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Abstract:  12 

This study centers on the use of smart technology to improve the lifecycle management of 13 

underground facilities. It presents a comprehensive digital solution that addresses the 14 

challenges of underground facilities, particularly those related to the extensive use of 15 

underground space, as well as the requirements for safety, sustainability, and quality of 16 

services. The proposed solution emerged from discussions with experts, companies, and cities 17 

involved in the design, construction, and management of underground facilities. In this paper, 18 

we first discuss the major challenges of underground facilities, then, we present the 19 

development of a smart solution to address these challenges. This study demonstrates a 20 

promising perspective for the use of smart technology in the optimal management of 21 

underground facilities, and paves the way for its implementation. 22 

 23 
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1 Introduction  26 

This study presents a smart solution for the lifecycle management of underground space, 27 

which plays a major role in urban areas (Nelson, 2016; Darroch et al., 2018). Underground 28 

space hosts vital urban infrastructures for water, energy, telecommunication, and 29 
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transportation services, as well as structures built to accommodate residential, industrial, and 30 

service purposes (Sterling et al., 2012; Broere, 2016). This space also plays a major 31 

environmental role as it reduces traffic jams and contributes to the reduction of energy 32 

consumption, as well as urban greenhouse gas emissions. Furthermore, it acts as an excellent 33 

thermal insulator for buried constructions, which leads to a high energy consumption 34 

economy. This space could be used as an energy source via geothermal energy. In large and 35 

crowded cities, underground space presents an effective alternative for the construction of 36 

new infrastructures or extensions of existing ones. It also presents a reliable driver for urban 37 

socio-economic development. However, owing to high population growth, rapid urbanization, 38 

and increasing concerns in sustainable and livable cities, underground space is subjected to 39 

increasing pressure and numerous challenges. It is already crowded with facilities, 40 

constructions, and objects that were built throughout the city’s history with the principle of 41 

“first come, first served.” In addition, this space is heavily exploited by several public and 42 

private stakeholders, who lack coordination, cooperation and a common sense of shared 43 

perspective and vision for its use and development. Underground space also faces a legal 44 

challenge concerning its ownership and maintenance. This issue raises several questions, 45 

including: who is responsible for the structure, equipment, indoor environment, surrounding 46 

soil, and security of underground space? To determine the responsibilities and roles of the 47 

authorities and companies involved in the management of underground space, these crucial 48 

questions should be addressed. 49 

Underground space is also subjected to specific safety challenges (Eskesen et al., 2004; 50 

Hu & Huang, 2014), lifecycle management (Reilly & Brown, 2004), and sustainability 51 

(Sterling et al., 2012; NAS, 2013). 52 

Because these challenges will be predictably increasing in the future, owing to the 53 

pressure of population growth, urbanization, and climate change, it is necessary to develop 54 

innovative solutions that improve the efficiency, safety, and quality of services related to 55 

underground space. Innovation is also required to monitor underground space and share data 56 

among the stakeholders of underground space.  57 

Recent progress in the field of smart cities and related issues such as smart grids, 58 
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intelligent transport, and smart buildings, offers new opportunities for the development of 59 

comprehensive solutions that improve the management of urban systems, including urban 60 

infrastructure, services, and governance (Momoh, 2012; Lin et al., 2013; El-Hawary, 2014; 61 

Anthopoulos, 2015; Shahrour et al., 2016; Tuballa & Abundo, 2016; Cheng et al., 2016; 62 

Bagdadee & Zhang, 2019). 63 

This study presents the application of smart technology to underground space. The 64 

scientific novelty of this study is illustrated in Table 1, which shows the evolution of a 65 

number of scientific records indexed by ISI-WEB in the last decade, based on the following 66 

topics: (i) “smart city”, (ii) “underground space and urban tunnel”, and (iii) “underground 67 

space and urban tunnel” and “smart city.” This table shows intense scientific activity in the 68 

first two topics, including the recent emergence of the application of smart city solutions in 69 

the field of urban underground space. The synthesis presented in this study is based on the 70 

analysis of 58 references, which are given in the reference list. 71 

The remainder of this paper is organized as follows. First, the paper presents the 72 

challenges of urban underground space to determine the requirements for an innovative 73 

solution. Next, it presents the smart city concept and its application to underground space. 74 

Finally, it provides some recommendations for the implementation of the “smart underground 75 

space” solution. 76 

 77 

Table 1. Scientific ISI-Web records for topics related to “smart underground space” 78 

