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Abstract. Building Information Modeling (BIM) is a highly promising technique for 
achieving digitalization in the construction industry, widely used in modern construction 
projects for digitally representing facilities. Nevertheless, retains limitations in terms of 
representing construction operations. The digital twin concept may potentially overcome 
these limitations and initiate advanced digital transformation in the construction industry 
as it has revolutionized the product lifecycle management in the manufacturing industry. 
This research provides a critical review of applying digital twin in the construction industry. 
Altogether, 140 papers from related journals and databases were reviewed. The digital 
aspect of twinning consists of BIM and simulation modeling. These two techniques have 
been used to create virtual or digital representations of actual buildings and real-world 
construction processes. However, integrating and applying BIM and simulation modeling 
according to the digital twin concept remains to be fully studied. Comprehensive 
evaluations of BIM, simulation modeling, and digital twin will provide a well-defined 
framework for this research, to identify direction and potential for digital twin in the 
construction industry, thereby progressing to the next level of digitalization and 
improvement in construction management practice. 
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1. Introduction 
 
Over the past decade, Building Information 

Modeling (BIM) and simulation modeling have been 
successfully adopted in the academic and industrial 
construction sectors [1]. Many practical uses and research 
publications have established the practical usefulness of 
BIM and simulation [2], [3]. Internationally, these have 
become basic requirements and alternative approaches 
for project owners and related governmental 
organizations [4]. Research and development on BIM 
and simulation continues to fill gaps by innovating in 
industry practice [5]. Integrating BIM and simulation 
modeling contributes to advancing construction 
management field applications [6]. Whereas BIM extracts 
data from a building model, simulation applies it as input 
for analyzing specific purposes [7]. Despite well 
formulated construction planning and scheduling, 
construction problems remain inevitable for most 
projects [8]. 

One potential concept for overcoming these 
construction industry challenges is the digital twin, a 
virtual representation of the physical assets or systems. 
The concept has already been validated and widely 
adopted in the manufacturing and automotive industries. 
Much research raises awareness of the need for applying 
digital twin to the construction industry [9]. Other 
studies point to the potential of digital twinning for 
construction industry innovation solving industry-wide 
challenges [10]. 

This research contributes comprehensive reviews of 
BIM, simulation modeling, and digital twin, indicating 
the future directions and potential in the construction 
industry of BIM and simulation as virtual representations 
following the digital twin concept. 
 

2. Review Approach 
 

A review of simulation modeling, BIM, and digital 
twining is conducted by integrating thematic, 
chronological, and theoretical approaches identified in a 
literature review. The thematic approach was used to 
structure and organize this research. The developmental 
background and fundamentals of simulation modeling, 
BIM, and digital twin were examined by using 
chronological approach. The theoretical approach was 
used to establish existing scientific knowledge gaps and 
identify outstanding research questions, including 
opportunities for improvement. The goal is to 
understand the developmental background and 
fundamentals to analyze digital twin directions and 
potentials in the construction industry based on literature 
gaps and room for improvement. 

Analyzed literatures were mainly obtained from 
Scopus and Google Scholar databases, comprehensive 
citation source containing influential multidisciplinary 
articles. Article types were limited to journal and 
conference papers as providing high-quality scholarly 
data. Defined terms for sourcing literature included 

simulation, simulation modeling, modeling and 
simulation, BIM, and digital twinning. Unlike BIM, 
simulation and digital twin did not originate in the 
construction industry, so the scope of simulation and 
digital twin was not limited to the construction industry. 

 

3. Simulation Modeling 
 

3.1. Roles of Process Simulation 
 

Process simulation plays a significant role by 
imitating the operation of a real-world processes or 
systems. Applications of simulation comprise mainly 
system design and analysis, applicable to a wide range of 
industry sectors, including manufacturing, supply chains, 
business processes, transportation, healthcare, and 
construction [11]. 

Simulation modeling has often been used in the 
manufacturing sector for manufacturing process control 
[12], assembly lines design, productivity improvement, 
resource optimization, inventory management, and 
supply chain management [13]. 

Simulation has proven useful in the supply chain 
sector in several applications; adopted for designing and 
optimizing supply chain system. It also supports supply 
chain management by allowing the system to be 
evaluated and forecasted [14]. Simulation performs 
accurately to improve systems performance by 
investigating industrial plant logistics problems, boosting 
warehouse use efficiency, and reducing operating costs 
[15].  

Simulation-based approaches have been employed 
for business management purposes in business model 
and strategy design [16], business process improvement 
[17], outcome prediction [18], and risk management [19]. 

Simulation is essential for analyzing system causality, 
coupling, feedback loops, and chaotic behavior involving 
transportation problems [20]. It supports decision-
makers in making the right choices to resolve some 
issues [21]. The use of simulation in the transportation 
sector produces more sustainable transportation systems 
and diminishes traffic congestion and waiting time [22]. 

The healthcare sector has used simulation to 
evaluate system operational performance [23] and 
generate management guidelines and strategies to 
optimize the operation [24]. 

Simulation covers a variety of aspects in the 
construction sector. One common usage is in planning 
and scheduling construction activities. Simulation offers 
level construction resources more advantages than 
traditional resource-leveling methods. While the 
conventional method assumes activity durations to be 
deterministic, simulation allows for uncertain activity 
duration, providing more realistic results [25]. Simulation 
is performed as an optimization instrument for time-cost 
tradeoff analysis, enabling construction schedules and 
resources to be dynamically adjusted [26]. It also 
supports managing cost-baseline changes by 
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continuously monitoring and updating the project status 
[27]. 

