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Chapter

Roadmap to a Holistic Highway 
Digital Twin: A Why, How,  
& Why Framework
Ashtarout Ammar, Hala Nassereddine and Gabriel Dadi

Abstract

The advent and spread of the COVID-19 pandemic shifted the world’s focus toward 
investing in social structure projects that would improve urbanization and enhance 
equity. This shift compiled with the emergence of innovative technologies namely 
Digital Twins, allowed for investigating new approaches for designing and delivering 
infrastructures, thus paving the road toward smarter infrastructures. Smart infra-
structures achieved by connecting the physical aspect of the infrastructure with its 
digital aspect will allow for optimizing the performance of infrastructure systems by 
digitally enhancing the asset value and leveraging the value of asset data. Digital Twins 
can be applied to several civil infrastructure projects including the transportation sec-
tor. Also, Digital Twins can be implemented for different spatial scales, on a national 
level, on the level of the city, and for a network of assets. Few case studies described 
how to transfer a Digital Twin vision to practice; thus, this chapter presents the jour-
ney for a holistic Digital Twin for a highway system formed of a network of assets by 
discussing the Why, How, and What framework. A holistic highway Digital Twin will 
allow for cross-asset data analysis, conducting predictive and preventive maintenance, 
and efficient resource allocation based on data-driven decision-making.

Keywords: digital Twins, data management, data management system, civil 
infrastructure systems, highway system, transportation assets

1. Introduction

In 2019, the world witnessed a global crisis caused by the emergence and spread of 
COVID-19 an infectious disease that caused the death of millions of people [1]. With 
the emergence of the pandemic, it was evident that the lack of focus on sustainable 
development goals (SDGs), especially the ones related to people and the environment, 
played an important role in the emergence and spread of infectious diseases, including 
COVID-19 [2]. The resulting chaos caused by the pandemic urged a shift in goals and 
investments toward health and infrastructure [3]. Thus, the pandemic has accelerated 
the shift toward social infrastructure projects targeting urbanization, healthcare, 
infrastructure, and Global Water, Sanitation, & Hygiene (WASH) projects, which 
will help cities to face future pandemics [4, 5]. This shift motivated governments to 
upgrade systems to achieve a more resilient and sustainable infrastructure ecosystem 
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and consider implementing and adopting technologies within the architectural, 
engineering, construction, and operation (AECO) industry [6, 7].

Some governments started this shift before the pandemic to help overcome the 
challenges of the AECO industry and improve the industry’s digitization capability. For 
instance, the United Kingdom (UK) in their 2018 construction sector deal, a partner-
ship between the government and the construction sector, dedicated £600 billion of 
investment in infrastructure including £31billion to boost digital construction and 
smart infrastructure [8]. Conversely, in the United States (US), in November 2021, the 
Infrastructure Investment and Jobs Act (IIJA) was officially legislated. The IIJA is a $1.2 
trillion investment, representing the “largest investment in the nation’s critical infra-
structure systems in a generation or more” [9]. The new law will allow for the invest-
ment of $110 billion in funding for roads, bridges, and major infrastructure projects. 
This investment will support mitigating the impact of climate change, building resilient 
and sustainable infrastructure, enhancing equity, and improving safety for road users 
of all modes [10]. Moreover, the law dedicated $100 million to fund the digital con-
struction management systems and related technologies program. It is anticipated that 
this program will support the investment in technologies and tools including visual-
based inspection technologies, construction management tools, electronic ticketing 
(e-ticketing), Digital Twins, and unmanned aerial vehicles (UAVs) [11].

Smart infrastructure—or the combination of the physical aspect of the infrastruc-
ture with its digital aspect—is a global opportunity worth £2 trillion to £4.8 trillion 
[12]. Smart infrastructures will allow for a better understanding of the performance 
of the existing infrastructure system, thus optimizing its efficiency and supporting 
the design and delivery of new infrastructure systems [12]. The concept of connect-
ing the physical aspect of assets with its digital model aligns with the concept of 
Digital Twins, which was defined by several researchers as the digital representation 
of physical assets, or a digital model created to depict either an existing, ongoing, or 
future construction project and linked throughout its lifecycle [13, 14]. The authors of 
[14] highlighted the notion of the Digital Twins for the construction project lifecycle 
and emphasized the different capabilities of the technology including increased 
transparency of information, real-time monitoring, analysis, and feedback, better 
stakeholder collaboration, advanced preventive measures, advanced what-if scenario 
analysis and simulation, real-time tracking, and higher accuracy.

The concept of Digital Twins emerged with the Fourth Industrial Revolution, 
known as Construction 4.0 in the AECO industry. However, among the technologies 
under the umbrella of Construction 4.0, Digital Twins is the least researched in the 
industry [15] and, while its definitions and applications vary from one sector to the 
other, its framework is similar [12]. For smart infrastructures, the framework of 
Digital Twins can be presented as a pyramid formed of a base and three layers. The 
base is formed of raw data collected using several tools and methods including cus-
tomer billing, sensors, drone surveys, laser surveys, building information modeling 
(BIM), geographic information system (GIS), and control systems, among others. On 
top of the base, resides the data management layer such as data storage, data cleaning, 
data structure, and other practices related to data management. The layer above data 
management is data analysis and interpretation or making sense of the existing data. 
Finally, the crown of the pyramid (i.e., the third layer) is decision-making. As such, 
to leverage the process of data-driven decision-making, it is essential to lower the data 
volume (i.e., layer 1) and increase the data value (i.e., layer 3) where the three layers 
are internally and externally connected by communicating information as presented 
in Figure 1 [12].
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This chapter thoroughly investigates the existing research on Digital Twins in 
the infrastructure industry (Section 2), the applications of Digital Twins in the 
transportation sector (i.e., bridges, rails, tunnels, and highways) (Section 3), and the 
implementation of Digital Twins for different spatial scales in the civil infrastructure 
industry (i.e., national level, city level, and for a network of assets) (Section 4). 
Additionally, this chapter discusses the vision for a holistic Digital Twin for a highway 
system (Section 5) and summarizes major findings in a conclusion section (Section 6).

