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Abstract: The Digital Twin (DT), as a real-time and data-connected virtual replica of a physical asset,
introduces a new paradigm in the construction industry. To date, the use of DT in the construction
phase has not been addressed sufficiently. Hence, this research studies the implementation of DT
during the construction phase of projects to support general contractors’ decisions and operations.
Starting from existing literature, a Construction Digital Twin (CDT) framework has been developed
from a general contractor’s perspective and a case study was implemented as an application of the
proposed CDT to validate the framework and demonstrate its benefits. In the selected project, the
simulation of the construction operations in evaluating various “what-if” scenarios for optimum
resource allocation and operation management proved the benefits of using a CDT in the construction
phase of projects for general contractors. By implementing the proposed CDT framework, several
impacts such as reduced costs, improved collaboration and information exchange and data-driven
construction management can be anticipated.
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1. Introduction

Although the ample benefits of Industry 4.0 have been proven, and industries such
as automotive manufacturing and maintenance are focusing on the interaction between
industry elements and IoT devices, the construction industry is lagging in the implemen-
tation of Industry 4.0 technologies such as Digital Twin (DT) [1,2]. In the embracing of
Industry 4.0 concepts, Construction 4.0 initially relied on the extensive application of Build-
ing Information Modeling (BIM) in different stages of the product/asset lifecycle, while
subsequently focusing on different areas of innovation such as industrial modular produc-
tion, cyber-physical systems (CPS), supply chain and construction site works monitoring
and data analytics including big data, Artificial Intelligence (AI), cloud computing and
blockchain [3,4]. In addition to BIM, Digital Twin (DT), as one of the main concepts of
Industry 4.0 and a subset of a CPS, bespeaks a new paradigm in the construction industry
as a real-time virtual replica of a physical asset.

Construction companies are seeking to adopt new technologies to increase their profits
and add value for their customers. Particularly in a context where construction project
complexity is growing and coupled with the need for higher productivity, innovative
solutions for tackling such challenges, such as Industry 4.0 technologies, are in demand [4].
Hence, a general contractor can benefit from a Construction Digital Twin (CDT) during its
construction activities to increase its profits, decrease risks and also increase its customer
satisfaction at the delivery and hand-over stage.

Considering the industry demands, as a possible solution the novelty of this study lies
in developing and proposing a CDT framework to support the decisions of a general con-
tractor during the construction activities of a project. A constructive research methodology
was used to develop and validate the proposed CDT framework.
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More details on DT and its uses in the construction industry are discussed in
Sections 1.1–1.4. Then, in Section 2, the research methodology for conducting this study is
described. Next, in Section 3, the developed CDT framework along with its components
are presented. Then, in Section 4, a soil management case study implementation demon-
strates the application of the proposed CDT framework to address a real-world issue in
construction sites. Finally, this study concludes with a discussion about the impacts and
challenges/lessons learned of the CDT in the construction industry.

1.1. Digital Twin—An Industry 4.0 Concept

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, etc. [5–7]. The
essential building blocks of Industry 4.0 are cyber-physical systems (CPS) that link the
digital and physical worlds through networks and computational resources [2,7].

As a specific form of a CPS, Digital Twin aims to provide 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’s lifecycle [6,8]. Serving as the virtual and computerized
counterpart of a physical system, DT enables the simulation and real-time synchroniza-
tion of the sensed data from the field acquired via enabling technologies of Industry 4.0
such as IoT [5].

1.2. Digital Twin Definitions

Grieves and NASA provided the first definitions of Digital Twin. Although there is
no universally accepted definition of Digital Twin due to different viewpoints, researchers
and institutions have provided broader definitions of Digital Twin [6,9]. Table 1 provides
various definitions provided in the literature with respect to their associated industry.

Table 1. Definitions of Digital Twin in various industries.

Reference Definition Industry

Glaessgen and Stargel [10]

A 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.

Aeronautics

Negri et al. [5]
the 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 field.
Manufacturing

Hasan et al. [2] a representation of a physical entity via a virtual model that mimics its change
in state whether it is mechanical motion or physical/dimensional changes. Construction

Xu et al. [11]
a comprehensive virtual copy of the physical operating facility throughout its

complete lifecycle—starting from idea and up to decommissioning and
project closure.

Construction

LaGrange [12]

advanced 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—from design, engineering, construction, commissioning,

and finally, into operation.

Oil and Gas

Khajavi et al. [13]
The digital counterpart of a physical asset designed to integrate real-time sensor
readings to analyse and improve asset’s operational efficiency and interaction

with the environment and users, and to enable predictive maintenance.
Construction

National Infrastructure
Commission [14]

A 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. Infrastructure

Madni et al. [15]
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. [16]
a 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.

Manufacturing
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Table 1. Cont.

Reference Definition Industry

Bolton et al. [17] a realistic digital representation of assets, processes or systems in the built or
natural environment. Built Environment

Pan and Zhang [18]
a 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.
Construction

B.I.M. Dictionary [19] A set of digital assets—models, documents and datasets—that mirror a physical
Asset for part/whole of the Asset Life Cycle. Built Environment

Grieves [20] a virtual, digital equivalent to a physical product . . . [and] rich representations
of products that are virtually indistinguishable from their physical counterparts. Manufacturing

Boje et al. [21] the digital representation of the building, enriched by the addition of sensing
capabilities, big data and the Internet of Things from site to building operation. Construction

Barricelli et al. [22] A DT is a living, intelligent and evolving model, being the virtual counterpart of
a physical entity or process. General

Grieves and Vickers [23]
the 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.
Manufacturing

A close look at the provided definitions leads to the understanding that, regardless
of the industry type, a DT is basically composed of a physical entity, a virtual entity that
represents its respective physical peer and a data link to couple these two to capture the
status of the physical entity. Moreover, the various definitions provided in Table 1 imply the
spread of the DT in different industries, including construction and the built environment.

1.3. Digital Twin in the Construction Industry

Increased interest in the Digital Twin has encouraged the construction industry to
follow this concept. However, in the AEC/FM industry, the DT has not been defined
comprehensively by both academia and practitioners, and it is often confused with BIM
models for design, construction and operation/maintenance [9,12,24]. Unlike BIM, which
reflects the states of a project in a static manner, Digital Twin is dynamic and holds a
bi-directional connection with the physical asset and captures its status in real time or near
real time.

In the construction industry, improving productivity, sustainability, safety and achiev-
ing other organization or project goals are the key purposes of a DT [25]. Infrastructures,
the built environment and city assets can benefit from the applications of DT in monitor-
ing, managing and predicting an asset’s current and future status. For instance, Pan and
Zhang [18] proposed a Digital Twin framework integrating BIM, IoT and data mining tech-
niques for a more efficient project management. Lu et al. [1] presented a system architecture
to implement the DT at building and city levels, focusing on Facility Management (FM).
Ham and Kim [26] worked on the DT at the city level by proposing a method for lever-
aging unstructured crowdsourced visual data for locating objects in urban areas that are
vulnerable and have potential risks for citizens. A number of researchers conducted studies
in the area of the DT in the construction industry [2,4,27–32] and, as Boje et al. [21] and
Wanasinghe et al. [9] revealed, using DT in various industries, especially the construction
industry, has gained momentum in the recent years.

1.4. Digital Twin in the Construction Phase: Construction Digital Twin (CDT)

In the product manufacturing stage, DT can realize real-time product monitoring and
accurately predict performance. In addition, with the utilization of DT, the consistency of
the final product with the required specifications can be evaluated at this stage [33]. In this
sense, the building products constructed, fabricated and installed by the general contractor
can be monitored and checked against the required performance level by using a DT. Having
said that, the DT can verify or predict the effective performance of the building component
in real time, which can be the basis for quality check assessments and, subsequently,
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payments to the general contractor. Monitoring the building components, workers and
construction equipment is a challenge during the construction phase. Therefore, the DT
approach for the construction stage can often be highly desirable since it enables actionable
knowledge and effective decision making in the construction phase based on real-time data
and measured productivity and performing “what-if” scenarios, which in turn reduces the
construction waste (in the broad sense of time, effort, materials) to a great extent [3,9,12,34].

Although the design and construction phases of a project account for a considerable
portion of the total project’s cost (up to 40 percent), most construction industry studies and
practices have focused on the implementation of the DT in the operation and maintenance
phase of facilities [35] and the level of DT development during construction is still very
low [21]. Considering the substantial impact of the design and construction processes of
an asset on its operation costs [21], any benefit from the DT during construction will have
added value. In addition, the gathered data from the current monitoring technologies
(e.g., range finders, laser scanning, GPS, RFID, Wi-Fi, UWB, smart sensors, etc.) in the
construction industry are generally used in an isolated fashion with a single-subject focus
where there are very few cases of the integrated use of more than one technology [3]. 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 [21].

