual entities, virtual environments, and virtual 

processes.   

3.1.3. The Link/Connection 

As a central component of a DT, the link establishes the ability for data flow from the physical space to 

the virtual space and information flow from the virtual space to the physical space (Grieves and Vickers 

2016). Data connection between different parts of a DT, e.g., physical to virtual, virtual to prediction 

and analytics, etc., is enabled by various technologies such as RFID, sensors, IoT, wireless sensor 

network, communication networks, protocol technologies (Qi et al. 2021). This connection enables 
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physical and virtual twinning, and the data gathering that is the basis for analysis, simulations, 

predictions and services. According to the various forms of data (data from physical world, data from 

analysis, data from virtual models, etc., see section 3.1.4) different connections between the CDT 

components can be established, i.e. connections between the physical, the virtual, the prediction and 

analytics component, and the service tier. Figure 6 illustrates the connection between different elements 

of a CDT. 

 

Figure 6- Connections between the CDT components 

3.1.4. The Data 

Data is one of the key drivers of CDT that comes from multi resources and in the form of multi-temporal 

and multi-dimensional data, i.e. heterogeneous data (Qi et al. 2021; Zheng et al. 2019). With the 

availability of low-cost sensors, a data flow from the physical space to virtual space in real-time or near 

real-time will be possible. Data could be obtained from physical entities or services, produced by virtual 

space (Zheng et al. 2019), provided as knowledge by domain experts and data analysis, or generated by 

data fusion (Qi et al. 2021). Based on the specific application of a CDT and enabling technology for 

data acquisition (sensors, IoT devices, etc.), the data can be different in types or formats. Data can be 

synchronized in two ways, real-time synchronization and no real-time asynchronous. The intermediate 

database is used to transmit data to the virtual space in no real-time asynchronous mode of data transition 

(Zheng et al. 2019).  

Data can be acquired from or generated by the physical (entity, environment, process) or the virtual 

(entity, environment, process). Therefore, a CDT contains physical construction data and virtual 

construction data. Physical construction data includes site sensing data, site monitoring data, and 

lifecycle data (Boje et al. 2020). Table 2 shows samples of physical construction data types related to 

each activity. 
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Table 2- Physical construction data types and their samples 

Physical Construction Data Data Samples 

Site Sensing Data Sensors readings, location of materials and 

equipment, weather data, displacement data, 

volume data, temperature data, humidity data, 

load and pressure data, contact data, strain data, 

rotation data, laser scanning, topography, 

photogrammetry, videos, images, RFID 

Site Monitoring Data Schedule progress, resources availability, 

employee safety, construction quality, structural 

health, construction current status, worker and 

equipment performance monitoring, material 

tracking,  temporary structure monitoring, 

construction component placement, site changes 

detection, machinery operations monitoring, non-

conformities rectification 

Lifecycle Data Supply chain information, material compositions, 

hazardous material information, material 

specifications, equipment installation and 

operation information 

 

Virtual construction data can include building model data, simulation data, status data, prediction data, 

and optimization data, each of which has specific types and samples (Boje et al. 2020). Table 3 shows 

samples of virtual construction data types and their corresponding samples. 

Table 3- Virtual  construction data types and their samples 

Virtual Construction Data  Data Samples 

Building Model Data As-designed product models, As-planned process 

models, nD BIM models, project documents, 

schedules, procurement, invoices/statements and 

payments 

Simulation Data Clash detection, construction/deconstruction 

simulation, costing 

Status Data As-built product models, As-performed process 

models, Discrepancy analysis between as-
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Virtual Construction Data  Data Samples 

designed/as-planned and as-built/as-performed 

products/processes 

Prediction Data Cost forecast, energy demand, traffic congestion, 

weather forecast, duration forecast, time/cost 

deviations forecast 

Optimization Data Optimized scheduling, dynamic resource 

allocation, cost reductions, energy usage, project 

duration 

 

3.1.5. Intelligent Component 

Integration of DT with big data analytics, cloud computing, simulation, AI and machine learning, mobile 