2. Existing research on Digital Twins in the infrastructure industry

Digital Twins originated in aerospace engineering; however, with the advance-
ment in technology, the concept is no longer limited to complex systems and can be 
implemented to provide a digital representation of any system [16]. This feasibility 
encouraged several researchers from different industries to investigate the concept of 
Digital Twins. The increased focus on data and the opportunities created by digitiza-
tion promoted the potential of the emerging phenomenon of Digital Twins in the 
manufacturing industry with the wave of Industry 4.0 to fulfill the requirements of 
smart factory [17–19]. The concept of Digital Twins then found its way to the oil and 
gas industry to optimize offshore operations, reduce risks to health, safety, and envi-
ronment, and facilitate complex integrated processes [20]. Similarly, the construction 
industry began considering Digital Twins a key enabler for its digital transformation 
that could improve the industry’s poor record in digitization [14, 21]. Moreover, the 
digital transformation of engineering assets increased the interest of both researchers 
and practitioners to investigate the implementation of the concept of Digital Twins in 
the civil infrastructure domain [22].

Several researchers investigated the implementation of Digital Twins in the infra-
structure sector. The authors of [23] examined the current practices of implement-
ing Digital Twins through a series of semi-structured interviews with experts and 
executives from the UK infrastructure industry. Their study found that the current 
implementations are still not mature and most of them are under development. These 
implementations included 3D modeling of physical assets, integration of real-time 

Figure 1. 
Digital Twins model for smart infrastructure (adopted from [12]).



Critical Infrastructure - Modern Approach and New Developments

4

weather forecasts, asset data and information projects, integration of different 
information systems coming from several organizations (in the construction phase), 
and contract management systems throughout the supply chain (in the construc-
tion phase), procurement of a network management system and its integration with 
existing systems, sensor data collection, implementation of common data environ-
ments, and modeling of systems and control philosophies. Similarly, the authors of 
[24] conducted a comprehensive review to investigate the implementation of Digital 
Twins within the civil infrastructure systems (i.e., transportation, energy telecom-
munication, water and waste, and smart cities). They thoroughly investigated the 
existing literature, in addition to surveying professionals and interviewing stakehold-
ers. It was also found that the concept of Digital Twins in the infrastructure industry 
is still in the early stages of development. The authors also highlighted that the major 
adoption of Digital Twins within the civil infrastructure system was to optimize 
operations. Also, they emphasized that it is critical to investigate how Digital Twins 
can be retrofitted into existing infrastructure systems to improve the efficiency of 
their operation and maintenance. More recently, the authors of [22] conducted a sys-
tematic literature review to map the applications of Digital Twins within the road and 
rail system, telecommunication, and electricity networks. This study showed that the 
available studies are scarce and that the use of Digital Twins is mainly perceived for 
the operation and maintenance phase. It was also noted that while Digital Twins can 
leverage the value of asset information and, thus, improve the process of data-driven 
asset management decisions, the impact of Digital Twins on the development of asset 
management programs within infrastructure organizations should be addressed. 
Since the focus of this chapter is on transportation systems, a comprehensive review 
of the existing studies on the application of Digital Twins for transportation systems 
is discussed in the following section.

3. Digital Twins applications for the transportation system

The transportation system includes the sectors of bridges, railroads, tunnels, and 
highways. Transportation systems are critical for the development of any jurisdiction, 
they represent the arteries necessary for connecting people, delivering goods, and 
providing services for economic development. The failure of these systems can result 
in considerable economic losses [25]. To mitigate the risks of failure and to improve 
the management of such a critical and aging system, the transportation sector fol-
lowed suit and investigated the implementation of Digital Twins with a wide variety 
of applications.

3.1 Digital Twin applications for bridges

Bridges are complex engineering systems and are considered high-value assets 
with a relatively extended life span; thus, their continuous maintenance to prevent 
their deterioration and mitigate the risks of their failure is always a priority for 
infrastructure organizations. As such, the ability to conduct preventive maintenance 
and lifecycle monitoring of bridges became an essential strategy in the bridge indus-
try since it can support proactive measures to maintain the structural integrity of 
bridges throughout their entire lifecycle. The capability of Digital Twins to aggregate 
real-time data and historical data, support data analysis, and enable insights on 
preventive maintenance captured the attention of researchers in the bridge industry 



5

Roadmap to a Holistic Highway Digital Twin: A Why, How, & Why Framework
DOI: http://dx.doi.org/10.5772/intechopen.108546

to investigate the potential of implementing Digital Twins in their bridge design, 
construction, operation and maintenance, and deterioration [26, 27].

A Digital Twin solution to enhance bridge maintenance by integrating a main-
tenance information management system based on a 3D information model with 
a digital inspection system using image processing was proposed by the authors 
of [26]. The proposed model was validated for maintaining pre-stressed concrete 
bridges where it facilitated the detection of surface damages in a real-time manner, 
thus providing early warnings of any potential distress and enabling early remedial 
interventions. Additionally, a closed lifecycle fatigue management driven by Digital 
Twins for steel bridges was developed by the authors of [27]. The authors discussed 
the implementation mechanism of Digital Twins in the bridge design phase, the 
bridge construction phase, the bridge service and operation phase, and the bridge 
retirement phase. The authors noted that a Digital Twin-driven fatigue management 
system can support the integration of a diversity of fatigue data including historical 
fatigue information after the bridge retirement thus providing better insights for the 
design and management of new bridges.

