









	[image: images]
	Structural Durability & Health Monitoring
	[image: images]






DOI: 10.32604/sdhm.2024.050338

REVIEW

Exploring the Applications of Digital Twin Technology in Enhancing Sustainability in Civil Engineering: A Review

Jiamin Huang1,2, Ping Wu2,*, Wangxin Li3, Jun Zhang2 and Yidong Xu2

1School of Civil Engineering, Chongqing Jiaotong University, Chongqing, 400074, China
2School of Civil Engineering and Architecture, NingboTech University, Ningbo, 315100, China
3School of Civil Engineering, Lanzhou University of Technology, Lanzhou, 730050, China
*Corresponding Author: Ping Wu. Email: wuping@nit.zju.edu.cn
Received: 03 February 2024; Accepted: 10 April 2024; Published: 19 July 2024


Abstract: With the advent of the big data era and the rise of Industrial Revolution 4.0, digital twins (DTs) have gained significant attention in various industries. DTs offer the opportunity to combine the physical and digital worlds and aid the digital transformation of the civil engineering industry. In this paper, 605 documents obtained from the search were first analysed using CiteSpace for literature visualisation, and an author co-occurrence network, a keyword co-occurrence network, and a keyword clustering set were obtained. Next, through a literature review of 86 papers, this paper summarises the current status of DT application in civil engineering based on a review of the origins, concepts, and implementation techniques of DTs, and it introduces the application of DTs in the full project lifecycle. This study shows that DTs have great potential to address many of the challenges faced by civil engineering. In this regard, the paper also presents some thoughts on the future directions of DT research.
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Nomenclature



	DT
	Digital twin



	DTS
	Digital twin scene



	ML
	Machine learning



	AR
	Augmented reality



	VR
	Virtual reality



	BIM
	Building information modelling



	IoT
	Internet of things



	RFID
	Radio frequency identification



	O&M
	Operation and maintenance



	HBIMs
	Heritage building information models





1  Introduction

With the prevalence of the Internet, widespread use of sensors, the emergence of big data, the development of e-commerce, the rise of information communities, and the integration of data and knowledge with social and physical spaces and cyberspace, the information environment for the development of artificial intelligence has undergone profound changes [1,2]. Information technology continues to innovate, driving the deep development of digitization, networking, and intelligentization, while also propelling the traditional civil engineering industry into a critical period of transformation and upgrading. Civil engineering has higher requirements in terms of talent, technology, and management, and it is also facing unprecedented challenges: informatization, digitization, networking, and intelligentization will become indispensable factors for the industry’s development.

A digital twin (DT) is a dynamic digital representation of a physical component that mimics its real-world behaviour [3]. By combining various data sources and integrating intelligent capabilities (such as artificial intelligence (AI), machine learning (ML), and data analytics) and digital models (such as building information modelling (BIM) models), a DT can represent and forecast current and future conditions. DTs date back to NASA’s development of two identical vehicles in the late 1960s, in which it used twins to simulate real-time behaviour for the remote updating, maintenance, and monitoring of the Apollo 13 spacecraft [4]. In 2013, Michael Grieves introduced the DT concept while at the University of Michigan [5]. In 2015, the DT concept was gradually applied and expanded to other areas, partly due to the rapid growth of the Internet of Things (IoT) in many industries [6].

The use of digital twins enables real-time correlation between digital models and physical structures, facilitating simulation and optimization of structures. By integrating digitalization, networking, intelligence, and informatization, the application of digital twin technology provides more accurate, reliable, and efficient analysis and decision support for civil engineering.

In traditional civil engineering projects, decisions are often based on experience and statistical data, which can lead to less satisfactory results. However, the emergence of digital twins has changed this situation. It enables precise modelling and analysis of civil engineering projects by real-time monitoring and collection of large amounts of data, providing decision-makers with more accurate and reliable information. Digital twins can not only help designers optimize the structure and layout of civil engineering projects but also predict and evaluate their behaviour and performance under different conditions. Almusaed et al. [7] discussed the application of artificial intelligence and digital twins in architectural design. AI algorithms can analyse various data of buildings to provide design options, while digital twins, as digital replicas of buildings, can be used to simulate and evaluate the effects and potential problems of these options, as well as predict their impact on building efficiency, comfort, and safety. During construction, digital twins can not only perform construction site simulations similar to Building Information Modelling (BIM), including risk prevention and site operations [8] but also simulate site debris path prediction for risk assessment [9], enable remote control and tracking monitoring of construction machinery [10], and predict potential component conflicts [11].