Sacks et al. [3] focus on developing a Digital Twin Construction workflow for the
design and construction processes of a product. Depending on the nature of the contract
and the project delivery system (Design Bid Build, Design Build, etc.), a general contractor
might or might not be engaged with the design process. In addition, in many processes,
such as construction supply management and construction equipment management, the
general contractor intends to control and improve its internal processes rather than having
a comparison between the as-design and as-built statuses. They present a conceptual
workflow for the planning and control of the design and construction processes using
Digital Twin information systems while leaving the researchers/practitioners without solid
practices in the design or construction process. Their emphasis on the impossibility of
having a closed loop model of construction control prior to the new enabling technologies
is not valid in the real construction practice. They define Plan, Do, Check and Act cycles as
the structure to achieve a closed loop production control. Either manually or automatically,
by any technology, if not all for most construction processes, monitoring, comparing current
and designed/planned status and acting accordingly is a routine project control practice.

Essential to the execution of a process or producing a product in construction, a flow
of information including material, labor and equipment information is needed. Capturing
the information flow about the product and process and considering their constraints
on a specific time basis, which is determined by the project specifications, nature of the
product/process, etc., would enable actionable decisions. Despite the existing literature
that focuses on a single stream of information (material, or labor, or equipment), as depicted
in the case study, the CDT framework developed in this research requires the acquisition
of all the necessary information of the product or process through the deployment and
integration of the enabling technologies.

Therefore, considering the existing gaps, this study is motivated by deriving a Con-
struction Digital Twin (CDT) framework from the existing literature and develop it from a
general contractor’s perspective to implement DT in the construction phase of projects. In
addition, this study demonstrates the CDT’s potential in using more than one monitoring
technology, as well as using higher-level technologies such as simulation in implementing
a DT during the construction phase, as shown through a real industry case. The case study
demonstrates the practicality of the proposed CDT framework in areas that the general
contractor can benefit from.
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2. Research Methodology

This study benefits from a constructive approach for its research methodology, elabo-
rating the CDT framework against the objective of supporting general contractors’ actions
for DT implementation in construction sites. An extensive literature review from various
industries was performed to derive and elaborate the developed CDT framework from
the existing theories. Building Information Modeling and DT implementation, along with
their principles and features, data analytics and simulation technique, were performed
in the form of a case study conducted in a construction project to calibrate and validate
the proposed CDT framework. A coherent and feasible Construction Digital Twin (CDT)
framework and workflow for information management throughout the construction phase
is developed. The defined conceptual schema of the Construction Digital Twin identifies
for each component—the virtual model, the data collection systems on-site, the connecting
infrastructure—their requirements, their functioning and the potential available solutions,
also taking into account the necessities of each discipline. Predictive algorithms and data
analytics to exploit the data and the information stored in the Digital Twin are explored.
The enabling technologies for data collection in a construction site are discussed. One
simulated case study in the field of civil projects is discussed to demonstrate the potential
implementation of the Digital Twin approach. In this case study, the Digital Twin solutions
and data collection equipment along with their specific Information Delivery Specification
(IDS) are explained and modalities of predicting construction evolution and reporting to
the project management team are defined. To conclude, this study discusses and assesses
potentialities and limits regarding Digital Twin implementation in the construction industry,
providing perspectives and requirements for further developments in the field.

In the remainder of this study, the Construction Digital Twin (CDT) framework is
introduced along with its components. Next, an application of the CDT is demonstrated as
a case study. Finally, in the discussion section, the impacts and challenges of the proposed
CDT framework are evaluated.

3. Construction Digital Twin (CDT)—A Framework for a General Contractor

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. As BIM models are not continuously updated, and 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. This
feature of the CDT enables concurrent monitoring, data analysis and prediction capabilities.

Considering the literature review from various domains and the current research land-
scape, this section proposes a CDT framework for DT deployment during the construction
phase of projects, allowing contractors to take advantage of the DT and its uses during
the construction phase. Lu et al. [1] propose a system architecture for the DT at a city and
building level. They break down the DT architecture to the composing components for
operation and maintenance purposes. A similar concept was followed by this study to
develop the structure of the CDT framework based on the composing tiers. Through the
investigation of the DT in various industries (e.g., manufacturing, systems engineering,
infrastructure, oil and gas, construction, etc.) and applications (e.g., production, planning,
facility management, safety, etc.) (see, e.g., [2,11,12,15,16]), the core components of the
CDT framework along with their respective syntax were introduced. Table 2 presents the
DT components introduced in a handful of the reviewed studies and provides hints for
the implementation of the proposed frameworks in the construction phase from a general
contractor’s point of view.
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Table 2. The DT components in some of the reviewed studies and their relevance to construction phase.

Reference Digital Twin Components General Contractors’ Viewpoint

Glaessgen and Stargel [10]
As-built configuration model, monitoring and
measurement, virtual model, prediction, integrating data,
mirroring the actual flight, anomaly detection

Modifications needed to be tailored for
construction phase

Negri et al. [5] - Focuses on manufacturing systems; a framework for
DT implementation is not presented

Hasan et al. [2] Physical model, digital-physical link, digital interface
Suitable for interaction of construction machineryNot
generalized to construction phase; limitations in
analytics and predictions, single application

Xu et al. [11] Real object, data, connection, analytics, Digital Twin There is not a clear framework to implement DT in
construction phase; lack of real case study

LaGrange [12] Equipment and plant twin, process twin, data and
workflow, performance twin, OEM services

More focused on maintenance and operation of
facility/asset, operator training, etc.; lack of
construction phase examples; lack of tools and
enabling technologies of each component

Khajavi et al. [13] Required data components from BIM, wireless sensor
network, data integration and analytics Focused on the operation phase of the buildings

National Infrastructure
Commission [14] - A DT framework in not presented

Madni et al. [15] Digital Twin, physical twin, data, connection, data
acquisition and other tools, etc.

Focusing on operation and maintenance; lack of a
clear framework for implementation

Jones et al. [16] Physical entity, virtual entity, physical environment,
virtual environment, state, etc.

Provides a literature review of DT;
terminologies/frameworks do not provide
insights/explanations for a general contractor or
construction phase

Bolton et al. [17] - Focuses on the principles in a broad view, not on a
specific entity or phase

Pan and Zhang [18] Physical model, data collection, mapping, data mining,
virtual model, decision making

The presented framework focuses on the use of data
mining techniques for bottleneck detection and
progress prediction; it does not generalize the
framework for the vast variety of construction works
or present the components/enabling technologies
for them

B.I.M. Dictionary [19] - -

Grieves [20] Physical space, virtual space, connections of data and
information between two spaces

Presents a general framework but not detailed
enough to be implemented by a general contractor;
the focus is on manufacturing factory products

Boje et al. [21] The virtual part, the physical part, the data connection
Lack of practical case examples to demonstrate the
implementation of Construction Digital Twin by
contractor in construction phase

Barricelli et al. [22]
Connection and data exchange, data storage, ontologies,
data analysis/ML/AI techniques, self-adaptation and
self-parametrization

Elaborates on definitions, characteristics and
applications of DT but does not provide a framework
for implementation of a DT

Grieves and Vickers [23] Real space, virtual space, the link for data and
information flow between real space and virtual space

A framework is not presented for the
implementation of a DT

Next, taking into account the inputs and outputs of each component group and the
logical order of implementing a Digital Twin, a structured framework was organized
resulting in a seven-tier framework. Accordingly, the general processes of the construction
phase and their information flow with their respective products, sequence and requirements
from a contractor’s point of view were integrated with the previous step to revise and
enrich the framework by adding necessary components and information flows to make
the framework more compatible for use by general contractors. Then, the developed CDT
framework was calibrated and validated by implementing a real-world problem in the
context of a construction project. The proposed three-dimensional DT in the literature,
i.e., the Physical, the Virtual and the Link [23], is expanded in this study by adding three
more components, namely data, prediction and analytics and applications to properly
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serve the purpose of a CDT in terms of ingesting required data, analyzing and predicting
product evolution and providing services Figure 1 depicts the CDT framework and its main
tiers, their related enabling technologies for CDT implementation and the information flow
between them.
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Figure 1. The Construction Digital Twin (CDT) framework for general contractors, including its tiers
and enabling technologies examples.

The developed CDT framework consisted of seven tiers: the physical/virtual entity
tier, data collection tier, communication tier, physical-to-virtual twinning tier, analytics
and prediction tier, application tier and virtual-to-physical twinning tier. Each tier has
its specific components and enabling technologies to serve its required purposes, e.g.,
gathering data, disseminating data, analyzing data, updating the virtual environment,
acting on physical entities, etc. In addition, the CDT framework demonstrates the sequence
of each tier and the data/information exchange between them.