Process simulation has proven its potential and 
abilities in many of the aforementioned sectors. However, 
in construction, room remains for improvement in terms 
of ease of implementation and integration with other 
areas of knowledge. 
 
3.2. Simulation in Construction 
 

The first effort to adopt simulation to construction 
was directed by Halpin in 1977, with the introduction of 
cyclic operations network (CYCLONE) as a modeling 
and simulation method for construction operations [28]. 
The initial phase of simulation in construction was 
successfully executed in academic research with limited 
industrial implementations [29]. Barriers to industrial 
execution indicate relative complexity compared to 
traditional planning methods; limitations in construction 
implements and methods; time, cost, and skills required 
to create and simulate models; industrial culture; and lack 
of confidence in simulation technologies [30]. 

Over the past decade, with technology playing an 
essential role in industry, construction simulation has 
been widely developed as a computer-based analytical 
solution for operational problems, scheduling 
construction sequences, and optimizing construction 
resources [31]. CYCLONE and advances in computer 
technologies prompted the emergence of a series of 
simulation research methodologies applied to the 
construction industry.  

At the beginning of the 1990s, object-oriented 
programming languages, including Java, Python, C++, 
Ruby, and C#, provided a series of research applications 
on construction simulation software [32]. Object-
oriented programming has become fundamental for 
developing diverse construction simulation software such 
as MicroCYCLONE, Disco, COST, STROBOSCOPE-
CPM, CIPROS, and COOPS as computer-based analytic 
instruments. 

In the 2000s, when construction projects becoming 
increasingly complex, AbouRizk et al. [33] introduced 
Simphony as a simulation modeling tool for simplifying 
modeling processes. Simphony allows the developer to 
easily control simulation behaviors, graphical 
representation, statistics, and animation. It also enables 
dedicated simulation models to be developed for specific 
purposes through special purpose simulation. This 
feature transforms certain on-site construction activities 
into off-site planning activities, improving productivity 
and optimizing construction resources [34]. 

During the past ten years, three-dimensional (3D) 
visualization systems have played a role in describing 
simulation processes more intuitively through extensible 
and scalable functions [35]. They facilitate the use of 
simulation in the construction industry and permit 
building more realistic systemic model [36]. Combining 
3D visualization systems with process simulation allows 
construction sequences and work progress to be 

visualized through 3D models [37]. Consequently, BIM, 
as a 3D representation of buildings, has proliferated and 
become involved in the field of construction simulation. 
Integrating simulation and BIM contributes valuable 
additional information for construction management 
purposes [38]. 

One barrier to adopt industry-wide construction 
simulation is the complexity of simulation methodologies. 
However, several research studies have suggested more 
simplified simulation methods by using discrete-event 
simulation (DES) [39]. DES plays an essential role in 
developing uncomplicated simulation methodologies. 
DES characteristics comply with construction industry 
nature and culture. Therefore, a variety of simulation 
approaches have been developed, such as CYCLONE 
and Petri nets, both widely adopted in several industries, 
including construction [40]. 

In 1962, Petri nets were developed by Carl Adam 
Petri [41] as graphical and mathematical modeling tools 
to describe information processing systems stochastic, 
concurrent, asynchronous, distributed, parallel, and non-
deterministic. As graphical models, Petri nets help enable 
visual communication by representing dynamic and 
simultaneous system activities. As mathematical models, 
Petri nets permit mathematical analysis to be performed 
by several equations. Their analysis mechanisms can 
describe underlying systemic behaviors [42]. Petri nets 
have been adopted for diverse applications due to their 
generality, flexibility, adaptability, and extension of 
functions to suit particular areas. 

Petri nets comprise four modeling elements; places, 
transitions, arcs, and tokens. A place represents the 
condition of having input resources or a place in which 
resources are found. A transition represents an event, 
task, or activity. Arcs are used to connect between places 
and transitions. They indicate direction and number of 
tokens flowing in the Petri nets. Tokens are initialized at 
a place and represent resources, allowing Petri nets to 
dynamically link between places and transitions [42]. 

Petri net-based simulations have become 
fundamental for many developed approaches. 
Comprehensive studies have introduced extended 
versions of Petri net-based simulations such as time Petri 
net [43], deterministically timed Petri net, stochastic 
timed Petri net, generalized stochastic Petri net, and 
colored Petri net [44]. 

A time Petri net was proposed by Hillion [43] to 
enable traditional Petri nets to allow delays after 
transitions are enabled, instead of being instantaneous. If 
transition times are deterministic, they become 
deterministically timed Petri net. If transition times may 
be random variables, they are called a stochastic timed 
Petri net. When they consist of two transitional types, 
timed and immediate, they are called generalized 
stochastic Petri net [44]. 

The original version of Petri nets allowed defining 
only one type of token (resource), while varied resources 
are used in construction projects. In this way, Petri nets 
cannot depict different objects that tokens are used to 
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model. To enable Petri nets to define more than one type 
of resources, Jensen proposed the idea of identifying 
tokens by color. These Petri nets are called colored Petri 
nets, allowing diverse resources to be identified and 
analyzed [45-48]. 

Substantial extensions of Petri nets for construction 
process modeling and simulation were demonstrated by 
Damrianant [49] with the introduction of the 
construction-oriented simulation modeling system 
(COSMOS). A series of extensions were developed in 
COSMOS in addition to traditional Petri nets, enabling 
overlapping modeling among activities by using header, 
follower, pipe, and buffer as extensional elements [50]. 
Conceptually, situational interruptions during the 
operational period may also be modeled and simulated by 
using the modeling elements extensions switch, POI arc, 
and control arc [51]. COSMOS also allows more efficient 
resource allocation by using the new elements of 
alternative arc, alternative place, and multiple-branch arc 
[52].  