Digital twins also play an important role in the operation and maintenance management of civil engineering. Traditional inspection and maintenance often rely on manual inspections and periodic maintenance plans, which are inefficient and prone to overlooking issues. With digital twins, engineers can implement intelligent monitoring and maintenance for civil engineering, obtaining real-time information about the state and health condition of structures. Leveraging advanced sensor technologies and data analysis algorithms, digital twins can detect potential problems in structures in advance, reduce accident risks, and enable more effective maintenance strategies. In the field of roads and bridges, researchers have used unmanned aerial photography, 3D laser scanning, sensors, and digital twins to monitor and maintain road surfaces or bridges for detection of defects [12–16]. In the field of building construction, Huynh et al. [17] developed a building digital twin system using a web app to record the energy consumption data of buildings. From a design perspective, it can be highly customized to meet various user needs, while from a management perspective, it can maintain stable building performance and save energy consumption. Hosamo et al. [18] proposed a digital twin approach that integrates Building Information Modelling (BIM) with real-time sensor data and Bayesian networks to detect and predict HVAC issues that could affect comfort. Furthermore, utilizing machine learning algorithms for proactive maintenance and predictive control of buildings is also a promising direction.

However, the application of digital twins in the field of civil engineering faces some challenges and difficulties. First, the modelling process of digital twins requires high-quality input data, which may be difficult to acquire and organize. Second, the models and algorithms of digital twins are still evolving and need further research and validation.

Based on a comprehensive and systematic review of the literature, this paper presents directions for exploring the future of DTs in civil engineering, with the main aim of constructing a framework for the application of DTs in the civil engineering industry. To help in combing the literature, three objectives are specified:

(1)   To collate the origins, definitions, and implementation techniques of DTs;

(2)   To determine the application of DTs in the last decade from 2012 to 2023;

(3)   To study the potential of DTs for application throughout the project lifecycle.

The rest of this paper is structured as follows: Section 2 describes the methodology used in this study. Section 3 introduces the origins, concepts and techniques of DTs. Section 4 discusses the current state of DT application in the civil engineering industry and the potential of DT application throughout the project lifecycle. Finally, the full text is summarised in Section 5, which presents an exploration of directions for future research on DTs.

2  Literature Processing

2.1 Literature Search and Selection

As there are few papers in the Chinese literature dealing with both DTs and civil engineering, this paper focuses on literature produced elsewhere and uses Web of Science to conduct a literature search. The search subject term consists of two parts, which are connected by the relationship of “and”. The first part is “digital twin”. The “subject words” in the second part are “civil engineering”, “buildings”, “tunnel”, “bridge” and “tower”. In the second part, all subject words are connected by the “or” relation. The specific search method is as follows: TS = “digital twin” and TS = (“civil engineering” or “buildings” or “tunnel” or “bridge” or “tower”).

As the application of DTs in civil engineering is still in its early stages, the time frame for publication was set to 2012 to 2023. In addition, the type of literature was set to “thesis” or “review” to select more representative and authoritative articles for reading. A total of 605 articles were searched.

After completing the literature search, the obtained documents were included in the initial review. This involved skimming through the titles, abstracts, and keywords to select studies most closely aligned with the research topic. To avoid overlooking relevant material, after the initial screening, a search using the keywords “Digital twins” and “Civil engineering” was conducted using Scopus, and the references of the selected literature were further examined to identify potential related papers. In the end, a total of 86 documents were obtained.

2.2 Literature Visualisation Analysis

The 605 documents obtained from the initial search were analysed using CiteSpace.

2.2.1 Author Co-Occurrence Analysis

As illustrated in Fig. 1 and summarized in Table 1, the analysis focused on authors who have contributed to multiple publications. Among them, 79 first authors stand out, each having published 2 papers. Notably, Liu emerges as the most prolific publisher, with 8 papers to their credit. In total, 222 authors have made contributions to at least one paper.
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Figure 1: Author co-occurrence
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Examining Fig. 1 reveals a concentration of close collaborations among authors such as Lee, Kim, Park, Chang, and Jiang in the lower right quadrant. Despite this result, the overall count of scholars engaged in close collaboration appears relatively limited.

This analysis underscores the growing interest in the application of digital twins within civil engineering and construction over the past 7 years. However, the research landscape appears fragmented, with a small number of authors contributing frequently. Collaborative efforts are observed to be more concentrated among authors with fewer publications, indicating a narrow base for cooperative research.