3.2 Digital Twin applications for railroads

The railway system is no less important than bridges, which is also a complicated 
system made of several subsystems, where their maintenance and condition monitor-
ing is critical to mitigate the risks and ensuring safety. Asset managers should have 
access to continuous information related to the railroad conditions to allow for the 
early detection of any surface abnormalities caused by temperature change, degrada-
tion, or component failure and to have the ability to automate and modify railway 
turnouts or railway switches automatically, in case of an emergency. In that man-
ner, Digital Twins with its capability of integrating multi-sourced data such as data 
collected by sensors depicting the railroad conditions and weather conditions allows 
it to act as a centralized data source that can act as a traffic management and control 
system [28, 29]. The authors of [28] applied the concept of Digital Twins to monitor 
railway turnouts, a very complicated system by nature of design and construction. 
Sensors were used to measure the rail temperature promptly and cyclically to sup-
port the data acquisition of rail turnouts and to capture emergency conditions. This 
automated and continuous analysis of the rail components increased the efficiency of 
managing and maintaining railroad turnouts. Moreover, the concept of Digital Twins 
for the European Train Control System (ETCS) applications was investigated [29]. 
The Digital Twin served as a repository and universal simulation environment to sup-
port the automatic check and compliance of organizational and operational require-
ments, system requirement specifications, design principles, regulations governing 
railway operations, interfaces with the control-command basic layer system, and 
requirements for the verification process of the control-command subsystem. This 
resulted in a significant reduction in the duration and cost of validating the ETCS 
applications.

3.3 Digital Twin applications for tunnels

The development of smart cities and the advancement of available technolo-
gies enhanced the utilization of urban underground spaces to construct urban 
infrastructures such as tunnels. Tunnels are complicated spatial structures and have 
multiple electromechanical components, such as ventilation systems, necessary for 
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their operation. Digital Twins can support the operation and maintenance of tunnels 
and allow for lifecycle management analysis [30, 31]. A Digital Twins prototype of 
noise barrier tunnels (NBTs) was implemented to predict the life and condition of 
the tunnel components using numerical behavior analysis. Sensors were used to link 
the behavior of the physical model of the NBT (i.e., a digital model created using a 
3D printer) and the digital model of NBT (i.e., a shape-generation script comprised 
the NBT shape-generation, component-shape generation, and component mapping 
and layout models) [30]. The implemented Digital Twins prototype allowed for the 
lifecycle management analysis, which can help reduce NBT installation costs, support 
the use of recycled materials, and make the process of installation more sustainable by 
identifying components that should be replaced at the early stages of the NBT design. 
Moreover, the authors of [31] proposed a Digital Twins-based decision analysis frame-
work for the operation and maintenance of tunnels. The proposed framework defined 
the decision analysis and an extended Construction-Operations Building information 
exchange COBie standard-based organization method employed to define information 
for assets that are delivered as part of facility construction projects and used to docu-
ment the data with BIM—and integrating data using semantic web technologies. The 
proposed framework was validated by operating and maintaining complex electrome-
chanical systems such as fans that are used to eliminate harmful gases and control vis-
ibility inside the tunnel. The Digital Twin framework supported the early detection of 
any anomalies in the operation of fans and determining the fault causes. This allowed 
for taking timely maintenance interventions to ensure better operation of the tunnel.

3.4 Digital Twin applications for highways

Highways are less complicated when compared to other transportation systems 
in terms of their structure, nevertheless due to their expansion over a vast network 
and the use of vast quantities of materials their lifecycle management and material 
durability are always a concern. Multi-sourced data integration enabled by Digital 
Twins facilitates the prediction of highway materials performance, allows better 
visualization of key performance indicators (KPIs), and supports reliable and data-
driven decision-making [32, 33]. A framework combining Digital Twins and multiple 
time series stacking (MTSS) was employed to predict the performance of highway 
tunnel pavement performance [32]. The Digital Twins is formed of three key com-
ponents: (1) data collection module including pavement performance data collected 
by performance indicators such as sensors and high precision accelerometers, main 
maintenance records extracted from the operation and maintenance system, tunnel 
highway structure, traffic flow, and tunnel environment; (2) prediction model, where 
a pavement performance prediction model was developed based on multiple dif-
ferentiated models generated to predict the future performance of selected pavement 
section; and (3) parametric analysis model, established in the dynamo environment 
to integrate the multisource spatial-temporal data of the BIM model and the physical 
assets. The proposed framework was validated using a case study, and it was found 
that the visuals provided by Digital Twins allowed for conducting preventive mainte-
nance. Similarly, the authors of [33] established a fully functioning Digital Twin of a 
road constructed using secondary raw materials (SRMs). The model included struc-
tured geometric and attribute data related to SRMs such as material data, chemical 
and mineralogical composition, strength, and unstructured data including real-time 
material characteristics collected by sensors. The developed Digital Twins supported 
data centralization and allowed the graphical presentation of KPIs.
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3.5 Section summary

Infrastructure projects are complicated construction projects with a lifespan that 
might expand for a couple of decades. It is well known in the construction industry 
that the cost of operation and maintenance can be up to two or three times the cost 
of the initial construction and that it can equate from 60 to 80% of the total lifecycle 
cost, with the extended lifecycle of infrastructure projects this cost can be signifi-
cant [34]. Infrastructure asset management constitutes several processes that are 
data-intensive and necessitates continuous data collection and analysis to support 
decision-making. The emergence of Construction 4.0 technologies, mainly Digital 
Twins, facilitated by the availability of powerful and cheaper sensors and cyber-
physical systems (CPS) and with the aid of computational technologies such as big 
data analytics, semantic web-based technologies, and the Internet of Things (IoT) 
coupled with the drive toward digitizing infrastructure assets and transforming them 
into “smart infrastructures” provided a more holistic and innovative approach for 
managing infrastructure assets and informing decision-making.