Currently, the field is moving towards simulation 
integration with other areas of knowledge. As a highly 
promising development in the architecture, engineering 
and construction (AEC) fields, BIM has been 
comprehensively studied to invent more effective 
modeling and simulation in constriction. Extensive 
research newly integrates BIM with simulation to create 
advanced applications. Combining 3D models and 
construction schedule has become commoner industry 
practice, enabling construction sequences to be visualized 
and evaluated for constructability [37]. As BIM provides 
information to simulation models, simulation models 
evaluate construction performances and transmit 
valuable data to the BIM process for decision support [7].  

One BIM essential capability is to estimate required 
construction materials. By using such information, 
simulation modeling can help generate project schedules 
[53]. Supply chain construction material models were 
integrated with BIM to prevent construction delays 
caused by lack of materials [54]. With BIM-based 
information supports, simulation modeling can evaluate 
dynamic productivities, improving project procurement 
schedule [56]. 

As mentioned above, integration of BIM and 
simulation modeling applies to both academic and 
industry practice, but requires a well-structured 
framework for each particular application area, as shown 
in Fig. 1. 
 

 
 
Fig. 1. Integrating of BIM and simulation. 

Simulation software is indispensable for analyzing 
such complex systems in construction projects. For this 
reason, construction simulation relies heavily on 
developed software, and it is vital to understand the 
foundations and mechanisms of construction simulation 
software. 
 
3.3. Construction Simulation Software 
 

Since computer programming languages were 
devised, a series of construction simulation software has 
been developed to solve increasingly complex problems 
in real-world construction projects [33]. The software has 
become a computer-based analytical instrument essential 
for many construction management tasks. It can resolve 
operational problems, schedule construction operations, 
and optimize construction time and resources [31]. A 
series of construction simulation modeling is shown in 
Fig. 2. 

 

 
 
Fig. 2. Series of construction simulation modeling.  

 
Technological advancement offered innovations in 

simulation software capabilities in flexibility, design 
improvement, and heightened efficiency [56]. In 1977, 
Daniel W. Halpin introduced CYCLONE, the first 
significant effort in construction simulation language [28]. 
Later, it became a prototype for modern construction 
simulation software.  

MicroCYCLONE was the first construction 
simulation software developed following the CYCLONE 
concept, offering flexible adaptive characteristics for 
construction practice. MicroCYCLONE has been 
adopted for many uses, such as modeling and simulation 
repetitive construction processes [57], cost optimization 
of earthmoving operations [58], and construction process 
planning and analysis [59]. 

Object-oriented programming plays a significant 
role in developing construction simulation software by 
simplifying coding and improving model readability [60-
61]. Together with discrete-event simulation, it generates 
an automated system for selecting optimal fleet 
configuration and providing a vehicle for estimating 
construction time and costs, by considering different 
practical scenarios [62]. 

Although MicroCYCLONE notably contributed to 
promoting CYCLONE, it was a DOS-based program 



DOI:10.4186/ej.2023.27.1.11 

ENGINEERING JOURNAL Volume 27 Issue 1, ISSN 0125-8281 (https://engj.org/) 15 

and was not updated since the introduction of Windows-
based computer operations systems. To modernize 
MicroCYCLONE, construction operation simulation 
tool (COST) was introduced as an improved version of 
MicroCYCLONE. COST is able to model uncertain 
events by using a fuzzy data simulation function [63]. 

Meanwhile, Huang and Halpin [64] introduced an 
alternative construction simulation approach, dynamic 
interface simulation for construction operations 
(DISCO), applying visual simulation to facilitate 
construction operational planning and analysis activities. 
The application allows system dynamic behavior to be 
visualized as the simulation is executed. 

Since 1979, in addition to CYCLONE, a simulation 
language for alternative modeling (SLAM II) was also 
influential in construction simulation as a general-
purpose language. It enables the modeling of different 
manufacturing, transportation, and communication 
systems. SLAM II language user facility was significantly 
increased by the development of SLAMSYSTEM and 
SLAMSYSTEM Version 4.5 in 1988 and 1994, 
respectively [65]. 

Ioannou and Liu [66] introduced a construction 
object-oriented process simulation system (COOPS), 
using modeling elements to create interactive onscreen 
graphical networks. COOPS can simplify complex 
systems by exploiting graphical networks dedicated to the 
modeling construction process. 

In the 2000s, STROBOSCOPE and Simphony 
became mainstream simulation approaches in the 
construction field. STROBOSCOPE was introduced by 
Martinez and Ioannou [67] as a modeling and simulation 
language with an open platform for generating models 
from open-environment source coding. It can model 
many simulation systems, including CYCLONE. 
Simphony was introduced by Hajjar and AbouRizk [68] 
as a platform for creating tailor-made simulation 
instruments for general applications, including 
construction. 

Basically, the aforementioned simulation systems 
require profound knowledge and understanding of 
process modeling and simulation mechanisms. The 
knowledge required becomes a barrier to adopting 
industry-wide simulation [69]. In 1999, activity-based 
construction (ABC) was introduced to simplify such 
impediments, designed to use a single element, rather 
than multiple ones, for construction process modeling. 
In this way, knowledge required is minimized and 
construction simulation difficulties addressed [70]. 