2.2.2 Keyword Co-Occurrence Analysis

To gain insights into the current research focal points of digital twins in civil engineering and construction engineering, a keyword co-occurrence map was generated using CiteSpace, where nodes represent keywords. Fig. 2 depicts the resulting map, comprising 295 nodes and 1482 edges. Keywords, as integral components of studies, encapsulate the essence of research content and, to a considerable extent, mirror the developmental focus of digital twins within the industry. This mapping result is invaluable for researchers seeking to comprehend the academic frontier.
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Figure 2: Keyword co-occurrence

As outlined in Table 2, keywords with the highest frequencies are “digital twin(s),” “design,” “system,” “BIM,” “model,” “performance,” “framework,” “management,” “structural health monitoring,” and “internet.” These terms span diverse elements and dimensions of civil engineering, forming a logically connected framework within the study.
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2.2.3 Keyword Cluster Analysis

On the basis of the keyword co-occurrence network, keyword clustering analysis was carried out. To better understand the specific information contained in hot words from only cluster names, it is necessary to include cluster sublabels beneath the clusters for in-depth analysis. These sublabels are extracted through methods such as co-occurrence analysis of literature or topic modelling, helping researchers understand the primary research directions or hot topics within a collection of literature. By observing the changes in cluster sublabels, one can identify the development trends in specific fields, as well as the changes and evolution of keywords.

A total of 19 classes were obtained, 10 of which were selected for presentation, as shown in Fig. 3. Combined with the tag words of each class, specific in-depth analysis was carried out, as shown in Table 3. For example, in the first category, “building”, the literature mainly focuses on digital twins, in situ surveys, footprint identification, sky view factors, tree canopies, digital twin augmented reality, mobile augmented reality, mobile systems, human–device interactions, and human behaviour. In the second category, “internet of things”, the literature focuses on digital twins, building information, the construction industry, cyber-physical systems, smart building or building information modelling, facility management, predictive maintenance, data-driven buildings, virtual reality, the use of digital information technology, and equipment and products.
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Figure 3: Keyword clustering
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2.3 Analysis of Selected Studies

The selected literature was analysed in terms of the publication date and journal of publication. The results are shown in Fig. 4. DT technology gained attention in civil engineering only in 2018, when a certain amount of research began to appear and gradually increased over a five-year period, which can be attributed to the rapid development of IoT technology in various industries and the urgent need for industry intelligence.
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Figure 4: Distribution of the years of publication of the literature

The research directions of the 86 articles were analysed, and the results are shown in Tables 4 and 5 (Note: The citation of literature in the table only provides a brief classification of the research directions of the 86 papers and their application stages in the project, without involving conceptual explanations or other purposes). The application of DTs in civil engineering can involve buildings, bridges, tunnels, and concrete structures, while the construction industry is the main application area of DTs in civil engineering. Because there are far more completed projects than under construction or new projects, in the long-term operation and use, the structure will be affected by factors such as natural environment, load and loss, requiring more monitoring, maintenance and repair work, and digital twins can provide reliable and efficient solutions for these tasks. DTs in the project operation and maintenance (O&M) phase are the main direction of research on the whole project lifecycle.
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To provide a better overview, this paper identifies three questions:

(1)   What is a DT? What are its origins, concepts and implementation techniques?

(2)   What is the current status of the application of DTs in civil engineering? How are they applied in the whole project lifecycle?

(3)   What are the opportunities and challenges brought by DTs in civil engineering?

These three aspects are also described in the following section.

3  The Origins, Concepts and Implementation Techniques of Digital Twins

3.1 The Origins and Concepts of Digital Twins

With advancements such as the IoT, augmented reality (AR), 3D printing, AI, cloud computing, and other technologies that capture and analyse large data, Industry 4.0 has sparked a global race over the past ten years to modernise industry. These cutting-edge technologies merge the physical and digital worlds, giving rise to the DT concept in response to the many difficulties and complexities of industry as well as rising consumer demands.

Currently, there is no precise definition for a DT, but most scholars describe a DT as a digital copy of an object, process or system that can be used for various purposes [24]. In 2003, Michael Grievest introduced the “digital equivalent to a physical product”, which is a digital representation of a current physical product and is widely considered to be the first introduction of the DT concept [36]. In 2006, Hribernik [90] introduced the concept of “product incarnation”, meaning the development of an information management architecture to support a product-centric, two-way information flow. In 2012, Glaessegen and Stargel proposed a more complete definition: a DT is a multi-physical, multi-scale and integrated probabilistic simulation of a complex product, using the best available physical model, sensor updates, etc., to reflect the lifetime of its corresponding twin [6]. In 2018, Bacchiega simplified the DT concept by defining a DT as “a real-time digital copy of the physical object” [89].