The use of Digital Twins for transportation systems was mainly implemented 
to help asset managers better operate and maintain complex and interconnected 
sub-systems, monitor the performance of different system components, enhance the 
visualization of information necessary to conduct preventive maintenance and detec-
tion of abnormalities, conduct lifecycle management analysis, and take proactive 
interventions to mitigate failure risks and enhance the system’s structural integrity. 
Moreover, the capability of Digital Twins to act as a centralized hub of meta-data with 
multiple sources supported the establishment of a universal simulation environment 
and data repository, thus allowing asset managers to have access to reliable informa-
tion and therefore allowing them to conduct informed and quality-based decision-
makings. However, the discussed studies showed that the implementation of Digital 
Twins for the transportation system is not mature yet. Most of the studies presented 
either a practical or conceptual Digital Twins framework that was driven to satisfy its 
purpose of solving an identified problem. No large-scale Digital Twin for transporta-
tion systems was employed where the full potential of Digital Twin is achieved, and 
their capabilities are optimized. Nevertheless, the proposed frameworks showed 
promising results toward adopting Digital Twins in the transportation sector.

4.  Digital Twins for different spatial scales in the civil infrastructure 
industry

Sections 2 and 3 showed that Digital Twins can be used for many purposes. It can 
be used for potential future planning by running what-if simulations, and predictive 
and preventive maintenance management. Also, it can be implemented in the proj-
ect’s current state for operation and maintenance, real-time monitoring and control, 
and early detection of abnormalities to optimize the performance of assets. Moreover, 
it can act as an archive for historical data and provide key insights from past lessons. 
However, Digital Twins can be used for multiple purposes and can be employed for 
different spatial scales, that is, on the level of an asset, for a network of assets, for 
a system or city, and at a national level. As was mentioned in the previous sections, 
most of the applications of Digital Twins were for a specific purpose and on a small 
scale and this could pertain to the fact that the concept of Digital Twins in the civil 
infrastructure industry is not mature yet. Previous studies showed very promising 
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results, and this encouraged several governments, institutions, and organizations 
to explore the practicality of the concept and build a vision toward optimizing the 
potential of Digital Twins on a holistic spatial scale and investigate different strate-
gies, frameworks, and roadmaps to bring the vision into action and transform the way 
of planning, verifying, delivering, and operating the built environment.

4.1 Digital Twins on a national level

The case studies on envisioning the implementation of Digital Twins on a national 
level are very limited since this is a huge investment and requires the collaboration of 
several stakeholders. However, the UK is leading in this initiative and the government 
generated the Industrial Strategy Transforming Construction Programme and estab-
lished the Center for Digital Built Britain (CDBB) at the University of Cambridge to set 
definitions and principles across the built environment to develop a roadmap toward 
a National Digital Twin (NDT); an ecosystem of connected Digital Twins of physical 
assets to leverage the use of asset data for the benefit of the public [35]. The vision for 
Digital Built Britain is to “enhance the natural and built environment, thereby driving 
up commercial competitiveness and productivity as well as quality of life and wellbeing 
for the public. This will be achieved through better planning, delivery and whole-life 
management of infrastructure and the wider built environment—enabled by muster-
ing the full power of the information value chain” [13]. It is perceived that the use of 
an information management framework and an NDT in a coordinated and considered 
manner will support the release of data from isolated silos and enable the creation 
of a centralized data repository, resulting in an additional £7 billion/year of benefits 
across the UK infrastructure sectors [36]. The road map for delivering the information 
management framework can be addressed by answering the following questions [13]:

1. Approach: What is the best overall approach for realizing the benefits of infor-
mation management across the built environment?

2. Governance: What are the best structures and processes for managing the devel-
opment, adoption, and ongoing oversight of the framework?

3. Standardization: What principles, guidance, specifications, and formal stan-
dards are required?

4. Enablers: What potential blockers are there, and how should they be addressed? 
What cultural, behavioral, technological, commercial, or other adjustments are 
necessary?

5. Change: What should be done to get the framework adopted across the whole 
built environment?

To guide the development of the framework and the NDT, CDBB defined the 
Gemini Principle as the conscience of the framework identified by nine principles 
and distributed over three clusters (1) purpose, (2) trust, and (3) function [13]. The 
NDT should have a clear purpose and must be used to provide good to the public, 
enable value creation and improve performance, and must provide insights into the 
built environment. Additionally, it should be trustworthy to the public; otherwise it 
will lose value, data sharing should be open as possible but at the same time should 
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be secured to ensure its integrity and should rely on quality data. Finally, the NDT 
should function effectively in support of its purpose, must be based on standards 
with clear data ownership and data governance, and should be flexible to develop and 
adopt any technological or system evolutions in the future.

4.2 Digital Twins on a city level

Historically, Singapore faced several challenges while planning its built environ-
ment to provide a better quality of life to its residents considering that its area is 
728.6 km2 and its urban density is the third worldwide. To face these challenges, the 
government of Singapore with the aid of several authorities and research foundations 
developed “Virtual Singapore: A Digital Twin for Planning,” a platform providing 
a dynamic 3D virtual model of the urban areas of Singapore. The government used 
2D maps to solve urban challenges; however, with the emergence of 3D models 
they realized the potential of 3D data in offering planners a more comprehensive 
platform to design and pilot urban solutions. This innovative program was oper-
ated with three strategic objectives, (1) to consolidate research in 3D data, (2) to 
develop an operational 3D city model and data platform that integrates BIM, 3D GIS, 
and simulation for planning use by researchers, citizens, and authorities, and (3) 
develop a 2D/3D Digital Twin for Singapore that offers planners and citizens tools to 
examine spatial data and test-bed concepts, and observe the impacts of projects in a 
“Virtual Singapore” before delivery in the real world [37]. The applications of Virtual 
Singapore include flood risk analysis, the potential for solar panels and green roofs, 
and monitoring the impact of wind load on vegetation [37].