Simplification is a key to spreading practical 
adoption of simulation. Therefore, AbouRizk and 
Mather [71] introduced a 3D-based simulation approach 
to further simplify the modeling and simulation process 
by using 3D-CAD. 

Similarly, to minimize required skill, Chua and Li 
[72] proposed a resource-interacted simulation (RISim) 
approach, enabling users incompletely informed about 
simulation technology to generate a simple simulation 
model by emphasizing model resource and process levels. 

Generating efficient construction schedules is 
challenging, especially in complex construction projects. 
Therefore, optimization techniques were combined with 
discrete-event simulation to generate a multi-method 
optimization package (MOPACK), a computer-based 
optimization framework. MOPACK enhances 
construction planning and scheduling processes more 
optimally [31]. 

Since 3D visualization systems have become 
essential to the industry, they have been integrated into 
simulation to conduct construction sequences and work 
progress visualization for 3D modeling [37]. To integrate 
simulation with 3D visualization, Kamat and Martinez 
[73] introduced VitaScope as a 3D visualization 
extension for construction simulation, allowing the 
process model to link with 3D objects to visualize and 
validate the operation. 

While CYCLONE-based modeling and simulations 
developed over time, Petri net-based systems were also 
present industrially. Although Petri nets derived from a 
different industry and application areas, its generality and 
flexibility allowed for adaptation to the construction 
industry [42]. 

Petri nets are graphical and mathematical modeling 
approaches capable of performing static and dynamic 
analyses. Damrianant [49] adapted these capabilities for 
construction process modeling and simulation. 
COSMOS, a simulation modeling methodology, was 
developed based on these capabilities. COSMOS is a 
Petri net-based modeling methodology with several 
modifications to the original Petri nets. For example, it 
provides capabilities for modeling overlapping activities 
[50], interrupting situations during the operational period 
[51], and efficient resource allocation [48]. 

A COSMOS simulator was developed as computer 
software to emphasize the practical execution of 
COSMOS, allowing for modeling and simulating 
construction processes created with COSMOS 
methodology. COSMOS simulator reliability and 
performance were verified by using coloured Petri nets 
[74], the Arena simulator [75], and critical path method 
[76]. 

Although simulation is essential in the construction 
industry as a powerful analytical instrument for different 
application areas, it requires sufficient reliable 
information, collection of which is challenging in practice 
and adds further material for examination. 
 

4. Building Information Modeling (BIM) 
 

4.1. Overview of BIM 
 
The concept of BIM was first introduced by 

Eastman et al. [77] as a building description system (BDS) 
for storage and manipulation of design information. 
Later, in 1992, the term BIM was first used by 
Nederveen and Tolman [78]. The BIM concept is similar 
to BDS insofar as both use models to store and 
manipulate information. In addition, BIM promotes 
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cooperation between project stakeholders with multiple 
perspectives on building project data. As an integration 
platform containing specific data on each participant, 
BIM has become a highly influential industrial innovator. 

In 2003, Autodesk, a leading software company, 
published a white paper to demonstrate its software 
developed following the BIM concept. It initiated BIM 
software development and disseminated a substantial 
series of BIM software with wide-ranging functionality 
[79]. 

However, changing traditional industry practice was 
challenging. A key driver was computer-aided design 
(CAD), a software to aid design processes. CAD played a 
crucial role in expediting this transformation, especially 
in changing from 2D-based to 3D-based information, 
with labor-intensive drafts evolving into more efficient 
documentation [80]. 

BIM is a virtual model of a facility containing 
comprehensive data on physical and functional 
characteristics [81]. In addition to being a traditional 3D 
model, it stores and manipulates information, distinctly 
helping to express semantics. This means that all its 
objects possess functional characteristics as well as the 
physical characteristics expected from 3D geometric 
representation [82].  

Over the past two decades, BIM has proven its 
ability in several academic and industrial application areas. 
It facilitates knowledge resources sharing and promotes 
collaboration among different stakeholders through the 
project lifecycle [83]. 

BIM adds significant advantages to the design and 
engineering process in the pre-construction phase. As a 
physical representation, it can conduct digital 
visualizations to conceptualize and eliminate conflicts 
between different parties. Through functional 
representation, it complies comprehensive useful data for 
building design and project development activities, 
including structural design, cost estimation, and 
construction planning [84]. It also allows automatically 
mutually consistent technical drawings to be sourced 
directly from models, saving documentation time and 
avoiding errors [85]. Azhar et al. [86] developed BIM-
based sustainability analyses for sustainable building 
design to achieve leadership in energy and environmental 
design (LEED) certification, a sustainable building rating 
system. The developed system streamlines the 
certification process and saves substantial time and 
resources. 

However, difficulties remain. Arrotéia et al. [87] 
indicated that principal obstacles with BIM execution 
during the development phase pertain more to 
managerial problems than BIM itself. They also noted 
that design professionals and construction stakeholders 
should collaborate closely during this phase to improve 
project results in terms of constructability, cost 
optimization, and time management. 

During the construction phase, BIM assists 
construction management in many aspects. Through 
physical representation as a 3D model, it enables 

buildings to be visualized, adding to construction team 
understanding of building sequences [84]. BIM supports 
monitoring and controlling construction activities, 
especially in complex architectural projects. It facilitates 
resource planning and sequencing alternatives for 
complex building construction systems [88]. Jiang [89] 
applied BIM in the construction phase of a large-scale 
construction project to reduce waste and ensure progress 
and quality. His findings indicate that BIM aided 
construction management and promoted project 
sustainable development through waste reduction. Jian et 
al. [90] emphasized improved construction productivity 
by executing five large-scale public projects. Handayani 
et al. [91] developed a BIM-based system used during the 
construction phase for analyzing the impacts from 
altering orders. The system assists users to observe and 
visualize the effect of change orders through 3D BIM 
models, in addition to evaluating impacts on project 
costs and scheduling. 