It is the understanding of this paper that a DT is a “physical-information” ensemble that should consist of three components:

(1)   The physical component can include assets, processes, systems, buildings or even services;

(2)   Digital model: A digital copy or virtual counterpart of a physical component containing the structural model and the data core.

(3)   Bi-directional exchange of data or information between the digital model and the physical entity: Real data from the “physical” part are uploaded to the digital model. The digital model leverages its inherent structure and AI to process and evolve this information dynamically to manage the daily use of the physical part [33].

In the field of civil engineering, a digital twin refers to the virtual representation of a physical structure or engineering. This virtual model combines real-time data from physical entities (projects, engineering, structures, components, etc.) with simulation technology to reflect their behaviour, performance, and characteristics, including their mechanical performance [67], environmental safety [76], energy consumption [29], structural health [44], etc. In civil engineering, digital twins enable engineers to monitor, analyse, and optimize the performance of structures throughout their entire lifecycle.

Some scholars equate digital twins with BIM. In fact, digital twins should be seen as a further enhancement or evolution of BIM or as one of the carriers of digital twins, with BIM solely fulfilling the role of the digital model. BIM is a digital representation method based on three-dimensional models, used for collaborative work and information sharing during the design and construction processes. Digital twins, on the other hand, have a broader scope, not only focusing on the geometric information of buildings but also encompassing physical and functional characteristics, as well as real-time data connected to physical entities. Digital twins collect real-time data through sensors and other data collection devices, interact with digital models, and enable real-time monitoring, prediction, and optimization. In addition, digital twins are dynamic, constantly changing models that support interactive processes [43]. In other words, digital twins go beyond BIM.

3.2 Implementation Techniques of Digital Twins

The utilisation of DTs involves the use of numerous high-fidelity modelling approaches, data collection techniques, simulation, or data processing techniques.

Digital models for DTs can be divided into semantic models and 3D models. Semantic models are usually implemented through programming languages, and 3D models can be subdivided into geometric modelling, physical modelling, and object behaviour modelling. 3D Studio Max is one of the most commonly used 3D modelling software programs in the world, while BIM is commonly used for modelling in the civil engineering industry. The fidelity of the model can be improved by adding physical properties (hardness, surface roughness, tolerances, density, etc.) [4].

The data information for a DT comes mainly from devices, people and the environment, and the data collected are divided into two categories: real-time data and historical data. Real-time data can be provided by wired connections (e.g., RS485, Ethernet), smart sensors (e.g., IoT), and wireless connections (e.g., radio frequency identification (RFID), Bluetooth, 4G, 5G). Methods such as laser scanning by drones and photogrammetry can also be used to collect external information on the “physical” part of a site. These technologies are constantly generating new structured, semi-structured, and unstructured data, which can be difficult and expensive to upload to the cloud due to their sheer size, and edge computing can be used to pre-process the data [36]. Furthermore, 5G technologies can be used to avoid data leakage during transmission and to ensure real-time data transfer.

To analyse these data and feed useful information back to the “physical” part of reality, AI is introduced into the DT framework for event recognition, fault diagnosis and automated decision making after data integration. Natural language processing (NLP) and clustering algorithms are used to discover failure modes from routine maintenance [34]. Finite element analysis (FEA) can be used to model changes such as object bending and deformation. Predictive analysis can be applied to larger datasets through regression and machine learning techniques, combining real-time and historical data to provide diagnostic scenarios that continuously improve the predictive internal logic of the model by identifying the fields that best explain the results for further optimisation [4].

Finally, AR technology can present real-time data and knowledge derived from digital models to users to help them monitor and respond to the “physical” part of the process over time.

4  Application of Digital Twins in Civil Engineering

4.1 Current Status of Application

Increased urbanisation is putting pressure on urban transport. The construction of underground tracks, the maintenance and repair of road surfaces, and the lifecycle monitoring of bridges are all issues that need urgent attention and solutions, leading to a gradual shift towards the modernisation and digitisation of the whole lifecycle of transport facilities. Therefore, the application of DTs in infrastructure is also mainly focused on the O&M phase. Lu et al. [53] proposed a digital model of existing reinforced concrete bridges based on a cluster of marker points to develop a bridge management system. Shim et al. [13] built a digital bridge model based on BIM technology; not only can changes to the project be tracked, but data can also be provided for the inspection of the bridge. In addition, all inspection data and damage records for the bridge are stored and updated in the model, and on this basis, the structural characteristics are evaluated to continuously ensure the performance of the entire bridge system throughout its lifecycle.