Internet and other technologies enables the co-evolution between the physical and virtual spaces (Qi et 

al. 2021). To extract information and insights (i.e., knowledge) from the massive volume of data 

produced during CDT usage, advanced data analytics techniques are needed (Qi et al. 2021). For 

instance, supervised and unsupervised learning are Machine Learning classes to make predictions or 

extract patterns from the existing data. In supervised learning algorithms such as Linear Regression, 

Logistic Regression, Convoluted Neural Network, etc., the algorithm predicts an answer, checks the 

predicted answer with the correct one to evaluate whether it is right or wrong and tries this process to 

reach the optimal state and minimize the cost function, loss, or error. In unsupervised learning such as 

Recursive Neural Network (RNN), the process runs recursively to recognize a pattern in data. These 

algorithms do not require labeled samples; hence, no prior knowledge is needed. Deep learning, a subset 

of machine learning, is also getting momentum since its data analysis algorithms can be performed in 

the cloud. The data analysis performed by this component is crucial to support monitoring, diagnosis, 

prediction and optimization. For data processing, Cloud, Fog, and Edge computing technologies can be 

deployed (Pires et al. 2019). 

3.1.6. Service 

The ultimate goal of a CDT is to provide value-added services and benefits. The construction phase is 

prone to numerous challenges of different characteristics. CDTôs services such as site monitoring, 

optimized construction logistics, quality assessments, and safety management are among various 

services that can mitigate such challenges. The combination of the physical, the data, and the virtual via 

using the intelligent component as a CDT implemented during the construction phase has multifold 

benefits or ñservices.ò These services can be further divided into benefits and services during the 

construction stage, and those benefits manifest themselves at the delivery and handing over stage or 

dismissal. Table 4 enumerates some of these services. 
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Table 4- CDT benefits and services 

Service Type Benefits/Services/Applications 

During Construction Site progress monitoring (Boje et al. 2020) 

Clash detection (Boje et al. 2020) 

Site monitoring 

Data visualization (Boje et al. 2020) 

Optimizing construction logistics (Boje et al. 2020) 

Site planning 

Safety management (Kan et al. 2018) 

Integrated and adapted scheduling (Boje et al. 2020) 

Construction product quality assessment 

Supply chain management (Boje et al. 2020) 

Construction process control 

Sustainable building practices 

Tracking of changes and model updates 

Design office and construction site collaboration and information 

exchange 

Enhanced communication and coordination (Kan et al. 2018) 

Construction machinery operation (Kan et al. 2018) 

Interaction with the user via AR/VR technologies (Pires et al. 2019) 

Handing over or Dismissal Integrated handover to operation phase (Boje et al. 2020) 

As-built documentation (Boje et al. 2020) 

Lessons learned and historical data to experts or designers for better 

future design (Barricelli et al. 2019) 

Integration with other DTs 
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As long as the services are concerned, improving the integration and automation would enhance the 

construction services (Boje et al. 2020). 

3.2. CDT Framework 

Designing a Construction Digital Twin demands holistic thinking to clarify the ontological aspects of 

DTs and the necessary elements for the execution phase, DTôs enabling technologies and their 

relationships, specific features and functions of each element and related technologies, and the function 

of the CDT as a whole (Sacks et al. 2020). 

The main barrier to develop a DT is the system architecture and reliability of the DT (Liu et al. 2021). 

Building upon extant works on DT in various fields, e.g. Barricelli et al. (2019), Boje et al. (2020), Lu 

et al. (2020), Sacks et al. (2020), a CDT framework was developed in this research that serves as a 

roadmap to general contractors in order to implement a CDT during the execution phase of their projects 

and take advantage of CDTôs ample benefits and applications. Figure 7 depicts a CDTôs main tiers and 

information flow and their related enabling technologies for the CDT implementation. In the coming 

paragraphs, each tier will be explained in detail. Finally, a soil management case study as the application 

of a CDT will be implemented via the proposed framework to validate its applicability and effectiveness 

and detect the barriers to implementing such applications using the proposed CDT framework. 