During the post-construction phase, BIM can be 
used for asset management as a digital representation of 
buildings. It allows changes in tangible facilities to be 
recorded and updated in its digital model [84]. Using this 
capability, BIM has been adapted to several specific cases. 
A common usage for BIM is to support operational; 
maintenance; and repair and replacement decision-
making for facilities [87]. BIM accelerates buildings 
management and operation while providing more 
accurate and richer data [92]. In consonance with 
construction professionals and academic research results, 
BIM diversely benefited cost control and environmental 
issues throughout project lifecycles [91]. BIM 
applications are concluded in Table 1. 
 
Table 1. Overview of BIM main applications. 
 

Stages Main Applications 

Pre-construction - Building and engineering designs 
- Collaborations 
- Budgeting and planning 
- Drawings and documentations 
- Visualization and constructability  

Construction - Construction management 
- Quality and safety management 
- Construction sequence review  

Post-construction - Asset management 
- Operation and maintenance 
- Energy performance 

 
As mentioned above, BIM clearly enhances 

industrial projects. Concomitant difficulties in adopting 
BIM are due to users and the industry itself. However, 
BIM retains potential for developing and expanding its 
application areas. 

 
4.2. BIM Developments and Applications 

 
BIM has innovated and new offered new visions to 

the architectural, engineering, and construction (AEC) 
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industry [94]. It has revolutionized conventional AEC 
processes into more efficient workflow and ameliorated 
collaboration between project stakeholders [79]. 

In the initial BIM phase, before standards and 
guidelines have established, several barriers and 
challenges existed to BIM adoption in industry practice; 
these include interoperability issues and process-related 
contractual and organizational obstacles [95]. To resolve 
these problems, BIM standards and protocols were 
published and promoted by the government and its 
subsidiary authorities to encourage practical adoption of 
BIM [82].  

Over the past decade, BIM has played an essential 
role and was widely adopted to improve efficiency of the 
integrated design and construction process. In 2003, Lee 
et al. [96] introduced nD Modeling (also known as nD 
CAD) as an extension of BIM by integrating data from 
entire building lifecycle stages. While the 3D model 
represents the object's geometric dimensions, integrating 
time sequencing into the 3D model is referred to as the 
4D model. It enables a sequence of events to be depicted 
visually on a timeline populated by a 3D model [97]. The 
4D model can also demonstrate building construction 
processes before actual construction activities occur [98]. 

In addition, cost-related information was added to 
the 4D model, making it into what is termed a 5D model, 
which allows construction progress and related costs 
over time to be visualized. Awareness of potential 
additional costs promotes project management and 
enables visualizing running construction progress-related 
costs [99]. 

BIM-based frameworks have continuously 
developed for several purposes, to expand and improve 
functionalities to cope with increasing industrial 
complexity. Jeong et al. [6] developed a BIM-based 
framework to forecast productivity dynamics for erecting 
a steel structure at the planning stage. The framework 
was claimed to be efficient in terms of realistic 
productivity prediction, schedule reliability, resource 
allocation, cost optimization, and material waste 
minimization. 

Handayani et al. [91] developed a BIM-based system 
for evaluating cost, time, and physical condition impact 
from changing orders during the construction phase. The 
system was applied to a real-life 18-story building project 
to demonstrate its efficacy and practicality. It successfully 
assessed and reported on all three categories of impacts 
from altering orders and mitigated conflicts between the 
project owner and contractor relating to construction 
claims following the orders. 

Song et al. [100] introduced a system developed 
according to the BIM concept, enabling comparison of 
different construction schedules to determine optimal 
construction schedules in terms of time and cost for 
large-scale projects. 

Kim et al. [101] proposed a framework for 
evaluating construction activities required, estimating 
activity tasks, and sequencing construction activities. As a 
result, the proposed framework can automatically 

generate construction schedules by using relevant data 
stored in the BIM model. 

Liu et al. [5] developed a BIM-based scheduling 
approach using simulation modeling techniques and 
optimization algorithms. Using constantly updated 
resources, the approach facilitates of construction 
scheduling generation and optimization. 

To simplify the development sequence, BIM-based 
frameworks scheme is shown in Fig. 3. 

 

 
 
Fig. 3. Basic BIM-base frameworks scheme. 
 

Many studies have attempted to develop BIM-based 
frameworks according to increasing industrial 
competition and complexity. These developments 
contribute to industrial advancement of BIM applications. 
However, practicality is another vital factor that must be 
considered along with advancement of the applications. 
 

5. Digital Twin 
 

5.1. Overview of Digital Twin 
 
In 2002, digital twin was first introduced by Michael 

Grieves as a virtual representation of a physical asset or 
system in the product lifecycle management domain 
[102]. At that time, digital twin was used to describe 
properties, conditions, and behavior of represented 
physical assets by which modeling and simulation were 
performed. Grieves describes digital twin as consisting of 
three components: a physical object, a virtual 
representation of that object, and the connection linking 
the two components. 