The most ambitious and complex application of DT technology is the “smart city” [16]. By linking digital models to data and information about a city, such as topographical data, existing and planned building data, census data, socio-economic data, energy consumption data, and maintenance management data, an information model of the city is created. In a digital city twin, not only can individual parameters within the city be analysed, such as the effects of hot and cold air movement, but design ideas from city residents, such as buildings, development areas, green spaces, or trees, can also be collected by creating 3D interactive applications. Then, the completed models can be submitted to the city administration [21]. A digital city twin is essentially a collection of multiple DTs that use IoT technology to connect and map entire cities onto digital models. Such models can be used for future assessments, for example, regarding the impact of changes in building density on the city’s climate or traffic, or for operational management, such as urban planning, to provide additional solutions that contribute to improving the quality of life of citizens.

In the last few years of research, DT technology has also been used for quality assessment of individual components or non-destructive testing of materials. Tran et al. [14] developed a new framework for the geometric quality assessment of prefabricated façade components during construction based on a DT approach using 3D models and semantic models, and they provided a visual quality assessment solution that can be used in digital models to locate construction errors and to identify missing and redundant elements in the digital models. During construction, this information enhances the closed-loop interaction and information exchange between the physical building façade and the digital building, which is of relevance for the construction of assembled buildings.

In addition, DTs can be used for risk management. Kamari et al. [9] proposed a computer vision-based risk assessment method for geometric DTs of site debris to analyse the safety risks and predict hazards of site debris to the nearby built environment. Using an intelligent drone path planning simulation system based on a construction site as a visualisation of the geometric DT to quantify the amount and impact of construction site debris, the method identifies potential risks to nearby communities from construction materials and can help mitigate damage and losses during extreme wind events by allowing practitioners to take better measures and protect the site before the events occur.

4.2 Application of Digital Twins to the Full Project Lifecycle

4.2.1 Design Phase

Digital twinning of the environment and surroundings, related existing projects, earlier generations of target projects, and already built target projects can be carried out during the design phase, during which some new design projects have not yet been built and retrofit projects have been built, to help with the design of new projects or retrofit designs [85].

According to Fig. 5, first, in the preparation phase, digital twins provide designers with powerful tools and resources to carefully plan and make decisions for potential projects. With the help of digital twin technology, designers can establish a realistic and dynamic digital model based on various data sources, reflecting the characteristics and conditions of the actual project. Through digital twins, designers can explore different options and set various constraints in the early stages of a project, including budget limitations, time requirements, sustainability goals, and specific technical requirements. Using digital twin models, designers can evaluate the feasibility and potential impacts of each option, providing guidance for future design processes. Furthermore, digital twins help designers define and optimize project objectives, ensuring a balance with the interests of all relevant stakeholders and providing a clear vision and direction. Designers can also interact with and visualize design decisions in real time on the digital models. This collaborative approach helps design teams work together to solve problems, explore innovative solutions, and ensure design consistency and accuracy.
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Figure 5: Application of a digital twin in the design phase

Second, to help with conceptual, preliminary, and thorough design, the DT can incorporate data from numerous sources, including pertinent already existing projects, environments, surroundings, and design papers [91]. By collecting and integrating data from previous similar projects, such as project background, historical data, design files, etc., designers can have references and inspirations for the current project. Integrating relevant data to provide accurate environmental information helps designers fully consider and address these factors during the design process. Throughout the design process, digital twins provide continuous support and feedback through continuous evaluation and upgrading with design documents and real-world data. They can be compared and validated against actual construction processes and on-site monitoring data, helping designers verify the rationality of the design and make timely adjustments and improvements when needed.

Finally, the data collected make it possible to use DTs to estimate designs, reduce design flaws, and resolve inconsistencies between the actual and intended designs. Through setting the database structure and interaction mode in the system and the use of computer technologies such as artificial intelligence, machine learning, and deep learning, simulation work or experiments that cannot be carried out in reality can be simulated in the design process, such as building wind environment simulation, sound environment simulation, sunlight simulation, emergency evacuation simulation, building energy consumption simulation, building seismic performance simulation, and building carbon emission simulation [40]. The design is successfully redesigned, enhanced, updated, and verified based on the simulation results, which saves time, money, and labour through the use of data analysis and predictions.