Similar to Singapore, the city of Vienna has been experiencing continued growth 
and demand for new buildings, pressuring the city to issue thousands of new building 
permits every year. The process of building validation and verification is sophisticated 
and prone to the loss of information between the building authority and the planners 
and investors. Digitizing this process and using BIM at the early stages of design and 
being aware of the benefits of Digital Twins will allow building owners to have a 
Digital Twin model for their facility that they can use throughout the facility lifecycle 
and will provide authorities with an efficient building verification and a permission 
process. For that purpose, the city of Vienna worked with TU Wein and experts from 
different engineering and architectural firms and consultants on a project titled 
BRISE-Vienna, an openBIM-based building submission process aiming to integrate 
the building authority into the Digital Twin of a construction project throughout its 
lifecycle [14]. The development and maintenance of a Digital Twin for all buildings 
provide the building authority access to up-to-date Digital Twins throughout the 
phases of the building lifecycle. The sum of the Digital Twins of all buildings results 
in a Digital Twin of the city, named an Urban Digital Twin (UDT). UDT creates 
new opportunities for strategic considerations (urban mining, area analysis, and 
fire protection analysis) and further research activities (data basis for AI training 
and thermal simulation). Hence, UDT allows the city to perform advanced what-if 
scenario analysis and simulations to simulate the change of power supply or heating 
systems in a whole area for instance (i.e., change to district heating) [14].

4.3 Digital Twins for a network of assets

The government in the UK is very ambitious about being the world leader in 
shaping the future of infrastructure; for that purpose, they set their vision for Digital 
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Roads from 2020 to 2025 and are working on the longer vision of 2050. It is perceived 
that Digital Roads will harness data, technology, and connectivity to enhance the way 
the strategic road network (SRN) is designed, constructed, operated, and used. This 
will allow for safer traveling, faster delivery, and an optimized customer experience 
[38]. The vision toward Digital Roads is built based upon three core themes as pre-
sented in Table 1 [39].

By the same token, several state Departments of Transportation (DOTs) in the US 
followed suit and investigated how they can embrace Digital Twins to leverage the 
value of enterprise asset information to conduct daily operations, monitor perfor-
mance, and provide transparency to the public. For instance, Utah DOT (UDOT) 
envisioned Digital Twins as an information management strategy to connect enter-
prise asset information to a geospatial model of individual physical assets. Digital 
Twins is foreseen to support the documentation of the planned and as-constructed 
(as-built) updates and therefore to fill the gap in the information across project 
development for priority assets, thus ensuring the collection of the necessary infor-
mation to document asset histories and proper governance of the asset current state 
[40, 41]. Moreover, at the organizational level, the Digital Twins of the transporta-
tion asset systems will provide a single source of reliable, real-time information that 
will be used across different divisions of the department and the public enabling 
UDOT to perform complex analyses and make holistic decisions to improve safety, 
enhance mobility, and preserve the transportation infrastructure [41]. Additionally, 
UDOT identified several tactical goals with a two-year horizon considered high-value 
activities with no pre-requisites, and strategic goals with a five-year horizon which 
are also considered high-value activities with pre-requisites and requires further 
collaboration. The identified tactical and strategic goals required for the achievement 
of the overarching objective of adopting Digital Twins for infrastructure assets are 
summarized in Table 2 [41].

Themes Subthemes Description

Created by Iconstock from 

Noun project

Digital Design & Construction

Digitally enabled design Activities will be automated, 
modular, and conducted off-site, 
resulting in safer production, 
reduced disruption, increased 
productivity, and smoother 
journeys

Modular & standardized 
approaches

Automated construction

Created by Aficons from Noun 

project

Digital Operations

Intelligent Asset Management Operations will leverage data to 
drive increasingly pre-emptive 
interventions - resulting in 
improved asset resilience, 
increased asset life, and a safer, 
smoother-running network

Enhanced operational 
capability

Digitally enabled workers

Created by Sunardi from 

Noun project

Digital for Customers

Information Provision Customers will be better 
informed and have trust in the 
journey information they access, 
ensuring that they feel safe and 
in control of their journeys.

Customer engagement

Partnerships & alliances

Table 1. 
Core themes for UK Digital Road Vision 2025.
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4.4 Section summary

Envisioning Digital Twins on a large spatial scale is starting to sound appealing 
among governments, institutions, and organizations. Few envisioned implement-
ing Digital Twins on a national level, others proposed its implementation to face the 
challenges associated with planning urban environments in developed cities, while 
some intended to use it for a network of infrastructure assets to digitize the design, 
construction, and operation of transportation networks or to manage the data of 
priority assets and fill the gap of the enterprise information.

Each presented vision started by identifying the purpose behind adopting Digital 
Twins for infrastructures and they established a set of certain principles, themes, 
strategic objectives, or goals that they considered necessary for achieving the 
overarching objective of this adoption. Also, they discussed the expected benefits 
resulting from this implementation. However, there is a lack of pilot projects or actual 
studies that implemented Digital Twins and explained the transition from vision to 
action. In the next section, we are going to discuss the vision toward a holistic Digital 
Twin for a highway system and to further understand how to move from concept to 
practice, a case study is presented.

5.  Journey for a holistic Digital Twin for a highway system—the why, what, 
and how

A vision for a holistic Digital Twin is initiated by identifying the purpose by 
answering the Why component, or in other words, Why is a holistic Digital Twin for a 

Tactical goals

(2 years horizon)

Strategic goals

(5 years horizon)

Created by Ayub Irawan from Noun project Created by Gregor Cresnar from Noun project

Analyze the business architecture. Find ways to 
improve how to develop projects,

Use automation to harvest asset information from project 
data.

Govern project data, define the rules, roles, and 
responsibilities for data.