Grieves later introduced a taxonomy of digital twin, 
namely digital twin prototype, digital twin instance, digital 
twin aggregate, and digital twin environment [103]. As he 
explained, digital twin prototype virtually describes a 
prototype entity containing all data necessary for 
developing a physical twin. It is an initial form of digital 
twin during the design phase. A digital twin instance is a 
specific instance of a physical product that remains 
linked to an individual product throughout that product's 
lifespan. It contains data about that asset and the asset's 
history, captured from sensors, tests, and inspections. A 
digital twin aggregate is an aggregate collection that can 
access all digital twin instances. A digital twin 
environment is a virtual representation of the physical 
product's environment, covering all digital twin 
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taxonomies as mentioned and interconnecting all 
relevant aspects. 

Digital twin is categorized based on level of 
integration between a physical object and a virtual 
representation of that object. Three levels of integration 
evaluate how the data and object interact: digital model, 
digital shadow, and digital twin [104]. 

A digital model is described as a virtual 
representation of an existing or planned physical entity. 
For this level of integration, data exchange between a 
physical object and virtual object is not automatic. If data 
exchange from the physical object to the virtual object 
becomes automated, such integration might be referred 
to as a digital shadow. At this level of integration, if any 
change occurred in the physical object’s state, the virtual 
object’s state is likewise be altered automatically. If data 
exchange between the physical and virtual objects 
becomes automated, such integration might be termed 
digital twin. As the highest level of integration, digital 
twin allows objects to act as controlling instances for 
physical objects. Therefore, a change in the physical 
object’s state leads directly to a change in the virtual 
object’s state and vice versa. Simplified configurations 
for digital model, digital shadow, and digital twin are 
illustrated in Fig. 4. 
 

 
 

Fig. 4. Digital twin integration level [104]. 
 

The interest in digital twin has significantly 
increased academically and industrially, as seen by the 
growth of many related publications [105]. Apart from 
product lifecycle management, manufacturing system 
optimization is another favored research area. For 
instance, Schluse et al. [106] applied a digital twin-based 
approach to optimize systematic parameters and 
structures for various areas of applications. Zhang et al. 
[107] developed a digital twin framework for equipment 
energy consumption management in a manufacturing 
system. Hu et al. [108] directed a new method for 
building a cloud-based digital twin which can be adapted 
to cyber-physical cloud manufacturing. This smart 
manufacturing concept helps reduce overhead costs and 
saves resources. While digital twin plays a significant role 

in digitalizing the manufacturing industry, it has also 
been adapted to other industries with a wide range of 
applications. 
 
5.2. Digital Twin Applications 
 

Digitalization is a key driver encouraging industries 
to adopt the digital twin concept academically and 
practically. Digital twin applications are reported to 
contribute to innovating, optimizing, and streamlining 
products and processes [109]. Many research studies have 
demonstrated practical implementations of digital twin in 
diverse applications, while highlighting perceived and 
potential benefits of the digital twin concept. 

Cost reduction is one such essential advantages [102] 
integrated with the cloud system to successfully reduce 
overhead costs, and conserve manufacturing industry 
resources [108]. Its digital representation capacity allows 
digital twinning to eliminate expenses incurred by 
physical simulation and diagnosis. It also provides better 
systematic understanding [110]. Apart from cost 
reduction, since physical models can be replaced by 
digital entities, risk assessment and mitigation may be 
performed digitally in a risk-free environment [111]. 

Following the digital twin concept, advanced 
technologies such as the Internet of Things (IoT), 
wireless technology, and sensors, are used to connect 
physical with digital objects. Consequently, digital twin 
promotes operational changes and highlighted efficiency 
[114-115]. In addition to physical entities, digital twin can 
also represent the network systems, allowing any kind of 
experiment to be performed with highly developed 
security [115]. The reliability of digital twin has been 
confirmed by many leading enterprises [116-117], with 
verified outcomes of digital twin execution supporting 
decision-making in several aspects [118-121]. 

The publication of extensive studies in multiple 
areas has increased many digital twin-related definitions, 
with a variety leading to confusion among practitioners 
and ineffective execution. Van Der Horn and Mahadevan 
[122] described digital twin generalization and 
characterization by comparing it contextually with digital 
and simulation models. From this perspective, digital 
twin updates its systematic twin status over time and 
corresponds to physical twin in addition to traditional 
digital modeling. 

However, the simulation model resembles digital 
twin insofar as both are used to predict future states of a 
modelled system. The simulation model predicts by using 
a set of initial assumptions [123], but digital twin employs 
actual experienced states. In this way, the digital twin 
concept can provide more accurate output compared to 
typical simulation models. 

Multi-industrial applications of digital twin await 
comprehensive study, since each industry offer its own 
unique characteristics. This is especially true of the 
construction industry, where external factors play an 
essential role and uncertainties abound. 
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5.3. Digital Twin Applications in Construction 
Projects 

 
Since 2018, the number of academic publications on 

digital twin in the construction industry has increased. 
The consensus is that digital twin can digitalize and 
resolve several industrial challenges [10]. 

In the design and engineering phase, research 
mainly centered around BIM. By connecting physical and 
digital model, BIM somewhat resembles digital twinning, 
helping construction projects reduce the overall design 
process, minimizing additional costs and optimizing 
construction resources [124]. As a collaborative platform, 
BIM allows information to be shared and adjusted 
among project stakeholders. Through these capacities, 
BIM promotes collaboration and facilitates the project 
domain management [125]. Although BIM and digital 
twin share some similarities, they remain different in 
facility life purpose, technology, users, and stages. 
Specifically, BIM works with static information, while 
digital twin uses with real-time information [126]. 