In the coming paragraphs, each tier is explained. Next, a soil management case study
as the application of a CDT is implemented via the proposed framework to validate its
applicability and effectiveness and detect the barriers of implementing such applications
using the proposed CDT framework.

3.1. Physical/Virtual Entity Tier

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.
This tier represents the existing physical object and the virtual entity created through digital
modeling. Modeling is the basis of implementing a DT in practice [36]. Digital modeling
in the physical/virtual entity tier is a collective term for the various digital models of
products or processes representing physical reality. Building Information Modeling models
are examples of digital modeling for various disciplines such as architecture, structure,
site, etc. The existing models that depict the reality of the physical entity (e.g., as-built
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BIM models, etc.) can be adopted, or new models can be developed. These models are
fundamental elements of the CDT framework.

3.2. Data Collection Tier

Considering the philosophy of a DT to gather data in real time and update the virtual
model of a physical component, collecting data is a vital part of a DT. Based on the scope
and focus of a specific DT/CDT, data collection aims to gather data from particular physi-
cal entities, such as construction elements/components, building systems/sub-systems,
construction resources (materials, equipment, manpower), etc. For this purpose, there are a
range of technologies available for data gathering, e.g., smart sensors, IoT devices, RFIDs,
GPS, photogrammetry and laser scanners, etc., each of which has its specific data type
and format and acquisition method. However, due to the complex nature of construction
projects and the specific configuration and purpose of a CDT, finding a suitable tool for
data collection may be challenging.

3.3. Communication Tier

A secure, reliable and high-speed network is required for real-time or near real-
time data exchange in a DT [25]. The locally gathered data need to be transmitted to
upper layers to update the digital model based on the current status of the physical entity.
The data are also used for analysis and visualization purposes. 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 protocol applications [1,37].
Each data transmission technology has its specific capabilities and limitations. Security
measures must be considered in developing a DT/CDT as gathering and transmitting data
are suspect to hacking and viruses, especially when dealing with private, confidential and
valuable information [22].

3.4. Physical-to-Virtual Twinning Tier

A Digital Twin is conceived as a living and evolving model that is connected to its
physical twin and provides a concurrent and up-to-date representation of the physical
twin and its key processes and features [3]. In the physical-to-virtual twining tier, the
captured status of the physical twin is reflected in the virtual environment and the virtual
twin is updated accordingly. The twinning process is bonded 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 [22].
The twinning process occurs within a frequency called the twinning rate [16]. Depending
on the work topologies and requirements of the CDT for a specific application, the twinning
rate can be of different time spans. The real-time updating, i.e., high twinning rate, enables
the DT to be constantly aware of what is happening in the physical world [22]. Therefore,
this tier aims to continuously update the as-built/as-is and as-performed condition of
the physical twin; hence, they can be the basis for comparisons with as-designed and
as-planned models.

3.5. Analytics and Prediction Tier

The analytics and prediction tier contains the required functions for data processing,
data analytics, simulation, data storing and visualization, AI, Machine Learning (ML), etc.,
to analyze data and perform predictions, simulations, etc., based on the real-time gathered
data. This tier feeds the upper tiers and supports them in decision-making and actuating
mechanisms (e.g., sounding an alarm, closing/opening or turning an element on/off, etc.).
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 [16].
Managing raw data coming from different sources and generating valuable insights and
knowledge will support improvements and optimizations in processes. It also enables the
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development of new data-driven services and applications that eventually contribute to
predictability and real-time or near real-time reactivity [38]. Data analytics, visualization
techniques, machine learning, data mining, etc., can be deployed for knowledge discovery
and insight extraction to assist relevant stakeholders. Alternatively, simulation techniques
can be deployed to evaluate various “what-if” scenarios about the real-world system.
Consequently, the simulation results can be deployed for project scheduling, construction
equipment management, construction site safety and other important practices needed for
successful project delivery.

3.6. Application Tier

The application tier in the CDT framework interprets or visualizes the project status
and triggers a decision-making action or an actuating 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, e.g., selecting the optimum amount of equipment needed to perform
construction activities, monitoring the desired construction entities, procurement and
foreseeing the supply needed for the upfront construction activities, etc. However, a group
of CDTs with different purposes could be connected to work as a CDT system.

3.7. Virtual-to-Physical Twinning Tier

Being fed by the application tier, the virtual-to-physical twinning tier is the top tier in
the CDT architecture that applies the decisions to the physical twin or actuates predefined
mechanisms, 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. In this tier, the virtual acts on the physical and changes its status based
on the specific application (monitoring the construction entity, managing construction
equipment, site safety practices, etc.), data analytics and prediction outputs and updated
models. This tier can trigger an automatic/control mechanism or assist relevant entities
with managing and decision making. Depending on the available technology and the
desired application, a level of human intervention might be engaged in this tier. As an
example, an excavator Digital Twin can be used for operation control and monitoring.
The bi-directional data connection enables the end-user to run the equipment remotely or
provide a decentralized platform for collaboration. A tablet with an augmented model of
the excavator can also be used to transfer the changes made by an augmented model to the
physical entity [25]. 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 the next loop is completed. Each loop occurs according to the twinning rate that has a
direct relation to the requirements of the desired application of the CDT.

4. Construction Digital Twin Applications—A Soil Management Case Study

This section introduces the practical uses of a CDT to unveil its potential benefits in
managing real-world problems in the construction phase of projects. Initially, three practical
case studies were considered for implementation via the proposed CDT framework. These
cases were construction soil management, safety in the deep excavations of retaining
walls and supply management for high-volume concrete pouring tasks. Due to resource
limitations and case importance, the soil management case study was implemented using
the developed CDT framework to validate its applicability and effectiveness and to detect
the barriers to conducting such applications using the proposed CDT framework.

One of the main issues in each construction site is managing the soil produced during
the construction phase. From the project’s commencement, earthwork operations usually
exist up to the end of the construction phase, making it not a temporary short-term pro-
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cess but rather a long-term process that requires proper management and time-to-time
monitoring. An assessment of the construction projects of 10 industrial buildings showed
that the average cost of earthwork operations, including excavating, backfilling, loading,
transferring and unloading soil (excluding supply), equals 8 percent of the total contract
sum. Moreover, in projects such as road projects earthwork operations consist mostly of
the contract amounts.

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 (inside or outside the construction site), monitoring
its status on a timely basis, predicting necessary volumes for front and upcoming activities,
managing earthwork machinery (e.g., trucks, excavators, etc.), transferring the soil from
the temporary location to the permanent location to abide within urban and environmental
rules and other related issues. These issues can impact the final expenses of the general
contractor and the time, cost, 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
operation cost is a considerable portion of the contract sum, improper soil management can
lead to considerable 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.

In the following Sections 4.1–4.7, the case study of soil management is implemented
step by step based on the developed CDT framework to expand the knowledge of using
Digital Twins during the construction phase of projects and assist general contractors and
practitioners in managing different aspects of their projects. This case study serves the CDT
framework, as the core of this study, by going into details and expanding Section 3.

4.1. Physical/Virtual Entity Tier

Since a DT is meant to be a reliable virtual replica of a physical reality, a high-fidelity
virtual model is essential in developing any DT. Fidelity levels (i.e., low, medium, or
high) demonstrate how closely aligned the virtual and physical twins are. 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 the soil deposit/borrow, access routes and distance from the
construction site to the soil deposit/borrow location. The case study for demonstrating the
CDT application for soil management was a hospital project in Milan, Italy.

In this CDT application, the physical component virtually replicated is the soil de-
posit/borrow, which functions as a source of soil supply for fills and a dumping point
for 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 is monitored and calculated in each twinning cycle to inform the
decision makers about its current status. Once this as-built or as-is model is created, it is
continuously updated in the “physical-to-virtual twinning” tier as data are acquired from
the construction site and the physical entity.

The other physical component in this CDT is the construction site. As the earthwork
operations progress, the site model can be updated and the volume of the performed
excavation and remaining excavation can be calculated. This can also be used to compare
the actual earthwork operation progress with the planned progress in the project schedule
to see whether the earthwork activities are ahead of or behind the project’s schedule. In this
CDT application, the soil deposit/borrow was the physical entity and the construction site
was only considered to reflect the location and its distance from the soil deposit/borrow
(see Figure 2).
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Figure 2. Physical and virtual entities of the construction excavation site and soil deposit/borrow.