4.2.2 Construction Phase

In the digital information age, smart construction sites are developing very rapidly, and many digital tools are being implemented, such as cyber-physical systems (CPS), BIM, laser scanning, sensing, RFID, and web technology [85]. Boje et al. [33] defined a “construction DT” framework: (1) an enhanced version of construction site BIM; (2) a construction monitoring platform integrating all IoT devices; and (3) a DT for autonomous updating and autonomous learning using ML, deep learning, data mining and other technologies.

According to Fig. 6, in the pre-construction stage, the digital model is used to simulate construction progress and key difficult construction plans, and the construction plans are reasonably revised and updated based on the simulation results and data analysis. By combining DTs and AR, virtual construction sites, outdoor construction environments and worker training environments can also be simulated. Because the construction DT allows immersion in virtual construction site simulations and risk-free experience of hazardous situations and learning opportunities, it can safeguard workers’ safe behaviour and avoid risks during real-life production processes. In addition, a DT combined with AR can be used for risk prediction and safety management by developing AR systems that alert operators at the workplace in real time to hazardous events occurring around them for timely analysis and treatment [8].
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Figure 6: Application of a digital twin in the construction phase

During the construction process, as the physical parts of the target project are not yet completed, digital twinning can be carried out for other related existing projects, related environments, associated environments, and parts of the target project under construction to facilitate construction monitoring and management, including monitoring and management of construction progress, quality, safety, workers, machinery and materials. On the one hand, digital twinning can be combined with machine vision technology to achieve timely, efficient and accurate model reconstruction for quality monitoring and on-site worker management; on the other hand, it can be combined with IoT technology for connectivity and real-time communication between physical parts, virtual parts and the central database on site.

In addition, visualisation and computer vision technologies allow detailed interior construction progress to be monitored. By visualising and comparing the as-built 3D model in BIM with as-built photographs, the as-built interior construction objects are decomposed, and the status of construction progress is automatically generated [92].

4.2.3 Operation and Maintenance Phases

Civil engineering structures undergo evolution and changes during usage, for example, due to natural aging, load variations, or external factors. The characteristics of digital twin virtual interaction and real-time feedback are beneficial for real-time monitoring and tracking of structural changes, providing corresponding prediction and optimization strategies, and enhancing the informatization and automation of project operation and maintenance management.

Peng et al. [34] developed a digital twin for a hospital that was primarily designed for the operations and maintenance (O&M) phase. This digital twin seamlessly integrates both static and dynamic information across the pre-design, construction, and O&M phases. Furthermore, it incorporates mixed reality (MR) applications, merging digital representations with real-world scenarios and presenting them in a visually intuitive interface for the managerial observation of the dynamic conditions in hospitals. To enhance decision-making, an AI-driven diagnostic engine is introduced, capable of assimilating vast amounts of dynamic information and synchronizing with real-world data.

The application of digital twins in the O&M stage is primarily characterized by the integration of static and dynamic data from the pre-project phase, enabling real-time updates and responses. Leveraging artificial intelligence, deep learning, and finite element simulation technologies, these integrated data sets can be utilized to predict potential risks, failures, and defects or simulate factors such as energy consumption and the building environment. Subsequently, employing database technology, case-based reasoning, rule recognition, and other methods facilitates swift decision-making for managers. In essence, the digital twin in the O&M phase should support three fundamental functions: monitoring, analysis, and decision-making, as illustrated in Fig. 7. This process entails various levels, encompassing data collection, transmission, processing, modelling, simulation, and decision analysis. Successful implementation requires the synergistic use of technologies and tools such as the Internet of Things (IoT), artificial intelligence, and big data.
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Figure 7: Application of a digital twin in the O&M phase

4.2.4 End-of-Life Phase

At this stage, no examples of the application of digital twins can be found. However, the Dunhuang Research Institute has been engaging in “Digital Dunhuang” research activities since 2016. Apart from creating a digital backup of the cultural heritage as a whole and developing the functionality of an online museum, digital twins may also be discovered to have the potential for application in the monitoring, protection, and restoration of architectural cultural heritage. Vuoto et al. [43] proposed the application roadmap of digital twin models in the preservation of architectural cultural heritage. Kong et al. [59] integrated photogrammetry techniques and point cloud processing algorithms into a digital twin framework to perform structural health monitoring on a historic stone arch bridge.