 

Figure 7- Construction Digital Twin (CDT) framework  
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3.2.1. Physical/Virtual Entity Tier  

This tier represents the physical object that already exists or is going to be built and the virtual entity 

that will  be created through digital modelling. Modelling is the basis of implementing a DT in practice 

(Tao et al. 2019). Digital modelling in the physical/virtual entity tier is a collective term for the various 

digital models of products or processes that represent physical reality. A digital model is a geometric 

representation of an object or set of objects, generally in 3D, made on a computer with other purposes 

such as analyzing, simulation etc., beyond geometrical representation (Tchana et al. 2019). According 

to Barricelli et al. (2019), two lifecycles can be imagined for a DT. One is when the physical object does 

not exist, so the design process simultaneously conceives both the physical object and its DT. In the 

construction and BIM terms, it can be seen as BIM or nD BIM models, which are considered as-designed 

and as-planned models. As-designed and as-planned models, or in short, Project Intent Information (PII), 

contain all information about the future state of a building that has not been built yet (Sacks et al. 2020). 

As the names are self-explaining, as-design models express the design of the building or parts of it, and 

as-planned models express the construction plans for building them (Sacks et al. 2020).  

In the other lifecycle of a DT, the physical object already exists, but there is no DT (Barricelli et al. 

2019). In this case, an existing as-designed or as-planned model (BIM model etc.) can be adopted and 

updated to represent the current status of the physical reality, or a new model can be prepared from 

scratch. As-built and as-performed models are Project Status Information (PSI) that manifest all 

information about the past state of a building. As-built and as-performed record the information about 

what was done and how it was done, i.e. the physical building and its construction process (Sacks et al. 

2020). 

3.2.2. Data Acquisition Tier 

Considering the philosophy of a DT to gather data in real-time and update the virtual model of a physical 

component, data acquisition is a vital part of a DT. Based on the scope and focus of a specific DT/CDT, 

there is a range of technologies available for data gathering including, smart sensors, IoT devices, 

RFIDs, GPS, photogrammetry and laser scanners, etc. (Lu et al. 2020; Sacks et al. 2020). However, due 

to the complex nature of the construction projects and the specific configuration and purpose of a CDT, 

finding a suitable tool for data acquisition may be challenging. In addition, the adopted technology might 

not guarantee a complete autonomous gathering and transmitting of the data. 

3.2.3. Data Transmission Tier 

A secure, reliable, and high-speed network is required for real-time or near real-time data exchange in 

a DT (Sepasgozar 2021). The locally gathered data needs to be transmitted to upper layers for updating 

the digital model based on the status of the current physical entity. The data is also needed for data/model 

integration to serve various analytics and visualizations. This communication infrastructure can adopt a 

wide range of technologies such as WAN, WLAN, 4G/5G, Bluetooth, ZigBee, GSM, LTE-M etc., as 

communication and wireless technologies, and HTTP, MQTT, mDNS, DDS, CoAP, AMQP, XMPP, 

etc., as layer protocols applications (Liu et al. 2021; Lu et al. 2020). Each data transmission technology 

has its own capabilities and limitations. Security measures must be considered in developing a DT/CDT 
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as gathering and transmitting data are suspect to hacking and viruses, especially when dealing with 

private, confidential and valuable information (Barricelli et al. 2019). 

3.2.4. Physical-to-Virtual Twinning  Tier  

Unlike BIM models, DT is a living and evolving model rather than a static model, and it is connected to 

its physical twin and automatically updated as the physical twin changes, i.e., synchronicity between the 

virtual and physical twins (Sacks et al. 2020). The twinning process is bond with continuous interaction, 

communication, and synchronization between the virtual twin and its physical twin as well as the 

surrounding environment by continuous and real-time information exchange (Barricelli et al. 2019). The 

twinning process occurs within a frequency called Twinning Rate (Jones et al. 2020). The real-time 

updating, i.e., high twinning rate, enables the DT to be constantly aware of what is happening in the 

physical world (Barricelli et al. 2019). This capability of DT is enabled by real-time data uploading and 

data storage technologies (Barricelli et al. 2019). Therefore, this tier aims to continuously update the as-

built or as-is and as-performed condition of the physical twin. 