4.2. Data Collection Tier

To capture the shape of the soil deposit/borrow and retrieve its volume, various en-
abling technologies such as volume sensors, laser range finders, light detection and ranging
(LiDAR), 3D point cloud, topography and site surveying instruments and images can be
deployed. These enabling technologies have their specific advantages and disadvantages
regarding real-time data acquisition, accuracy, cost, manual/automatic process, etc. In this
case study, due to cost limitations and taking advantage of the off-the-shelf tools that are
common in construction sites, a Leica TS06 Total Station site surveying instrument was
considered. Using this data acquisition tool, the current status of the excavated site and
the shape of the soil deposit can be captured through numerous datapoints that are fed
to the physical-to-virtual twinning tier in order to update the model to reflect the current
status of the construction site. Figure 3 shows the output of this tier containing the required
information to be transformed and fed to the next tier.
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In order to detect the locations of soil-carrying machinery, real-time locating systems
(RTLS) can be used. Data collected from a real-time locating system can be integrated with
Digital Twins [39]. Various studies in construction research and facility management [40,41]
have been conducted for resource tracking, i.e., personnel, equipment and material. They
have suggested related technologies, e.g., Ultra-wideband (UWB), Radio Frequency Identi-
fication (RFID), ZigBee, Bluetooth, Global Positioning Systems (GPS), for tracking resources.
Since the CDT application for soil management deals with outdoor localization, GPS was
found to be a suitable enabling technology to acquire real-time coordinates of the vehicles.

For the purpose of this study, the data acquired to capture the status of the soil deposit
and construction site were sufficient for use in the next layers for the soil management
purpose. However, in order to demonstrate other potential applications to extend the
functionality of the soil management system as well as the integration of advanced tech-
nologies with the CDT framework, earthwork operations data were acquired for utilization
in managing equipment and earthwork operations using simulation. Data collection for
different activities can be performed using historical data, direct observation or sampling
and expert judgment. Temporal data related to the trip to the dumping site and loading site
can be acquired from timestamped GPS data. In this CDT application, direct observation
or the sampling data collection method was used to acquire data regarding earthwork
operation activities, i.e., loading the soil, trips to the dumping location, dumping the soil
and trips back to the loading location. Table 3 shows the data for the soil loading activity.
For the remainder of the activities, the data were obtained; however, for brevity, only the
loading data are shown in Table 3.

Table 3. Acquired data of the earthwork operation activities (loading activity).

Truck
No.

Duration
(min)

Truck
No.

Duration
(min)

Truck
No.

Duration
(min)

Truck
No.

Duration
(min)

Truck
No.

Duration
(min)

Truck
No.

Duration
(min)

#1 15.35 #3 11.05 #2 10.55 #1 8.95 #3 11.25 #2 9.4

#2 13.05 #1 8.35 #3 9.3 #2 9.75 #1 12.4 #3 12.85

#3 12.7 #2 13.05 #1 11.3 #3 11.7 #2 10.6 #1 6.45

#1 12.65 #3 9.25 #2 9.1 #1 9.3 #3 11.4 #2 10.75

#2 12.25 #1 10.6 #3 9.75 #2 11.7 #1 9.45 #3 13.4

#3 12.05 #2 8 #1 10.75 #3 12 #2 10.75 #1 10.6

#1 11.75 #3 9.8 #2 11.5 #1 11.05 #3 10.25 #2 9.9

#2 11.55 #1 10.65 #3 10.3 #2 10.7 #1 13.3 #3 10.3

#3 11.4 #2 12.55 #1 11.6 #3 11.1 #2 9.95 #1 10.25

#1 11.05 #3 10.8 #2 11.7 #1 12.25 #3 9.25 #2 10.5

#2 10.6 #1 9.55 #3 11.45 #2 12.55 #1 11.75 #3 10.35

#3 10.6 #2 10.2 #1 9.7 #3 12.9 #2 9.6 #1 11.4

#1 10.55 #3 10.1 #2 12.3 #1 11.95 #3 10.65 #2 12.85

#2 10.45 #1 11.8 #3 9 #2 10.7 #1 10.2 #3 11.6

#3 10.3 #2 9.75 #1 13.5 #3 11.85 #2 11.2 #1 8.75

#1 9.75 #3 10.95 #2 7.5 #1 10.65 #3 13.5 #2 9.1

#2 9.4 #1 10.55 #3 14.8 #2 10.5 #1 11.45 #3 10.65

#3 9 #2 9.95 #1 10.8 #3 13.3 #2 10.7 #1 11

#1 8.65 #3 10.95 #2 8.85 #1 10.55 #3 9.7 #2 9.6

#2 7.9 #1 12.45 #3 12.2 #2 10.9 #1 10.8 #3 11.65
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4.3. Communication Tier

The communication tier ensures the real-time synchronization of different parts of the
CDT. Information technologies such as WLAN, 4G, 5G, HTTP and other communication
and protocol technologies enable real-time data and information exchange among the
physical, the virtual, analytics and prediction and services in the CDT. In addition to the IT
infrastructure, a common data environment (CDE) or a data lake can be used to share digital
models or store data that can be queried. The Internet was used for data exchange and a
dedicated CDE was deployed for sharing models, storing acquired data and retrieving data
in the current soil management application.

4.4. Physical-to-Virtual Twinning Tier

Due to data collection and transmission problems, missing and abnormal data might
exist in the acquired data. To mitigate this problem, data pre-processing should be con-
ducted for cleaning the acquired data [42]. Before integrating data with the virtual model,
the collected data might need pre-processing to make the integration possible. Figure 4
demonstrates the extracted data to be fed into the Physical-to-Virtual Tier to update the
virtual model.
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Having the data cleaned, in the next steps these data can be integrated with the virtual
model to update the model and mirror the latest status of the physical entity, i.e., the soil
deposit/borrow status. The virtual model was created and updated using Autodesk Revit
2020 authoring software that was connected live to the CDE in order to constantly retrieve
data and update the virtual model and share it with the relevant stakeholders. Figure 5
demonstrates the virtual model that later can be used for different purposes.
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Similarly, information from the construction site can be gathered and integrated with
its virtual model to update the virtual twin of the construction site. Figure 6 shows the
construction site virtual twin before and after acquiring data and updating the model.
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Figure 6. Construction site virtual twin (a) before updating, (b) after updating.

Since, in many cases, the soil deposit/borrow may be located outside the construction
site due to several reasons (e.g., unavailable space, urban rules, project type, etc.), it is
necessary to locate the virtual models at their actual coordinates. The integration between
the current CDT and Geographic Information System (GIS) is advantageous in several
ways for analysis and optimization studies, such as minimizing the travel time, finding
optimal routes, managing machinery performance, cost minimization, etc. Finally, both
the construction site and soil deposit/borrow models in a city context will provide a better
understanding regarding their distance and relation visually (see Figure 7).

Buildings 2023, 13, x FOR PEER REVIEW  15  of  26 
 

 

Figure 5. Updated model according to the acquired data. 

Similarly, information from the construction site can be gathered and integrated with 

its virtual model  to update  the virtual  twin of  the construction site Figure 6 shows the 

construction site virtual twin before and after acquiring data and updating the model.   

 

Figure 6. Construction site virtual twin (a) before updating, (b) after updating. 

Since, in many cases, the soil deposit/borrow may be located outside the construction 

site due  to several reasons  (e.g., unavailable space, urban rules, project  type, etc.),  it  is 

necessary to locate the virtual models at their actual coordinates. The integration between 

the current CDT and Geographic  Information System  (GIS)  is advantageous  in several 

ways for analysis and optimization studies, such as minimizing the travel time, finding 

optimal routes, managing machinery performance, cost minimization, etc. Finally, both 

the construction site and soil deposit/borrow models in a city context will provide a better 

understanding regarding their distance and relation visually (see Figure 7). 
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context (Autodesk InfraWorks).
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4.5. Analytics and Prediction Tier

Earthwork operations are among the most important operations in construction sites.
However, they are unpredictable in nature and include repetitive work, expensive equip-
ment and large volumes of work performed in a highly uncertain environment [43]. There-
fore, analyzing earthwork operations plays an important role in the project’s productivity
and its final cost and timeframe because different strategies have different impacts on the
project’s outcome. Discrete-event simulation is one way to improve the planning of earth-
work operations [43]. In addition to the reason that simulation is a proper solution for soil
management, the main idea of using simulation in this practical case is to demonstrate the
CDT’s capability to embed new technologies. Exploring details of simulation or discussion
about other available solutions for soil management is out of the scope of this research.

In the current soil management application, a discrete event simulation was deployed
to perform various scenarios regarding the earthwork operations to select the optimum
amount of equipment (trucks, excavators/loaders) based on the project schedule. Next,
based on the acquired data, a proper distribution (i.e., Normal, Poisson, Exponential, Beta
distribution, etc.) that data fit into was identified using the histogram of the data. Following
the identification of a distribution and its parameters, goodness of fit was performed using
the Chi-Square test. Chi-Square statistic χ2 can be obtained from Equation (1):

χ2 =
k

∑
j=1

(
Nj − np

)2

np
(1)

The n observations are arranged into a set of k class intervals or cells (C1, C2, . . . , Ck)
where each class interval has equal expected probabilities of 1/k. In Equation (1), n is the
total number of observations, Nj is the number of observations in cell j and p = 1/k. Based
on comparing the obtained χ2 to that from Chi-Square tables, the identified distribution
can be accepted or rejected. The distribution is rejected if:

χ2
computed > χ2

1−α,(k−L−1)

where α is the level of error accepted, 1 − α or p-value is the level of confidence, k is the
number of classes, L is the number of estimated parameters and k − L − 1 is the degree
of freedom. The earthwork operations consist of loading, trips to the dumping location,
dumping and trips to the loading site. The data distributions for earthwork operation
activities were detected using the process mentioned above. The identified distributions
and their corresponding parameters for all activities are shown Table 4.