Xu et al. [127] integrated digital twin with a deep 
transfer learning approach to diagnose failure during the 
design phase of a car body-side production system. The 
integration allows fault diagnosis to be performed using 
real-time information, which is more realistic in dynamic 
processes. In addition, digital twin has been adopted to 
improve building energy performance. Lydon et al. [128] 
introduced structural modeling methodology using the 
digital twin concept to optimize thermal design of 
heating and cooling systems. The research implications 
indicate the potential of digital twin for design phase 
digital fabrication. 

In a construction project, the construction phase 
may be viewed as parallel to the manufacturing phase in 
the manufacturing industry. For this sector, digital twin 
has been dedicated to construction management 
purposes, streamlining time, cost and quality outcomes. 
Angjeliu et al. [129] applied the digital twin concept to 
study structural system integrity in historic masonry 
buildings by developing a digital twin model of a building. 
The model helped users understand structural behaviors 
at different construction stages, verifying that the 
structure could handle designed forces applied to the 
building. Gerhard et al. [130] applied the digital twin 
concept for producing pre-cast concrete segments. The 
proposed method linked real-time products, processes, 
and systemic networking from the physical system to its 
twin. This interactive model reformed the prefabrication 
process and significantly minimized production errors 
[131]. 

In the operation and maintenance phase, the digital 
twin concept plays a role in asset management by 
improving operational efficiency, optimizing operation 
and maintenance costs, and supporting decision-making 
[126]. To demonstrate this concept practically, 
Kaewunruen and Lian [132] developed a digital twin of a 
railway turnout system by using BIM integrated field data 
information to improve maintenance efficiency. The 

system was designed to change the mutual respective 
directions of trains, an essentially complex design and 
construction challenge. The approach as developed 
delivered key benefits through information sharing, 
efficient communication, improved design quality, and 
design errors reduction. Lu et al. [133] indicated that 
BIM could not contribute to satisfactory asset 
management in the operation and maintenance phase, 
especially in terms of information richness and analytical 
capability. Consequently, an intelligent asset management 
framework was proposed by integrating BIM with the 
digital twin concept. The framework aimed to create 
dynamic digital models allowing physical building status 
to be known and updated over time by artificial 
intelligence, machine learning, and data analytics. Digital 
twin applications are concluded in Table 2. 
 
Table 2. Overview of digital twin applications. 
 

Stages Main Applications 

Pre-construction - Design optimization 
- Collaboration platform 
- Preventive design 

Construction - Construction management 
- Real-time monitoring 
- Risk management 

Post-construction - Asset management 
- Predictive maintenance 
- supports decision-making 

 
Digital twin has verified its functionality through 

several construction industry applications. Nevertheless, 
room for improvement remains, especially in the 
construction phase. Previous literature applied BIM as a 
real-time representation of a building with the real-time 
data. Further comprehensive study is required, especially 
on development direction and potential applications. 
 

6. Directions and Potentials of Digital Twin in 
the Construction Industry 

 
6.1. Interrelationships between Simulation, BIM, 

and Digital Twin 
 
One similarity between simulation modeling, BIM, 

and digital twin is the concept of virtual representation of 
physical entities or systems. They also share common 
objectives such as productivity optimization, enhancing 
process visibility, and effective collaboration. However, 
areas of application for BIM and simulation modeling are 
limited compared to digital twin. BIM and simulation 
modeling represent physical entities and real-world 
systems respectively, and both apply static data for 
analysis. By contrast, digital twin represents both physical 
entities and systems in real time (see Table 3). This gives 
the digital twin concept potential for innovating in the 
construction industry and a respected place in 
construction management practice [10]. 
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Digital twin can be exemplified in the construction 
industry context by virtual design and construction 
(VDC) [134], or using BIM and other relevant data to 
digitally design all aspects of a construction project. 
Digital twin offers a similar concept in terms of designing 
an entire project before the construction phase. 
 
Table 3. Comparing BIM, simulation, and digital twin. 
 

Approaches Representations Operations 

BIM Physical entities No real-time 
synchronization 

Simulation Real-world 
systems 

No real-time 
synchronization 

Digital Twin Physical entities 
and real world 
systems 

Real-time 
operational 
response 

 
Following the VDC concept, construction project 

components may be categorized into three manageable 
aspects: product, process, and organization (the POP 
model). Product represents the building to be 
constructed; organization refers to groups performing 
the design and construction; and process alludes to 
activities and milestones that the organization adheres to. 

Digital twin can also be illuminated by BIM since 
both are highly related in research terms [135]. While 
BIM represents a virtual model of a facility, digital twin 
displays the entire system of a construction project. 
Therefore, in the digital twin for construction project 
(DTCP) model, the construction process model is part of 
the system, in addition to the building. Simulation 
modeling can play a role in this aspect [136] by 
representing a virtual construction model throughout the 
project lifecycle. 

Integrating BIM and simulation modeling promotes 
adoption of digital twin in the construction industry. It 
brings out the next level of industry practice by providing 
BIM and simulation the ability to utilize real-time data 
instead of the static information. While BIM takes place 
in a virtual representation of a facility, simulation 
modeling represents the construction process as 
illustrated in Fig. 5. 
  

 
 

Fig. 5. Digital twin concept in the construction industry. 
 
 

6.2. Directions of Digital Twin Executions in 
Construction 

 
Cost is a key consideration for digital twin 

executions in construction projects, insofar as digital twin 
requires higher initial costs when applied to projects, 
mainly due to advanced technological applications for 
tracking and feeding real-time information [137]. Digital 
twin execution reportedly contributes significant benefits 
in return [138]. Nevertheless, a higher initial cost is 
required for projects. 