In this tier, the actual (PSI) and the intended (PII) could be compared. Value judgments are performed 

in each specific case with a threshold value to determine the degree of variation of PSI from PII (Sacks 

et al. 2020). The output of this ñEvaluate Conformanceò function is knowledge about the current status 

of the project termed as Project Status Knowledge (PSK), and AI methods can be adopted to enable the 

automated conformance evaluation (Sacks et al. 2020). 

3.2.5. Analytics and Prediction Tier 

The analytics and prediction tier contains the required functions for data processing, data fusion, data 

analytics, simulation, data storing and visualization, AI, ML, etc., to update the model based on the real-

time data and also feed the upper tiers and support them in decision makings and actuating mechanisms 

(e.g., sounding an alarm, closing/opening a window, etc.) Enabling technologies such as smart sensors 

and IoT devices, communication technologies, advanced storage and cloud computing address the 

Industry 4.0 needs to acquire, transfer, and store data to feed this tier with real-time or near real-time 

data. However, the challenge is how to properly integrate technology and use the acquired data from 

various sources to enable handling Big data (data with high volume, high speed, and high heterogeneity) 

and then apply analytics, learning algorithms, and visualization techniques to detect patterns, perform 

predictions, and extract valuable insights and knowledge (Figueiras et al. 2021). Collecting data is a key 

aspect of Digital Twin. The collected historical data stored within the virtual environment can be reused 

for future virtual processes. This capability enables the Digital Twin to learn from its past (Jones et al. 

2020). Managing raw data coming from different sources and generating valuable insights and 

knowledge will support improvements and optimizations in processes and enable the development of 

new data-driven services and applications that eventually contribute to predictability and real-time or 

near real-time reactivity (Figueiras et al. 2021). As shown in Figure 7, the analytics and prediction tier 

encompasses various components that can be common among most applications or specific to a 

particular use of CDT. For example, data processing tasks such as aggregating, transforming, mapping, 

and reducing data are done in the data processing component. Then, data analytics and visualization 

techniques can be performed over the processed data (Figueiras et al. 2021). Alternatively, simulation 

techniques are deployed to evaluate various ñwhat-ifò scenarios about the real-world system. Also, data 
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analytics, such as knowledge discovery, machine learning, data mining, etc., aim to create value from 

the processed data by providing insights to related stakeholders (Figueiras et al. 2021). Sepasgozar 

(2021) defines different levels of capabilities for a DT, such as description, prediction, and prescription, 

emphasizing that a DT can learn and suggest new scenarios to develop construction processes. DT's 

predictive and prescriptive capabilities bring value in reducing downtime, breakdowns, costs, energy 

waste, and achieving Sustainable Development Goals (SDGs) (Sepasgozar 2021). Lu et al. (2020) 

introduce Knowledge Engines (KEs) for products and processes to describe their dynamic conditions 

by data integration and analysis and using intelligent functions (e.g. AI/ML). These KEs are domain and 

purpose-specific, for example, a pump in its operation phase, and they utilize the data integration 

capability of a DT to deliver better-informed services. 

3.2.6. Service Tier 

The service tier in the CDT architecture is the tier that interprets or visualizes the Project Status 

Knowledge (PSK) or knowledge from a KE and triggers the decision-making action or an actuation 

function. It is the ultimate tier that provides the output of a CDT for more informed decision-making or 

enabling the commencement of another function. Being fed by physical-to-virtual twinning and 

analytics and prediction tiers, this tier can provide various services such as site monitoring, site planning, 

claims management, etc., to the general contractor throughout the construction phase. Based on the 

scope and focus of a CDT, the expected outputs are different; however, a group of CDTs with different 

purposes could be connected together to work as a CDT system. 