Table 4. Summary of activities’ identified distributions and their respective parameters.

Activity Identified Distribution Distribution Parameter(s) (minute)

Loading Normal distribution µ = 10.84, σ = 1.45

Trip to dumping Normal distribution µ = 40.06, σ = 3.34

Dumping Normal distribution µ = 8.04, σ = 1.66

Trip to loading Normal distribution µ = 20.23, σ = 2.39

Developing the simulation model starts with the creation of system entities. In the
current simulation model for the earthwork operations, trucks are the system’s entities
that arrive at the construction site on a specific time basis, e.g., constant time intervals or a
distribution. Then, processes or activities such as loading, trips from the construction site
to the dumping site, dumping and trips from the dumping site to the construction site are
performed by the entities and resources, i.e., excavators/loaders and trucks. Additional
components were also used to define and record various system attributes, e.g., trucks’
arrival time, dumped soil volume, cycle time, flow time, etc. The simulation model needs
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to be fed by data. These data come from various sources, such as the collected data from
sensors, GPS data, or data from models such as BIM and GIS models. In the simulation
model, different components of the system have separate data input/output and data flow.
The general concept and data flow of the simulation model for earthwork operations is
shown in Figure 8. Extracted from the BIM model, a total volume of 181,940 m3 of soil
will be excavated. Assuming all of this volume needs to be transported, the simulation
ends when 181,940 m3 of soil is transported. Rockwell Automation Arena Version 14 was
adopted to develop the simulation model of the earthwork operations.
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In order to fulfill the desired confidence level, the number of simulation runs needs to
be determined. The minimum number of simulations can be calculated from Equation (2):

R ≥
(

Zα/2S0

ε

)2
(2)

where S0 is an initial estimation of σ calculated based on an initial number of runs of R0 (e.g.,
ten runs), ε is an absolute error value, α is the risk level (therefore 1 − α is the confidence
level) and Zα/2 is calculated based on the Normal distribution according to the confidence
level. An initial run with ten replications was performed to calculate S0 according to
each replication’s cycle time (how long it takes a truck to complete one cycle) and a value
of 0.41 was calculated for the standard deviation of the cycle times (S0). Considering
a 95% confidence level and a maximum error size of 0.1 as an average for the truck cycle
time, the minimum acceptable number of simulation runs can be calculated:

R ≥
(

Z0.025S0

ε

)2
=

(
1.96 × 0.41

0.1

)2
= 64.5

Therefore, a minimum number of 65 runs is required.
For the soil management case study, three scenarios were considered to perform the

job in 8, 6 and 4 months. For each scenario, the proper amount of construction equipment
needs to be determined considering the project’s schedule. In the first scenario, 8 months
(240 days) was considered in the project’s schedule to complete the earthwork operations.
Following the determination of the minimum required number of runs, 65 runs were per-
formed with the initial model setup, i.e., two excavators/loaders and eight trucks and other
attributes of the system (e.g., trucks’ capacity, working hours, break time, downtime, etc.).
After running the model, the initial strategy results were reviewed to evaluate the overall
performance of the system and the adopted strategy. The simulation results of the first
strategy showed that a total number of 325.9 working days would be needed to finish the
operations; the daily production and the mean equipment utilization would be 558.27 m3/d
and 49%, respectively.
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The output results indicated inefficiencies of the first strategy due to the following reasons:

• The project’s schedule was not met;
• Daily production was not sufficient;
• The utilization of construction equipment was low.

Another operation strategy was established by adding four trucks to the existing eight
trucks to improve the first strategy’s inefficiencies. The results of the second simulation
run with a total of 224.8 working days, daily production of 809.34 m3/d and mean equip-
ment utilization of 70% showed that the project’s duration was met and the utilization of
resources was satisfactory.

For the second scenario, 6 months (180 days) was considered for the earthwork
operations in the project’s schedule. Different strategies were implemented to evaluate the
best strategies. For brevity, only the final results of the implemented strategies are reported
in Figure 9.
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Similarly, various strategies were simulated for the third scenario with 4 months’ (120
days) duration to evaluate the best strategies. For brevity, only the final results of the
implemented strategies are reported in Figure 10.
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The selection of the optimal strategy depends on various parameters such as the
project’s time and budget, the amount of available equipment, desired equipment produc-
tivity and waiting time.

4.6. Application Tier

Being fed by the lower tiers, i.e., the physical-to-virtual twinning tier and the data
analytics and prediction tier, the application tier provides several benefits and services. In
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the current soil management application of the CDT, the updated virtual models of the
construction site and soil deposit/borrow, the simulation results and the information out-
puts can be used to provide various services such as site progress monitoring, logistics and
material supply, site management and resource allocation, claims management, etc. Follow-
ing the model and data integration, the volume of existing soil in the soil deposit/borrow
will be available to relevant stakeholders for information, decision making and managing
upcoming activities. For this purpose, a “Soil Volume” instance parameter was created to
present the soil deposit/borrow volume as the model is updated. In the case that the model
is updated based on the data points output from the site surveying tools, a dynamo script
was developed to calculate the volume and assign the value to the Soil Volume parameter
in the authoring software. Figure 11 shows the results of the calculated volume of soil after
the model update.
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Informed decisions can be made based on these applications and, with the predefined
configurations, criteria, or thresholds, controlling or actuating mechanisms can be enabled
in the virtual-to-physical twinning tier.

4.7. Virtual-to-Physical Twinning Tier

Finally, proper decisions can be made or actuating mechanisms can be activated
in the virtual-to-physical twinning tier. In this tier, the virtual entity/space acts on the
physical entity/space and virtual-to-physical twinning happens. In the soil management
application, it enables the construction managers to make decisions based on the real-time
monitoring of the soil deposit/borrow status and construction site and meet the constant
demands of the active subcontractors at the construction site for soil supply or soil deposit.
In addition, a scenario with the proper amount of equipment was achieved to enable the
monitoring of the earthwork operations’ progress and the tracking of deviations from the
project schedule.

In Section 5, the results and impacts of this study in the construction field are presented.
In addition, further developments both in theoretical and practical perspectives for future
studies are discussed.

5. Results and Discussion

After developing the Construction Digital Twin framework and implementing a case
study based on the developed framework, various benefits and challenges were revealed.
The beneficial aspects of the CDT can contribute to construction practice in several ways,
as discussed below. The challenges of implementing and using a CDT, on the other hand,
can provide the basis for future research and improvements.

5.1. CDT Impacts in the Construction Field
5.1.1. AI-Assisted Construction Management

Following the development of the CDT framework, the soil management case study
was implemented as an application of the proposed CDT framework to demonstrate the
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benefits of using Digital Twins during the construction phase of projects. The simulation of
the earthwork operations was performed as part of the CDT deployment in a real-world
project. The simulation results in evaluating various “what-if” scenarios for optimum re-
source allocation and operations management proved the benefits of using CDT in assisting
management bodies with their decision making. According to the authors’ knowledge, it is
common in construction projects to use traditional manual methods to manage soil that
might not be particularly efficient or cost effective. The approach shown in this study offers
the possibility of more control over the desired application through the analysis of valuable
data. If integrated with high-performance instruments, such as industrial 3D scanners in
the case of earthworks, it is possible to have a real-time report of quantities of materials
and their position in the construction site, allowing for immediate and effective steering
actions. If these data are integrated with other external information, such as traffic state,
it is even possible to calibrate the handling process in order to mitigate or avoid impacts
such as traffic congestion and its derived environmental damage. Machine learning and
artificial intelligence can be adopted within decision support systems to make autonomous
decisions or assist managers with their decisions and respond to dynamic site changes in a
timely manner.