Using 3D laser scanning technology to accurately record the spatial position, dimensions, and textures of façades as well as components of heritage buildings for conservation, creating 3D reconstructions of historic buildings that are realistic in style, and simulating the best restoration solution for such projects through AI algorithms will help relevant practitioners work on difficult-to-restore ancient buildings.

In addition, as the DT model retains all data from the full lifecycle of the project during the end-of-life phase, it can be used in the next phase of the rebuilding project to solve problems in this phase that are similar to those that occurred in the previous phases of the project. This aspect also shows the considerable potential of DTs in urban regeneration and old city renovation. With the DT concept, a city information modelling (CIM) platform can be established to provide an accurate reference for old city regeneration projects, livelihood improvement, and urban management projects by analysing the current business situation, public service resources, and supporting infrastructure in a specific area to achieve simultaneous planning, construction, and renovation of the digital city and the real city and to improve the efficiency of renovation projects.

4.3 Application of Digital Twins to Structural Durability and Health Monitoring

In terms of structural durability and health monitoring, digital twins allow engineers to continuously assess the condition of structures and predict their behaviour over time. Currently, numerous scholars are attempting to integrate digital twin technology into the structural health monitoring of facilities such as buildings [44], historical architectural heritage [59], and bridges [55].

Cheok et al. [50], addressing the structural issues of X-type welded circular steel tube nodes under axial support forces, proposed a localized digital twin based on strain interfaces. They applied a series of machine learning algorithms to identify and locate cracks and quantify the severity of the cracks. Feng et al. [49] introduced a neural network-guided particle filtering algorithm for crack monitoring in welded plate connections, offering a potential solution for crack size monitoring in the context of digital infrastructure.

Combining digital twin technology with structural health monitoring methods involves, first, utilizing DT technology to digitize and visualize elements of structural health monitoring, such as geometric dimensions, structural behaviour, and damage. By integrating sensors, monitoring devices, and data analysis into a digital twin, engineers can track parameters such as stress, strain, vibration, temperature, and corrosion. Subsequently, damage can be identified and quantified using algorithms such as machine learning. Analysis and prediction of future structural behaviour, including state and lifespan predictions, may be conducted to proactively detect potential issues or risks, allowing for active maintenance and intervention to prevent structural failures or degradation. Furthermore, digital twins can simulate various scenarios to assess the impact of environmental factors, operating conditions, and ageing on structural integrity. Finally, the combination of artificial intelligence and big data technology enables decision-making based on predictions. Through computational models and predictive analysis, engineers can optimize maintenance plans, enhance safety, and extend the lifespan of infrastructure. In summary, digital twins play a crucial role in improving the durability, resilience, and sustainability of civil engineering structures.

5  Conclusion

This paper introduces DTs in terms of their origin, definition, and implementation, and it analyses the current status of their application in civil engineering. There is no exact DT concept, and the definition of DT may vary slightly from field to field. In civil engineering, a DT is generally considered to be an extension and derivative of BIM technology. According to current research, from the perspective of the physical component, DTs can be used in a number of ways, such as smart cities, infrastructure, facilities and equipment, and material components. From the virtual technology perspective, DTs use a large amount of modelling, simulation and analysis software and a variety of big data algorithms. The paper also discusses the application of DTs in various processes of civil engineering based on the design, construction, and O&M phases of a project.

5.1 Opportunities and Challenges

Over the past few years, an increasing number of scholars have focused on the potential of DTs in civil engineering and have explored various directions in the field to some extent. DTs offer the opportunity to combine the physical world with the digital world, helping to address many of the challenges faced in civil engineering today and helping to unite civil engineering with other industries. However, most research is still at the theoretical stage of framework construction, emphasising “what” and missing the key part of “how”.

On the one hand, a DT is an enormous project, and a successful twin should involve all the processes of a project from birth to death, with real-time changes in the process, making it difficult to operate. The static and dynamic data of physical entities are redundant, and data collection is difficult, leading to a lack of hierarchy and depth in terms of application. On the other hand, a digital city twin involves 5G, big data-connected IoT technologies, big data loading technologies, cloud computing collaboration technologies, simulation technologies, etc. The current technological maturity is not high, and the standardisation of platform models lags behind. These are all issues that need to be addressed in future research.

5.2 Future Research Directions

DTs show great potential in a wide range of industries. As the civil engineering industry transforms and changes, new opportunities for future research on DTs will emerge.