3.2.7. Virtual -to-Physical Twinning Tier  

The virtual-to-physical twinning tier is the top tier in the CDT architecture that applies the decisions or 

actuates pre-defined mechanisms fed by the service tier, i.e., feedback from cyberspace to physical 

space. The output of this tier directly influences the physical twin that completes the closed-loop control 

system. Therefore, the information flow from the virtual to physical entity happens in this tier, i.e. 

virtual-to-physical twinning, and it completes the bi-directional communication between the virtual and 

physical twins. Based on the specific service, data analytics and prediction outputs, and updated models, 

the virtual acts on the physical and changes its status. In the next loop, the virtual catches the new 

changes in the physical and updates its status accordingly and through data analytics and acting on the 

physical twin completes the next loop. Each loop occurs according to the twinning rate that has a direct 

relation to the requirements of the desired application of the CDT and service. As it is shown in Figure 

8, the CDT framework presented in this study, enables a closed loop control system that embeds a Plan, 

Do, Check, and Act (PDCA) cycle. Sacks et al. (2020) emphasized on enabling a closed loop model of 

construction control via DTôs ability to stream real-time information from the construction project 

through a PDCA cycle. 
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Figure 8- Enabled PDCA and closed-loop control system in the CDT framework 
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4. CONSTRUCTION DIGITAL  TWIN APPLICATIONS A ND 

CASE STUDIES 

This section introduces practical uses of a CDT to unveil the potential benefits of a CDT in managing 

real-world problems at the execution phase of projects. A soil management case study will be 

implemented using the developed CDT framework to validate the applicability and effectiveness of the 

framework and detect the barriers of implementing such applications using the proposed CDT 

framework. 

One of the main issues in each construction site is managing the soil produced at the initial construction 

phase, where site rough grading and excavations are performed for mobilization and site preparation 

before the main excavations and during the construction phase for excavation (cutting) or backfill 

(filling) of the buildings, equipment foundations, roads, etc. Earthwork activities are pretty common in 

construction projects. For example, an assessment of the construction projects of 10 industrial buildings 

showed that the average costs of earthwork operations (excavating, backfilling, loading, transferring, 

and unloading soil) equals 8 percent of the total contract sum. In this assessment, the cost of supplying 

soil is not considered; therefore, the average cost of earthwork operations would be higher when soil 

supply is anticipated. Needless to say that in road projects, earthwork operations consist most of the 

contract amounts. In addition, from the projectôs commencement, earthwork operations usually exist up 

to the end of the construction phase, making it not a temporary short-term process but rather a long-term 

process that requires proper management and time-to-time monitoring.  

Even in small and medium construction projects, the amount of soil produced is considerable from the 

commencement of the construction phase to the projectôs closeout. For example, a pump station 

construction project with a contract value of 2 million Euros (C contract) produces thousands of cubic 

meters of soil. This is the case for a variety of project types, from building and residential projects to 

petrochemical and refinery projects. In building projects, the soil is produced from rough grading for 

site preparation and excavation of buildingsô foundations. In road projects, the soil is produced when 

cutting is needed for establishing the designed road profile. In oil and gas projects, the soil is produced 

from a variety of activities such as rough grading for site preparation and piling activities, excavations 

for buildings and equipmentôs foundations, cuttings and excavations for roadsô profiles inside the 

refinery, pipe trench excavations for laying pipes, etc. 

There might be a specific place inside the projectôs site to serve as a soil deposit for the excessive 

excavated/cut soil or a soil borrow for the backfills/fills. It also might be outside of the projectôs site in 

specific places in urban areas which need specific permits and environmental considerations; hence, it 

demands even more attention in terms of monitoring and management. As shown in Figure 9, depending 

on the type of project, i.e. building, road and infrastructure, power plant, oil and gas, etc., a variety of 

sub-contractors might be present at a construction site and work simultaneously. Depending on the 

subject and scope of their contracts, they might produce extra soil, need soil, or both to perform their 

activities. As they are working under the umbrella of a general contractor, the general contractor needs 

to manage the soil in terms of defining its optimal location, monitoring its status in real-time or near 

real-time, predicting necessary volumes for front and upcoming activities, managing machinery (e.g., 

trucks and excavators), transferring the soil from the temporary location to the permanent location for 
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abiding urban and environmental rules, and other related issues which impact the final expenses of the 

general contractor and the cost, time, quality, and safety of the project. 