5.1.2. Filling Information Gaps in the Construction Phase

Since information gaps exist between the as-designed BIM models at the design phase
and the as-built BIM models at specific delivery milestones or a project’s hand-over, i.e.,
information gaps during the construction phase, the CDT can be implemented for the
desired physical asset to fill information gaps. Although this continuous and uninterrupted
flow of information from the design phase to the construction phase and then to the
operation and maintenance phase is beneficial to owners or is required by them, general
contractors can also benefit from the acquired enriched data through a CDT. These data can
be used to monitor and track the construction processes or extract knowledge and insights
to use in the ongoing project that the CDT is implemented for. Equally important, these
data can be used in their future projects for a more accurate time and cost estimation at
the time of tendering to propose better bid mark-ups or to develop more realistic project
schedules for the construction phase. Traditional approaches use “construction norms” that
are gathered from unstructured and probably unreliable sources of information to be used
as a rough guideline to make future predictions or develop construction plans. Needless
to say, this lack of adequate information will not render accurate plans or predictions. A
key strength of the CDT compared to the traditional methods is the ability to have a rich
structured database of the desired application with sufficient metadata to be employed
in the construction phase. This is highly valuable, especially when it comes to future
projects of the general contractor. At the same time, the continuous provisioning of data
from the site allows for statistical analysis even in the same project, in particular when the
project is highly complex and of a long duration, as with infrastructural projects generally.
In those cases, the integration of collected data and a good dashboard reporting system
can depict—at different levels of granularity—key data such as resource involvement,
production, issues, bottlenecks in the supply chain, etc. Differently from usual productivity
systems, the automation of data collection and processing reduces the risk of errors and
the subjectivity of the collected data, while the AI algorithms can use the data to perform
immediate predictive short-term and long-term scenarios.

5.1.3. Reusing the CDT and Enhancing Future Information Systems

Infrastructure projects such as roads, bridges, railways, tunnels, etc., might be typical
in nature in many cases and only differ in some configurations and features such as location,
size, capacity, etc. Once a CDT is developed to serve a specific purpose in a project, it
can be reused in future projects with some adjustments. In addition, as mentioned before,
the stored historical data of the construction processes are available to designers, domain
experts and future CDTs to facilitate and optimize the development of future CDTs and
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construction processes. This will reduce the cost of CDT implementation and make it
a long-term benefit for general contractors. The added value of the implemented CDT
framework through the case study for the general contractor was the ability to replicate the
implemented CDT in their other projects with some minor modifications due to projects’
specific characteristics.

5.1.4. Data-Driven Construction Management

Since the construction phase is accompanied by numerous challenges and has a high
degree of complexity, using the developed CDT framework in implementing several ap-
plications can assist general contractors in managing the construction processes more
efficiently. Equipped with BIM and digital models, real-time data acquisition and commu-
nication technologies and data analytics and prediction, this data-driven CDT framework
enables advanced construction management to better understand, predict and optimize
the physical construction processes. The data-driven loop in the CDT and the physical
and virtual twinning are proven effective for advanced construction management and
improving construction efficiency, collaboration and reliability [18].

5.1.5. Real-Time Capturing of the Construction Status

As shown in the CDT case study for soil management, it was possible to catch and
monitor the soil deposit/borrow status in real time or near real time, track the progress
of the earthwork operations and update the models accordingly. The updated status of
the construction site from the CDT along with the project’s schedule or 4D models can
be used to monitor and calculate schedule deviations. Using the current CDT enabled
managers to have updated reports of the site status that could be extended for multiple
other construction aspects instead of regular site visits to capture the status.

5.1.6. Improved Collaboration and Information Exchange

A CDT can facilitate collaboration and information exchange across domains. Taking
a retaining wall in deep excavations as an example, when the wall nails are inserted and
the temporary shotcrete facing is poured, the construction of permanent wall facing takes
time to be finished. Therefore, a CDT for the retaining wall can monitor the temporary
shotcrete facing, and any changes in the status of the temporary shotcrete facing can be
reported to the designer for design modifications. In addition, safety warnings can be sent
to safety management in the case of wall movements and collapsing likelihood. In another
application of the CDT for high-volume concrete pouring (e.g., in slabs with large areas),
information exchange and real-time status reports of the parts where concrete is poured
and those parts where concrete pouring remains to be performed will facilitate the pro-
curement and construction processes among the related parties for a more efficient project
supply chain. These are the real applications to be implemented in subsequent research
studies using the CDT framework. Compared to traditional static methods that do not
necessarily provide time-to-time updated information accessible to relevant stakeholders,
the implemented case study showed that the updated model and output data can be shared
among the entities instantaneously.

5.1.7. Transparency and Data Reliability

The evolution of the physical is synchronized with the virtual in real time or near
real time. In addition, data coming from the physical and information from the virtual
are stored and can be accessed for future uses. The ability of a CDT to present a real-time
status of the physical and retrieve historical data leads to a more transparent construction
among stakeholders and it also makes the CDT a reliable source of information. Claims
management can be considered among the possible benefits of this transparency and data
reliability. Transparency contributes to claims prevention, and recorded data can be the
basis for claim mitigation when a claim is raised. In a study conducted by the authors [44],
it was revealed that in three earthwork contracts there was a significant cost overrun of 61,
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21 and 86 percent increases in the initial contract sum due to several factors, contractual
claims among them. In another contract, one of the main causes of cost overruns was the
improper management of the existing soil at the construction site using traditional methods
that consisted of manual site visits, irregular and offline information updates and lack of
recorded data and, consequently, a situation where claims arose. The CDT in this case
study provided updated information accessible to engaged parties with time-stamped data
that facilitated management efforts and prevented invalid claims.

5.1.8. Improved Construction Logistics

A CDT provides information to the related actors and, by providing the current
construction status and available materials, the delivery of equipment and materials for the
current or upcoming processes can be facilitated. As mentioned in this study, examples of
improved logistics are soil supply and concrete supply for various construction activities. In
the soil management case study, the real-time status awareness of the existing soil enables
the general contractor to manage soil supply for the upcoming activities in the project
schedule that need soil for their tasks. Hence, possible project time extensions can be
prevented as a result of improved construction logistics.

5.2. CDT Challenges
5.2.1. Data Collection

Due to the complexity of construction processes, using a suitable technology for
data collection in implementing a CDT for a specific application/purpose is important.
Achieving automated, real-time or desired-time intervals and cost- and time-effective
solutions for data gathering would highly facilitate the implementation of a CDT in the
construction phase.

5.2.2. Virtual CDT Components and Platforms Costs

A challenge that might arise due to the variety of tasks and activities in the construction
process is that more than one authoring platform might be needed for digital modeling
and developing the virtual twin. These extra costs can be mitigated in several ways,
such as using free and open-source digital solutions. Another cost-effective solution
that was implemented in this case study was using existing state-of-the-art and off-the-
shelf technologies to develop the DT that were being developed independently of DT. In
addition, reusing a previously developed CDT in future projects can reduce costs, providing
economies for the general contractor.

5.2.3. Interoperability within Cyber-Physical Systems

As more than one virtual environment might be needed for CDT implementation,
interoperability and automatic data and information exchange between different platforms,
e.g., the modeling environment and simulation platform, might expose another challenge.
The use of software solutions that support APIs, cloud computing, common formats and
open standards, etc., are possible solutions to mitigate the interoperability challenges. Using
common data types and software API in this case study facilitated the implementation of
the CDT framework.

6. Conclusions

Industry 4.0 encompasses ample benefits for various industries such as manufacturing,
aerospace, systems engineering, oil and gas, construction, etc. As one of the main concepts
of Industry 4.0, Digital Twin bespeaks a new paradigm in the construction industry as
a real-time virtual replica of a physical asset. Several industries, such as manufacturing,
automotives, 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. Moreover, to date, most construction industry studies and practices
have focused on implementing DT in the operation and maintenance phase of facilities
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and the use of DT in the construction phase has not been addressed sufficiently. This study
was motivated to address the existing gaps by developing a comprehensive Construction
Digital Twin framework and implementing the CDT framework in a case study while
focusing on more than one monitoring technology as well as integrating the CDT with the
socio-technical platforms and using simulation for the higher levels of CDT.

Building upon extant works on DT in various fields, a CDT framework was built
relying on the existing literature in accordance with general contractors’ processes, in-
cluding several tiers and their respective enabling technologies for implementing Digital
Twins during the construction phase of projects. Using the developed framework, a CDT
case study was implemented tier by tier to validate the applicability of the framework.
The results of the case study demonstrated the benefits of using a CDT in construction
projects in terms of enabling construction management bodies to have a real-time status of
the construction site and finding and implementing optimal strategies based on various
“what-if” scenarios.

Each project type and construction process has its particular characteristics, specifi-
cations and requirements. Therefore, the DT architecture for each application or process
might be different in terms of scale, components and elements needed for each tier. The
CDT framework proposed in this study enables the general contractor to design their own
DT architecture in a scalable and flexible way, depending on the specifications of each
project or process. That means the components of each tier can be adjusted or combined
depending on the typologies of works, budget, time, etc., to serve the purpose of the
application that the CDT is designed for.