Simplify how information is collected to increase 
consistency and focus on priority activities in 
construction.

Finalize the model development standards 
manual and use it on all design projects.

Roll out the policies, tools, and roles for data governance in 
the development of projects.

Use a repeatable process in construction to 
update the asset information created in the 
design.

Use the two prototype Digital Twins on all projects with 
those assets. Create Digital Twins for other assets.

Build a prototype Digital Twin for two assets 
(examples, single post signs and barrier). Pilot 
the Digital Twins on projects.

Make the Digital Twin program sustainable. Invest in Digital 
Twins to bring value to UDOT as technology changes.

Adopt the concept of Digital Twin across all groups within 
the Department.

Table 2. 
Tactical and strategic goals identified by the Utah Department of Transportation for a successful implementation 
of Digital Twins for infrastructure assets.
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highway system needed? where a clear statement describing the purpose is generated. 
After declaring the overall purpose, a set of principles, themes, strategies, or goals are 
formed for setting the How component, that is, the process, or in other words, How 
can the vision for a holistic Digital Twin for a highway system be achieved?, which can be 
described by setting short- and long-term objectives that should be achieved to fulfill 
the overarching objective for adopting a holistic Digital Twin. Finally, What com-
ponent should be investigated, that is, What is the outcome resulting from the imple-
mentation of a holistic Digital Twin for a highway system? The Why, How, and What 
components of a holistic Digital Twin for a highway system are presented in Figure 2. 
In the following sub-sections, the three research questions will be addressed.

5.1 Why the need for a holistic Digital Twin for a highway system

A highway asset system within a state Department of Transportation (DOT) can 
be classified into three categories: bridges, pavements, and ancillary assets. Usually, 
state DOTs prioritize the management of high-value assets and highly-visible ones 
such as pavements and bridges. However, transportation systems extend beyond 
pavement and bridges to include a wide variety of ancillary assets [42]. Ancillary 
assets represent a significant investment of public funds and many are essential for 
the safe and efficient operation of highway facilities including, for instance, access 
ramps, guardrail end treatments, pavement markings, signs, culverts, drain inlets 
and outlets, communication systems, and intelligent transportation system (ITS), 
among others. DOTs are responsible for managing highway assets; thus, they are 
responsible for collecting, storing, managing, and analyzing vast amounts of asset 
data to support the process of transportation asset management (TAM) [43]. Every 
year state DOTs conduct hundreds of projects and make changes to existing ones. 
New construction projects require the generation of new sets of data to be included 
in the current database. On the other hand, reconstruction, rehabilitation, asset 
demolition, or other major maintenance activities require revising and updating 
the database. All changes conducted for assets through the project execution and its 
whole lifecycle should be collected accurately and promptly to ensure effective TAM 
and proper operation and maintenance (O&M) [44]. However, state DOTs are facing 

Figure 2. 
The why, how, and what components of a holistic Digital Twin for a highway system.



13

Roadmap to a Holistic Highway Digital Twin: A Why, How, & Why Framework
DOI: http://dx.doi.org/10.5772/intechopen.108546

several challenges integrating data across systems and throughout the asset lifecycle 
[45], and they need to focus on six major data management practices that are data 
collection, data handling, data flow, data transfer, data governance, and data integra-
tion to achieve a seamless data management approach and improve the value of data 
to enable informed decision-making [46].

Conversely, with the emergence of technologies and the notion of data-driven 
decision-making, where data itself is considered a high-value asset, state DOTs 
changed their perspective on operational performance where they focused more on 
operating and maintaining the existing transportation system instead of expand-
ing it, and thus, they are investigating new approaches to manage and operate their 
transportation assets [47]. However, operating and maintaining existing assets is a 
sophisticated process and requires complicated decision-making since state DOTs 
need to identify for each asset a defined management strategy, select priority assets, 
and make cross-asset resource allocation decisions that would consider multiple 
objectives [42]. Moreover, transportation asset management requires the existence 
of spatial metadata with heterogeneous data features coming from multi-sources, in 
addition to data throughout the asset lifecycle, that is, asset history (e.g., as planned 
asset data), the current state of the asset (e.g., as-constructed asset data), and real-
time data about the asset condition to allow for asset condition monitoring and 
control. Given the relatively extended life of assets, state DOTs need to use tools and 
technologies that will enable them to access reliable and informative data to support 
a lifecycle management approach and adopt data management approaches that can 
evolve with the evolution of technologies and future data requirements.

Furthermore, asset management can be explained as the task of connecting the 
fundamental mission of an organization of operating the infrastructure, that is, 
connecting the digital aspect of the asset and its physical aspect to ensure better asset 
operation and maintenance and support decision making [48]. This concept of asset 
management of connecting the physical and digital aspects of assets intersects with 
the concept of Digital Twins for infrastructure [40]. As such, with the capabilities of 
Digital Twins in supporting decision-making by providing one source of data registry 
and a simulation environment to allow for the conduction of prognostic and diagnos-
tic maintenance, in addition to its ability to integrate multi-sourced data and provide 
enhanced data visualizations, the concept of Digital Twins can be adopted by state 
DOTs to transform their way of designing, delivering, and operating and maintaining 
their transportation assets. However, to optimize the use of the concept of Digital 
Twins, a holistic Digital Twin for the highway system is necessary, since a global-
ized highway Digital Twin includes informative data about all assets constituting a 
highway ecosystem and how they interact with each other and with the surrounding 
environment, thus allowing state DOTs to have better insights toward managing 
cross-asset systems and make decisions on resource allocation to optimize the perfor-
mance of cross-asset systems, and the overall highway system.