Another challenge is that a general contractor may encounter claims from its sub-contractors regarding 

soil and its various aspects, such as soil supply. As earthwork operations cost is a considerable portion 

of contracts sum, improper soil management can lead to huge expenses and non-compensable project 

cost overruns that the general contractor must shoulder. On the other hand, efficient soil management 

can help prevent such claims and facilitate the ongoing or upcoming activities that need soil 

deposit/borrow. 

 

Figure 9- Probable sub-contractors at a construction site and their soil deposit/borrow activities 

Following the introduction of the CDT framework, in the next sections, the case study of soil 

management will be implemented step by step based on the CDT framework to expand the knowledge 

of using digital twins during the construction phase of projects and help general contractors and 

practitioners in managing different aspects of their projects. 

4.1. Physical/Virtual Entity  Tier  

As depicted in Figure 7, the first step in establishing a CDT is identifying the desired physical objects 

that the CDT would replicate and developing their digital models, i.e., product or process models. Since 

a DT is meant to be a reliable virtual replica of a physical reality, a high-fidelity virtual model is the 

core of any DT. Fidelity indicates the number of parameters (types of data, information, and processes), 

their accuracy, and the level of abstraction that are transferred between the virtual and physical 

twin/environment (Jones et al. 2020). Fidelity levels (low, medium, high) demonstrate how close the 

virtual and physical twins are aligned. A comprehensive understanding of the desired physical 

component is crucial in developing a high-fidelity virtual model (Qi et al. 2021). Hence, in this case 

study care was taken to develop a high-fidelity digital model with all necessary aspects regarding the 

management of the soil in terms of cut/fill volumes, location of the construction site, location of soil 

deposit/borrow, access routes, and distance from the construction site to the soil deposit/borrow location. 
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Taking into account the enabling technologies and tools for implementing a CDT, in this step, Autodesk 

Revit was used as a tool for digital modelling of the as-designed product and as-planned process. In 

addition, ArcGIS and Autodesk Infraworks are used for developing the digital models of the as-built 

models regarding the construction site and soil deposit/borrow locations. 

The case study for demonstrating the CDT application for soil management was a hospital project in 

Milan, Italy. A 3D view of the as-designed model is shown in Figure 10. 

 

Figure 10- 3D view of the hospitalôs as-designed model 

As it is evident from the construction site plan (see Figure 11), the project is located inside the city and 

surrounded by built assets in an urban area. Hence, environmental rules and sustainability issues are of 

great importance that the stakeholders of the project, especially the general contractor, must take into 

account. 

 

 

 

 

 

 

 

 



Construction Digital Twin: A Framework for a General Contractor 

Erasmus Mundus Joint Master Degree Programme ï ERASMUS+ 

European Master in Building Information Modelling BIM A+ 42 

 

Figure 11- Construction site plan 

A section of excavation is shown in the as-designed site model (see Figure 12), showing different levels 

and excavation depth. According to the BIM model, the earthwork operations in this project are at least 

182,000 m3 of soil regardless of the fill/backfill volume and other activities. Hence, such a considerable 

volume of soil which is almost prevalent in every construction project, demands proper management of 

such materials and construction machinery. 
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Figure 12- As-designed site model 

Figure 13 shows the as-planned excavation model. Like as-designed models, this model is issued to the 

construction site to demonstrate the excavation zones and execution phases and sequences. 

 

Figure 13- As-planned excavation model 

In this CDT application, the physical component that is going to be virtually replicated is the soil 

deposit/borrow, which plays as a source of soil supply for fills and backfills, and a dumping point for 

the extra soil from cuttings/excavations. This component has a specific location inside or outside the 

construction site. Another important feature of the soil deposit/borrow is its volume, which will  be 

monitored and calculated in real-time or near real-time to inform the decision-makers about its status. 




















































