(1)   Urban regeneration. Urban renewal is a necessary path to sustainable urban development, and the digital transformation of cities is an important goal and content of urban renewal today, as well as a powerful tool and instrument to support it. Establishing an urban DT, integrating the city’s cultural positioning and planning objectives into the digital world, building a concise mapping of urban regeneration, and establishing an open platform are conducive to increasing attention and participation in urban regeneration and absorbing evaluation and suggestions for urban planning. At the same time, a DT can efficiently integrate urban resource data, provide timely monitoring and response to urban disease problems, and improve the efficiency of urban regeneration by retaining old city data in the next phase (new construction and projects under construction) during renovation. In addition, through the creation of a city app and other vehicles, the DT system will be made available to the community, enabling virtual browsing, information disclosure, cultural publicity, business subscriptions and other cultural, commercial and social services, creating a unique intellectual property (IP) attribute of the city.

(2)   Heritage O&M. DTs can be combined with cultural heritage building information models (HBIMs). First, a detailed HBIM can be developed using AR and virtual reality (VR) to create an “online museum” that will increase users’ interest in cultural tourism, enable wider display, dissemination, and sharing of buildings, and promote the refinement, publicisation and sustainability of architectural heritage conservation. Second, the DT and HBIM approach can also expand the information dimension of cultural heritage buildings, continuously integrate the digital models of heritage and historical buildings, integrate their historical information, help managers to monitor the safety of heritage, survey diseases, identify potential dangers, develop technical solutions, and realise intelligent O&M management. For damaged and destroyed relics that are difficult to repair, a model of the relics can be established, and repair solutions can be continuously simulated to find the optimal solution.

(3)   Low-carbon construction. The 2020 Global Status Report on Construction states that in 2019, the total carbon emissions generated by the global construction sector were approximately 1 billion tonnes, accounting for 28% of total global carbon emissions. Additionally, if the carbon emissions from the production of construction materials were taken into account, the construction sector would account for 38% of total global carbon emissions, the highest of all sectors. Carbon emissions from construction have attracted international attention, and therefore, construction cannot be developed in the same crude manner as in the past, consuming large amounts of resources and producing a large amount of carbon emissions. By establishing a BIM model of building construction, introducing low-carbon information such as a visualisation of carbon emissions, the low-carbon cost, and carbon emission analysis to establish a detailed low-carbon information base, and integrating existing construction data information (building function, schedule, cost, resource consumption, etc.), a real-time measurement of carbon emissions and calculation of the corresponding low-carbon cost as well as an analysis of the degree of impact of each construction action on carbon emissions can be realised.

(4)   Lifecycle cost optimization of civil engineering projects. Digital twin technology provides monitoring, optimization, and management capabilities throughout the entire lifecycle of a project, integrating information from different stages into a single model to facilitate improved asset management [29]. During the design phase, selecting economical and sustainable design solutions and utilizing DT technology to optimize structures, materials, construction processes, and energy consumption help reduce construction costs. In the construction phase, real-time monitoring of construction process data compared to the expected model allows for the timely identification and resolution of issues and prevents delays, cost overruns, and safety risks, thereby reducing construction costs. During the operation and maintenance phase, continuous monitoring of the operational status of engineering facilities, prediction of maintenance needs, and optimization of maintenance plans minimize maintenance costs and downtime. By simulating the impact of different decision scenarios, digital twin technology can assist project managers in formulating the most cost-effective strategy for the entire lifecycle, contributing to the sustainable improvement of resilience in civil engineering projects.
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Table 4: Distribution of research directions in the literature

Research directions References Research directions References

Smart cities [19-22] Airports [23]

Infrastructure [24-29] Structures [11,16,30,31]
Architecture [8,15,17,18,32—45] Components [14,46-50]

Bridges [13,16,44,48,51-69] Civil engineering teaching [70-72]

Tunnels [73-80] Other [4,6,9,10,24,81-85]
Roads [12,86,87]
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Table 2: Keyword frequency and centrality

Freq. Centrality Keyword Year
347 0.21 Digital twin(s) 2017
52 0.06 Design 2018
49 0.06 System 2018
49 0.01 Bim 2020
38 0.03 Model 2018
37 0.07 Performance 2019
37 0.03 Framework 2018
36 0.03 Management 2017
33 0.03 Structural health monitoring 2020

28 0.01 Internet 2022
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Table S: Distribution of research phases in the literature

Project phase References
Design 7,32,40]
Construction 8-12,48,51,58,69,76,77,79,82,88]

Operation and maintenance
Lifecycle
Modelling only

[12,13,15-18,23,34,35,42,44,52,54-57,63,64,73,74,78,81,84,86,89]
129,60,62,68]
22,39,65,75]
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