5.2 How to achieve the vision for a holistic Digital Twin for a highway system

After identifying Why is a holistic Digital Twin for a highway system is needed, it 
is important to understand how the vision can be translated into action. The best way 
to fulfill this understanding is to learn from leading organizations that succeeded in 
putting visions into practice. A case study is a form of qualitative research that offers 
an in-depth examination of the topic [48]. The case study presented in this section 
started as a vision where the facility management department within the Sydney 
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Opera House imagined having a 3D model of the facility where they can fly around, 
select different assets, and view all the related information in one system. This vision 
was put into practice, where a Digital Twin providing a single source of information 
for regular building operational requirements and ongoing projects was created.

5.2.1 Digital Twins from vision to action: a facility management case study

The Sydney Opera House was added to UNESCO’s World Heritage List in 2007 
and is a multi-venue performing art center located at Sydney Harbor in Sydney, New 
South Wales, Australia. It is one of the country’s most iconic and distinctive buildings. 
The building welcomes more than 8.2 million visitors a year, presenting more than 
2000 shows 363 days a year for more than 1.5 million people [49]. The management 
and maintenance of the building are very challenging because of the special purpose 
that the building serves and the required technicalities, for instance, when the Sydney 
Symphony Orchestra is on stage in the concert hall, the room temperature must be 
maintained at 22.5 degrees to ensure the instruments stay in tune [50]. The building has 
more than 1000 rooms and managing the use of spaces is dynamic. For instance, spaces 
might be used for other purposes such as using lifts as dressing rooms for certain shows, 
partitioning different rooms, or merging spaces to expand the capacity and make 
use of the added space. The budget for the yearly maintenance of the Sydney Opera 
House amounts to $30 million AUS (equivalent to £16.5 million or $20.7 million) [51], 
thus aiming to reduce this high cost, the managers of the Sydney Opera House started 
investigating innovative solutions to support them in achieving their objective.

As such, in 2013 the BIM Academy (one of the world’s leading research and stra-
tegic consultants in the global digital built environment established by Northumbria 
University and Ryder Architecture) won a worldwide tender for the contract to write 
a detailed BIM strategy to support the facility management (FM) of the Sydney Opera 
House. Writing the technical piece of the BIM-based facility management required a 
comprehensive review and thorough investigation of the existing disparate systems 
that were used to operate the building, methods of documentation, and the current 
approaches to information modeling. More than 350 interviews with the Sydney Opera 
House facility managers and employees were conducted to establish a roadmap and 
write a detailed technical specification for the BIM for FM interface that would con-
nect the facility existing data and future data to the BIM model. The technical speci-
fication identified the requirements, developed a model management plan describing 
the process of developing the 3D models on site, and identified the information that 
should be included. This phase of the project facilitated the achievement of the second 
phase which is delivering the Digital Twins platform of the Sydney Opera House.

For the second phase of the project, the BIM Academy collaborated with AECOM 
(a global multidisciplinary consultancy), and EcoDomus (a leading software devel-
oper), to tender and subsequently win the delivery of a Digital Twin-enabled facility 
management platform for the Sydney Opera House. Alongside that, they won a bid 
to reformat their documentation system and their spatial management system by 
expanding their capacity to support the newly developed system. This phase of the 
project was executed in two stages. The first stage involved recouping and integrating 
information from the existing database with the newly established database within 
the 3D model. The second stage introduced a broader range of functional systems 
that can be added to the BIM interface over time. The aim was to improve the existing 
Technical Document database (TDOC) and develop a new spatial record management 
system. The new system encompasses the 3D model and will act as a parent system for 
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all other sub-systems such as the document management system, spatial management 
system, asset register, and condition management system, and will support the estab-
lishment of one source of true data. TDOC will improve efficiency by eliminating 
wasted efforts and providing usability improvements. Changes such as updating the 
types of information that could be added to a document, editing information, adding 
functionalities to edit significant numbers of documents in bulk, and updating the 
system became more feasible and can be done promptly.

The vision of delivering a Digital Twin platform for the Sydney Opera House was 
thus achieved over two phases where each phase had several stages. Business analysis 
was first conducted, followed by comprehensive, structured research and a review of 
existing information systems and technical and IT infrastructure. Next, integration 
for systems was designed and innovative potential solutions were solicited. Then, 
model management was planned and a technical specification with a road map was 
established. Finally, Digital Twin delivery and implementation were achieved, and user 
approval, training, and testing were accomplished. The created Digital Twin platform 
enabled facility managers to have access to reliable geometry and to operate the building 
easily. Moreover, the platform is not only used by facility managers, but it can also be 
used by marketing teams to organize events and design and plan seats; security teams 
to plan logistics around new events; and site management, for instance, removing large 
bits of equipment and implementing others. The Sydney Opera House implemented the 
Digital Twin platform as an innovative solution to have better access to asset informa-
tion, so they can have a diagnostic approach and solve problems promptly. It is expected 
that the feasible access to information would save on average 30 minutes per work order, 
for instance, if they have 20,000 work orders per year with an average cost of $50 per 
hour, they can save up to $500,000 per year. In the future, the Sydney Opera House 
is envisioning optimizing the use of the Digital Twin platform to support solving any 
future problems that they might face and keep updating the platform to manage any 
additional subsystems or any future advancement in data and technologies.

5.2.2 Digital Twins from vision to action: case of a highway system

State DOTs, responsible for managing and maintaining highway assets, have 
created, collected, and stored transportation asset data; however, the available data 
structures are not consistent, and they are either unstructured data (e.g., docu-
ments), semi-structured (e.g., excel data sheets), or structured data (e.g., databases). 
State DOTs are trying to improve their digitization capacity by collecting data in 
digital formats and abandoning the use of papers, improving the quality of collected 
data, and using automated and remote techniques to collect asset data [40]. However, 
data exist in isolated silos, with no further understanding of how these data should 
be integrated and managed. Therefore, to achieve the vision of Digital Twins for a 
highway system, state DOTs need to put a set of objectives and goals as a roadmap 
toward a holistic highway Digital Twin. Based on key takeaways from the presented 
Sydney Opera House case study and previous studies, state DOTs need to consider the 
following proposed objectives that should be considered for a successful implementa-
tion of Digital Twins for a highway system. These objectives include the following:

1. Improving digital capacity. State DOTs need to consider having a full data 
digitization lifecycle from “cradle to cradle” by enhancing digital design and 
construction, digital operation, and digital data integration with users. Designs 
should be enabled digitally, integrate automated construction when possible, 
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and adopt modular design and construction approaches. Moreover, enhancing 
the digital skills of workers to allow for smart asset management and support 
customer engagement by improving the digital capabilities of operations.