By implementing the CDT framework in the form of a case study, several benefits,
such as AI-assisted construction management, filling information gaps in the construction
phase, reusing the CDT and enhancing future information systems, data-driven construc-
tion management, real-time capturing of the construction status, improved collaboration
and information exchange, transparency and data reliability and improved construction
logistics, could be anticipated.

Inevitably, the implemented case study revealed some challenges such as data col-
lection, CDT components and platforms costs, interoperability within the Cyber-Physical
Systems and other limitations that need more investigation in future works. Using innova-
tive enabling technologies for data gathering and high-speed transmission technologies
for data transmission, deploying free, open-source and off-the-shelf digital solutions for
decreasing CDT costs and using API-supported software solutions, cloud computing, com-
mon formats and open standards for interoperability issues could be a starting point for
future developments.

This work brings novelty and contributes to the existing research on this topic by
developing an enhanced CDT framework from the existing frameworks to fully respond to a
general contractor’s needs. It enhances industry practice by better information management
in the construction stage of an asset or its related components, improving contractors’ and
owners’ satisfaction. The uniqueness of the proposed research project lies in its integrated
approach for applying the benefits of BIM and Industry 4.0 technologies in the construction
industry as a comprehensive method applicable in real-world projects and supporting
them at the construction phase. The proposed CDT approach is highly desirable since it
enables actionable knowledge and effective decision making in the construction phase based on
real-time data and performing “what-if” scenarios that, in turn, can reduce construction waste.

Author Contributions: Conceptualization, I.E. and D.S.; methodology, I.E. and D.S.; implementation
I.E., supervision D.S.; writing—original draft preparation, I.E.; writing—review and editing, D.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Buildings 2023, 13, 978 23 of 24

Acknowledgments: The authors would like to deliver their gratitude to Marco Lorenzo Trani, Eng.
Luca Sivieri and the BIM A+ program for their guidance and support throughout this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, Q.; Parlikad, A.K.; Woodall, P.; Don Ranasinghe, G.; Xie, X.; Liang, Z.; Konstantinou, E.; Heaton, J.; Schooling, J. Developing a

Digital Twin at Building and City Levels: Case Study of West Cambridge Campus. J. Manag. Eng. 2020, 36, 05020004. [CrossRef]
2. Hasan, S.M.; Lee, K.; Moon, D.; Kwon, S.; Jinwoo, S.; Lee, S. Augmented reality and digital twin system for interaction with

construction machinery. J. Asian Arch. Build. Eng. 2021, 21, 564–574. [CrossRef]
3. Sacks, R.; Brilakis, I.; Pikas, E.; Xie, H.S.; Girolami, M. Construction with digital twin information systems. Data-Cent. Eng. 2020,

1, e14. [CrossRef]
4. Turner, C.J.; Oyekan, J.; Stergioulas, L.; Griffin, D. Utilizing Industry 4.0 on the Construction Site: Challenges and Opportunities.

IEEE Trans. Ind. Inform. 2021, 17, 746–756. [CrossRef]
5. Negri, E.; Fumagalli, L.; Macchi, M. A Review of the Roles of Digital Twin in CPS-based Production Systems. Procedia Manuf.

2017, 11, 939–948. [CrossRef]
6. Kan, C.; Anumba, C.J. Digital Twins as the Next Phase of Cyber-Physical Systems in Construction. 2019. In Proceedings of the

Computing in Civil Engineering 2019: Data, Sensing, and Analytics—Selected Papers from the ASCE International Conference on
Computing in Civil Engineering 2019, Atlanta, Georgia, 17–19 June 2019; American Society of Civil Engineers (ASCE): Reston,
VA, USA, 2019; pp. 256–264. [CrossRef]

7. Klinc, R.; Turk, Ž. Construction 4.0-digital transformation of one of the oldest industries. Econ. Bus. Rev. Cent. South-East. Eur.
2019, 21, 393–496. [CrossRef]

8. Uhlemann, T.H.-J.; Lehmann, C.; Steinhilper, R. The Digital Twin: Realizing the Cyber-Physical Production System for Industry
4.0. In Proceedings of the Procedia CIRP, Kamakura, Japan, 8–10 March 2017; Elsevier B.V.: Amsterdam, The Netherlands, 2017;
pp. 335–340. [CrossRef]

9. Wanasinghe, T.R.; Wroblewski, L.; Petersen, B.; Gosine, R.G.; James, L.A.; De Silva, O.; Mann, G.K.I.; Warrian, P.J. Digital Twin
for the Oil and Gas Industry: Overview, Research Trends, Opportunities, and Challenges. IEEE Access 2020, 8, 104175–104197,
Institute of Electrical and Electronics Engineers Inc. [CrossRef]

10. Glaessgen, E.; Stargel, D. The digital twin paradigm for future NASA and US Air Force vehicles. In Proceedings of the 53rd
AI-AA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Conference 20th AIAA/ASME/AHS Adaptive
Structures Conference 14th AIAA, Honolulu, HI, USA, 23–26 April 2012; p. 1818.

11. Yusen, X.; Bondaletova, N.F.; Kovalev, V.; Komrakov, A. Digital Twin Concept in Managing Industrial Capital Construction
Projects Life Cycle. In Proceedings of the 2018 11th International Conference “Management of Large-Scale System Development”,
MLSD, Moscow, Russia, 1–3 October 2018; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2018.
[CrossRef]

12. LaGrange, E. Developing a digital twin: The roadmap for oil and gas optimization. In Proceedings of the Society of Petroleum
Engineers—SPE Offshore Europe Conference and Exhibition, OE 2019, Aberdeen, UK, 3–6 September 2019; Society of Petroleum
Engineers: Richardson, TX, USA, 2019. [CrossRef]

13. Khajavi, S.H.; Motlagh, N.H.; Jaribion, A.; Werner, L.C.; Holmstrom, J. Digital Twin: Vision, Benefits, Boundaries, and Creation
for Buildings. IEEE Access 2019, 7, 147406–147419. [CrossRef]

14. National Infrastructure Commission. Data for the Public Good, National Infrastructure Commission. 2017. Available online:
https://nic.org.uk/app/uploads/Data-for-the-Public-Good-NIC-Report.pdf (accessed on 18 May 2021).

15. Madni, A.; Madni, C.; Lucero, S. Leveraging Digital Twin Technology in Model-Based Systems Engineering. Systems 2019, 7, 7.
[CrossRef]

16. Jones, D.; Snider, C.; Nassehi, A.; Yon, J.; Hicks, B. Characterising the Digital Twin: A systematic literature review. CIRP J. Manuf.
Sci. Technol. 2020, 29, 36–52. [CrossRef]

17. Bolton, A.; Enzer, M.; Schooling, J.; Blackwell, B.; Dabson, I.; Evans, M.; Fenemore, T.; Harradence, F.; Keaney, E.; Kemp, A.;
et al. The Gemini Principles: Guiding Values for the National Digital Twin and Information Management Framework, Centre for
Digital Built Britain. 2018. Available online: https://www.cdbb.cam.ac.uk/system/files/documents/TheGeminiPrinciples.pdf
(accessed on 4 June 2021).

18. Pan, Y.; Zhang, L. A BIM-data mining integrated digital twin framework for advanced project management. Autom. Constr. 2021,
124, 103564. [CrossRef]

19. Dictionary, B.I.M. BIM Dictionary (2021), Digital Twin, English, Version 1. 2021. Available online: https://bimdictionary.com/en/
digital-twin/1 (accessed on 25 May 2021).

20. Grieves, M. Digital twin: Manufacturing excellence through virtual factory replication. White Pap. 2014, 1, 1–7.
21. Boje, C.; Guerriero, A.; Kubicki, S.; Rezgui, Y. Towards a semantic Construction Digital Twin: Directions for future research.

Autom. Constr. 2020, 114, 103179. [CrossRef]
22. Barricelli, B.R.; Casiraghi, E.; Fogli, D. A survey on digital twin: Definitions, characteristics, applications, and design implications.

IEEE Access 2019, 7, 167653–167671. [CrossRef]

http://doi.org/10.1061/(ASCE)ME.1943-5479.0000763
http://doi.org/10.1080/13467581.2020.1869557
http://doi.org/10.1017/dce.2020.16
http://doi.org/10.1109/TII.2020.3002197
http://doi.org/10.1016/j.promfg.2017.07.198
http://doi.org/10.1061/9780784482438.033
http://doi.org/10.15458/ebr.92
http://doi.org/10.1016/j.procir.2016.11.152
http://doi.org/10.1109/ACCESS.2020.2998723
http://doi.org/10.1109/mlsd.2018.8551867
http://doi.org/10.2118/195790-ms
http://doi.org/10.1109/ACCESS.2019.2946515
https://nic.org.uk/app/uploads/Data-for-the-Public-Good-NIC-Report.pdf
http://doi.org/10.3390/systems7010007
http://doi.org/10.1016/j.cirpj.2020.02.002
https://www.cdbb.cam.ac.uk/system/files/documents/TheGeminiPrinciples.pdf
http://doi.org/10.1016/j.autcon.2021.103564
https://bimdictionary.com/en/digital-twin/1
https://bimdictionary.com/en/digital-twin/1
http://doi.org/10.1016/j.autcon.2020.103179
http://doi.org/10.1109/ACCESS.2019.2953499


Buildings 2023, 13, 978 24 of 24

23. Grieves, M.; Vickers, J. Digital twin: Mitigating unpredictable, undesirable emergent behavior in complex systems. In Transdisci-
plinary Perspectives on Complex Systems: New Findings and Approaches; Springer International Publishing: Cham, Switzerland, 2016;
pp. 85–113.