Optimizing digital twin execution cost will 
significantly boost its adoption in industry practice. For 
this purpose, the scope and purpose of digital twin 
executions much be clarified and explicated. From a 
technical and economic viewpoint, at first it may appear 
challenging to adopt completely automated digital twin in 
the construction industry [139]. To avoid these 
difficulties, gradational implementation should be 
considered. As described earlier, BIM and simulation 
modeling are well-established candidates as 
instrumentation and techniques for developing DTCP. 
Representing construction project products and 
processes, DTCP is manageable and connected to 
physical entities, as shown in Fig. 6. 

 

 
 
Fig. 6 Scheme of a construction project digital twin. 
 

In this sense, DTCP consists of three components: 
BIM, simulation modeling, and framework. The 
framework should be designed to indicate how BIM and 
simulation modeling may cooperate to achieve a specific 
purpose and satisfactory result. 
 
6.3. Potentials of Digital Twin in the Construction 

Industry 
 
The construction industry is listed as being among 

the least digitalized industries, particularly in adoption of 
digital technology [140]. Therefore, the digital twin 
concept has potential to innovate and digitalize the 
industry, as other industries have verified it, akin to the 
way BIM was adopted [1]. 

In the design and engineering phase, BIM and 
simulation modeling integration creates DTCP. In this 
phase, DTCP is concurrently developed in the virtual 
building and construction process model. As BIM 
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participates in building design, it provides required data 
to the construction process model to determine 
construction scheduling optimization and constructability. 
With well-structured frameworks, DTCP is a promising 
concept for bringing a wide range of potential 
applications. 

In the construction phase, the designed DTCP is 
involved in construction management. During the 
construction, the building and its construction model are 
simultaneously updated according to the actual progress 
of the project under construction. Then, based on its 
progress, actual construction performance is analyzed as 
part of deviation investigation compared to baseline 
milestones. In case any deviation, DTCP can weigh 
corrective and preventive action by using its capacity for 
simulation modeling. Also, if any orders change, the 
model can handle them by using the same logic. 
However, real-time construction projects tracking and 
monitoring are challenging, requiring further study [131]. 

In the operation and maintenance phase, DTCP 
becomes a digital asset for facility management. It can 
support decision-making for operations, maintenances, 
repair, and replacement of the existing facilities [88]. 
Supplementary to BIM capabilities, the digital model will 
become dynamic, enabling the status of physical 
buildings to be known and updated over time [133]. 

Although the digital twin concept appears to be a 
promising innovation diversely benefits the industry, 
comprehensive research investigating its further potential 
and practical guidelines remains wanting. 
 

7. Conclusions and Future Research 
 
This research contributes to the body of knowledge 

by presenting a review of simulation modeling, BIM, and 
digital twin from fundamental and domain application 
perspectives. The goal was to shed light on current 
limitations and prominent areas for future research and 
development, knowledge gaps, significant issues and 
challenges, developmental directions and potential 
applications for BIM and simulation following the digital 
twin concept. 

 
Knowledge gaps – Previous research attempted to 
apply the digital twin concept to the construction 
industry by integrating BIM with real-time information 
through IoT and sensors. However, BIM can represent 
only the product part of construction projects as physical 
facilities. Whereas during the construction phase, 
construction operation processes cannot be represented 
following a BIM-based digital twin concept. Despite the 
fact that simulation modeling is appropriate for 
representing the construction operation process, practical 
guidelines and frameworks for integrating BIM and 
simulation remain to be fully studied. 

 
Significant issues and challenges – Problems in 
implementing the digital twin concept in the construction 
industry include: lack of practical guidelines and 

frameworks; higher initial cost than general industry 
practice; absence of data integration and management 
standards; and lack of one-size-fits-all software. Further 
challenges comprise: inability to adopt technological 
advancements, unlike the manufacturing and automotive 
industries; integrating real-time data from construction 
sites; and entry barriers to embracing new technologies 
practically. 
 
Directions – Developmental directions of digital twin in 
the construction industry are based on current limitations 
and prominent areas for development. BIM alone cannot 
represent entire construction projects, including facilities 
and construction. Simulation modeling is a promising 
approach for overcoming these limitations as an integral 
part of using digital twin in construction projects. 
Practical guidelines and frameworks are essential for 
initiating practical implementation, with features and 
applications requiring further study. Potential features 
might include generating optimal construction schedules; 
analyzing construction progress status; and evaluating 
corrective and preventive plans. 
 
Potentials – Digital twin has contributed digital 
transformation and confirmed their potential in the 
manufacturing and automotive industries. Disrupting 
product lifecycle management, digital twinning duplicates 
an entire system in a virtual space, providing promising 
features such as optimizing production processes, 
anticipating potential problems, and lowering operational 
and maintenance costs. In the construction industry, 
digital twin has the potential to contribute similar 
features throughout construction project lifecycles by 
optimizing building design and constructability, 
facilitating construction management, and supporting 
decision-making. 
 
Future research – Future research directions related to 
the digital twin concept in the construction industry are 
based on knowledge gaps and the aforementioned digital 
twin-related significant issues and challenges. BIM must 
be integrated with simulation to overcome limitations of 
each approach, following the digital twin concept. 
Potential future research directions include: BIM and 
simulation modeling integration practical guidelines and 
frameworks following the digital twin concept; potential 
features and applications; industrial standards for 
information integration and management; and BIM and 
simulation system architecture modeling integration 
software. 
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