2. Understand data architecture. For each asset, state DOTs need to identify data 
sources and data requirements, identify the gaps in existing data, and look for 
additional resources to fill the information gaps.

3. Set data management plans. Data specifications and standards, and data gover-
nance (i.e., data rules, roles, and responsibilities) should be identified.

4. Integrate existing management systems. Structured research and review of 
any existing information system, such as asset management information systems 
(AMIS) or any other existing in-house management system whether it is used by the 
planning division or the maintenance division, should be considered for integration. 
Additionally, the use of existing databases should be planned for where the newly 
adopted Digital Twin platform should be designed to support this data integration.

5.3  What is the outcome resulting from the implementation of a holistic Digital 
Twin for a highway system

Implementing Digital Twins for the highway system will provide an innovative 
smart management system that integrates asset semantic and geometric data, in 
addition to spatial data based on the asset location and the surrounding environment. 
This based Digital Twin management system can support the monitoring and control 
of the asset condition promptly, employ an advanced machine-learning algorithm 
to predict the asset condition, and allow for conducting preventive and predictive 
maintenance.

The developed Digital Twin-based management system will allow for the inte-
gration of data extracted from BIM and GIS. BIM can provide rich geometric and 
semantic asset data including but not limited to asset models (i.e., available 2D models 
or 3D models), asset specifications, required level of details, asset documentation, 
data schemes, and ontologies. Additionally, GIS can integrate many types of data 
while analyzing the spatial location of the asset and organizing layers of information 
into visualizations using maps and 3D scenes. Moreover, GIS can handle and process 
spatial data of the individual physical asset, system of assets, and the surrounding 
environment. The integration of asset data extracted from BIM and GIS can provide 
a digital representation of the asset architectural entity and will support the manage-
ment of spatial information of the asset and the surrounding environment, thus 
providing a better understanding of how the individual physical asset or system of 
assets interacts with its surrounding [52].

A Digital Twin can reflect the asset condition in a real-time manner; data collected 
using sensors or cyber-physical-systems (CPS) can also be integrated to allow for 
comprehensive control and monitoring of the asset or system of assets condition, thus 
allowing for the early detection of abnormalities and therefore enhancing preven-
tive maintenance. Moreover, the Digital Twin platform can enable the conduction 
of what-if simulations by utilizing the digitally enhanced asset models, aggregated 
asset historical data, real-time data, and data related to factors that might affect the 
asset performance, for instance, data related to the temperature of the surrounding 
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environment, thus allowing for predictive maintenance by simulating the future asset 
condition based on multi-sourced high quality and reliable data.

The Digital Twin-based management system will result in creating one source of 
true data, and the generation of a repository environment with simulation capabili-
ties by making use of existing databases and systems. This data management system 
will release data from isolated silos, improve visualizations, enhance safety, optimize 
asset performance, allow for better resource allocation, and support data-driven 
decision-making.

6. Conclusions

Governments and organizations worldwide are investigating innovative 
approaches to change the design and delivery of civil infrastructure systems, with 
the ultimate objective of constructing and operating more resilient and sustainable 
infrastructure that would support equity, enhance safety, and target urbanization. 
This aim was further emphasized with the shift toward digitizing assets to leverage 
the value of asset data and optimize the performance of infrastructure assets. As 
such, the concept of smart infrastructure emerged, that is, connecting the physical 
aspect of the assets with its digital aspect by the bidirectional communication of 
information. Smart infrastructure also aligns with the concept of Digital Twins, or 
the digital representation of physical assets. Given the potential of Digital Twins, 
several organizations, researchers, and practitioners investigated the implementation 
of the concept in the civil infrastructure industry.

The concept of Digital Twins in the civil infrastructure industry is not mature 
yet; however, the adoption of the concept was investigated to address several prob-
lems related mainly to the operation and management of infrastructure systems. 
Few studies have investigated the implementation of Digital Twins throughout the 
lifecycle of infrastructure projects, but these studies mainly presented a framework 
for implementation. Additionally, Digital Twins can be applied at different spatial 
scales including the national level such as the National Digital Twin (NDT) initiative 
by the UK, on the city level to help with urban planning such as Virtual Singapore and 
BRISE-Vienna, or for a network of assets such as the vision for Digital Roads or the 
implementation of Digital Twins as a management information system.

This chapter also presented the journey toward a holistic Digital Twin for a 
highway system. The Why, How, and What components were investigated. A holistic 
Digital Twin will support managing cross-asset systems, and how they interact with 
each other and with the surrounding environment. Moreover, to understand how to 
translate the vision to practice, a case study related to the implementation of BIM for 
facility management of the Sydney Opera House was presented and recommendations 
on implementing a holistic Digital Twin for a highway system were discussed. Finally, 
data integration between BIM and GIS with the aid of the integration of real-time 
data about the asset condition, and employment of machine learning algorithm was 
proposed for a successful implementation of a Digital Twin-based management 
system that can integrate existing subsystems and make use of existing databases. The 
proposed smart data management system will allow for conducting preventive and 
predictive maintenance, support visualization, release data from isolated silos, allow 
for feasible access to data by creating one source of true data, and enhance decision-
making to optimize the overall performance of the highway system.
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