24. Camposano, J.C.; Smolander, K.; Ruippo, T. Seven Metaphors to Understand Digital Twins of Built Assets. IEEE Access 2021, 9,
27167–27181. [CrossRef]

25. Sepasgozar, S.M.E. Differentiating Digital Twin from Digital Shadow: Elucidating a Paradigm Shift to Expedite a Smart,
Sustainable Built Environment. Buildings 2021, 11, 151. [CrossRef]

26. Ham, Y.; Kim, J. Participatory Sensing and Digital Twin City: Updating Virtual City Models for Enhanced Risk-Informed
Decision-Making. J. Manag. Eng. 2020, 36, 04020005. [CrossRef]

27. Kan, C.; Fang, Y.; Anumba, C.J.; Messner, J.I. A cyber–physical system (CPS) for planning and monitoring mobile cranes on
construction sites. Proc. Inst. Civ. Eng. Manag. Procure. Law 2018, 171, 240–250. [CrossRef]

28. Zhou, H.A.; Gannouni, A.; Otte, T.; Odenthal, J.; Abdelrazeq, A.; Hees, F. Towards a Digital Process Platform for Future
Construction Sites. In Proceedings of the 2020 ITU Kaleidoscope: Industry-Driven Digital Transformation, ITU K, Ha Noi,
Vietnam, 7–11 December 2020; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2020. [CrossRef]

29. Anumba, C.J.; Akanmu, A.; Messner, J. Towards a cyber-physical systems approach to construction. In Proceedings of the
Construction Research Congress 2010: Innovation for Reshaping Construction Practice—Proceedings of the 2010 Construction
Research Congress, Alberta, Canada, 8–10 May 2010; American Society of Civil Engineers: Reston, VA, USA, 2010; pp. 528–537.
[CrossRef]

30. Akanmu, A.; Anumba, C.J. Cyber-physical systems integration of building information models and the physical construction.
Eng. Constr. Arch. Manag. 2015, 22, 516–535. [CrossRef]

31. Greif, T.; Stein, N.; Flath, C.M. Peeking into the void: Digital twins for construction site logistics. Comput. Ind. 2020, 121, 103264.
[CrossRef]

32. Rotilio, M.; Simeone, D. Digital Twinning processes for the built heritage construction site: Opportunities and implementation
scenarios. Tema 2022, 8, 38–51. [CrossRef]

33. Zheng, Y.; Yang, S.; Cheng, H. An application framework of digital twin and its case study. J. Ambient. Intell. Humaniz. Comput.
2019, 10, 1141–1153. [CrossRef]

34. Roxin, A.; Abdou, W.; Ginhac, D.; Derigent, W.; Dragomirescu, D.; Montegut, L. Digital building twins—Contributions of the
ANR McBIM project. In Proceedings of the 15th International Conference on Signal Image Technology and Internet Based
Systems, SISITS, Sorrento, Italy, 26–29 November 2019; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA,
2019; pp. 404–410. [CrossRef]

35. El Jazzar, M.; Piskernik, M.; Nassereddine, H. Digital Twin in construction: An Empirical Analysis. In Proceedings of the EG-ICE
2020 Proceedings: Workshop on Intelligent Computing in Engineering, Berlin, Germany, 1–4 July 2020; pp. 501–510.

36. Tao, F.; Zhang, H.; Liu, A.; Nee, A.Y.C. Digital Twin in Industry: State-of-the-Art. IEEE Trans. Ind. Inform. 2019, 15, 2405–2415.
[CrossRef]

37. Liu, M.; Fang, S.; Dong, H.; Xu, C. Review of digital twin about concepts, technologies, and industrial applications. J. Manuf. Syst.
2021, 58, 346–361. [CrossRef]

38. Figueiras, P.; Lourenco, L.; Costa, R.; Graca, D.; Garcia, G.; Jardim-Goncalves, R. Big Data Provision for Digital Twins in
Industry 4.0 Logistics Processes. In Proceedings of the 2021 IEEE International Workshop on Metrology for Industry 4.0 & IoT
(MetroInd4.0&IoT), Rome, Italy, 7–9 June 2021; pp. 516–521. [CrossRef]

39. Ruppert, T.; Abonyi, J. Integration of real-time locating systems into digital twins. J. Ind. Inf. Integr. 2020, 20, 100174. [CrossRef]
40. Akhavian, R.; Behzadan, A.H. Remote monitoring of dynamic construction processes using automated equipment tracking. In

Proceedings of the Construction Research Congress 2012: Construction Challenges in a Flat World, West Lafayette, Indiana, 21–23
May 2012; American Society of Civil Engineers: Reston, VA, USA, 2012. [CrossRef]

41. Oloufa, A.A.; Ikeda, M.; Oda, H. Situational awareness of construction equipment using GPS, wireless and web technologies.
Autom. Constr. 2003, 12, 737–748. [CrossRef]

42. Kong, T.; Hu, T.; Zhou, T.; Ye, Y. Data Construction Method for the Applications of Workshop Digital Twin System. J. Manuf. Syst.
2021, 58, 323–328. [CrossRef]

43. Shawki, K.; Kilani, K.; Gomaa, M. Analysis of earth-moving systems using discrete-event simulation. Alex. Eng. J. 2015, 54,
533–540. [CrossRef]

44. Esmaeili, I.; Kashani, H. Managing Cost Risks in Oil and Gas Construction Projects: Root Causes of Cost Overruns. ASCE-ASME
J. Risk Uncertainty Eng. Syst. Part A: Civ. Eng. 2022, 8, 04021072. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/ACCESS.2021.3058009
http://doi.org/10.3390/buildings11040151
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000748
http://doi.org/10.1680/jmapl.17.00042
http://doi.org/10.23919/ituk50268.2020.9303198
http://doi.org/10.1061/41109(373)53
http://doi.org/10.1108/ECAM-07-2014-0097
http://doi.org/10.1016/j.compind.2020.103264
http://doi.org/10.30682/tema0801i
http://doi.org/10.1007/s12652-018-0911-3
http://doi.org/10.1109/sitis.2019.00071
http://doi.org/10.1109/TII.2018.2873186
http://doi.org/10.1016/j.jmsy.2020.06.017
http://doi.org/10.1109/metroind4.0iot51437.2021.9488507
http://doi.org/10.1016/j.jii.2020.100174
http://doi.org/10.1061/9780784412329.137
http://doi.org/10.1016/S0926-5805(03)00057-8
http://doi.org/10.1016/j.jmsy.2020.02.003
http://doi.org/10.1016/j.aej.2015.03.034
http://doi.org/10.1061/AJRUA6.0001193

	Introduction 
	Digital Twin—An Industry 4.0 Concept 
	Digital Twin Definitions 
	Digital Twin in the Construction Industry 
	Digital Twin in the Construction Phase: Construction Digital Twin (CDT) 

	Research Methodology 
	Construction Digital Twin (CDT)—A Framework for a General Contractor 
	Physical/Virtual Entity Tier 
	Data Collection Tier 
	Communication Tier 
	Physical-to-Virtual Twinning Tier 
	Analytics and Prediction Tier 
	Application Tier 
	Virtual-to-Physical Twinning Tier 

	Construction Digital Twin Applications—A Soil Management Case Study 
	Physical/Virtual Entity Tier 
	Data Collection Tier 
	Communication Tier 
	Physical-to-Virtual Twinning Tier 
	Analytics and Prediction Tier 
	Application Tier 
	Virtual-to-Physical Twinning Tier 

	Results and Discussion 
	CDT Impacts in the Construction Field 
	AI-Assisted Construction Management 
	Filling Information Gaps in the Construction Phase 
	Reusing the CDT and Enhancing Future Information Systems 
	Data-Driven Construction Management 
	Real-Time Capturing of the Construction Status 
	Improved Collaboration and Information Exchange 
	Transparency and Data Reliability 
	Improved Construction Logistics 

	CDT Challenges 
	Data Collection 
	Virtual CDT Components and Platforms Costs 
	Interoperability within Cyber-Physical Systems 


	Conclusions 
	References