Topic year 
Smart city Urban underground 

space and tunnel 

Underground space, urban 

tunnel and smart city 

2010 74 335 0 

2011 142 348 0 

2012 225 425 1 

2013 444 543 2 

2014 778 431 1 

2015 1388 557 2 

2016 2073 743 8 

2017 2897 653 6 

2018 2998 806 6 

2019 2409 734 3 
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Total (2010–2019) 13428 5575 29 

 79 

2 Methodology  80 

The methodology of this research is based on an extensive literature review as well as on 81 

discussions with companies and local authorities relevant to underground facilities and smart 82 

city solutions, including the academic and professional experience of authors in the field of 83 

underground space and smart cities (Shahrour et al., 2016; Farah & Shahrour, 2017; Abbas et 84 

al., 2017; Abou Rjeily et al., 2017; Shahrour et al., 2017; Xie et al., 2018; Saab et al., 2020; 85 

Shahrour & Zhang, 2020), and the results of a series of international conferences “Smart 86 

Underground Space” organized by the authors in 2017, 2018, and 2019 (SUS-Shanghai, 2017; 87 

SUS-Shanghai, 2018; SUS-Lille, 2019).  88 

3 Underground space challenges 89 

3.1 Overview 90 

Underground space plays a vital role in urban areas because it hosts critical urban 91 

infrastructures such as utilities and facilities for transportation, water, energy, and 92 

telecommunication. However, this space is subjected to a multitude of challenges. It is 93 

exploited by several public and private stakeholders, with a general lack of coordination, 94 

cooperation, and a shared perspective and vision for the use and development of this space. 95 

Although some stakeholders, such as public authorities and owners, have long-term and 96 

holistic perspectives, others, such as operating and maintenance companies, usually have 97 

short- to medium-term perspectives with a focus on specific issues relating to this space. 98 

Owing to its high heterogeneity, density, foundations, constructions, utilities, and diversity of 99 

hosted facilities, underground space is very complex. In general, cities do not have a clear 100 

map for underground space, and this sometimes results in accidents that cause damage to 101 

some underground utilities owing to construction activities. Such damage can lead to 102 

significant disruptions both above and below the ground. 103 
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The following sections focus on two specific challenges of underground space. The first is 104 

related to safety, which is particularly essential for the underground space owing to the 105 

limited access to this space and the large economic and environmental consequences of severe 106 

incidents in it. The second challenge is related to the lifecycle management, which is 107 

particularly complex because of the long lifetime of underground infrastructures, such as 108 

tunnels and utilities, several stakeholders in this space, and the difficulty in conserving and 109 

transmitting data and information throughout the lifetime of underground projects. 110 

3.2 Safety of underground space 111 

Owing to its high vulnerability, as well as its vital role in providing urban services 112 

(transport, water, energy, communication, etc.), safety is considered a major challenge in 113 

underground space. Safety in this space is more critical than in the surface space because of 114 

the restricted access to it in the event of a severe accident. These accidents could cause 115 

structural instability, water infiltration, fire, electrical outage, and air contamination. 116 

Additionally, incidents such as floods or fires could cause a chain of events with severe 117 

damage to the structure of underground space, its equipment, and hosted services. In the 118 

metro tunnel, these damage could disrupt the traffic of both the metro system and other 119 

transport networks above the ground. 120 

Guidelines have been established for risk management in tunnels and underground 121 

projects. The working group 2 of the International Tunneling Association published 122 

guidelines for tunneling risk management in 2004 (Eskesen et al., 2004). These guidelines 123 

provided owners and consultants with best practices for the risk assessment of tunnels, and 124 

described the process of risk management throughout the entire implementation of a tunnel 125 

project. According to these guidelines, risk management should be included as an integrated 126 

part of the planning and construction of any major underground project. In China, the first 127 

guideline for the risk management of tunnels and underground projects was issued in 2007. It 128 

was then updated as a national code for the risk management of underground projects in urban 129 

rail transit in 2012 (Hu & Huang, 2014).  130 

Hu & Huang (2014) presented sophisticated risk management standards for tunnels and 131 

underground projects in China. They indicated that the risks in large projects were previously 132 
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managed by engineering decisions during the design and construction phases. This practice 133 

however resulted in a lack of a standard procedure for implementation and verification. For 134 

the implementation of risk management in tunnels, the key factors to consider are the 135 

identification of potential risk sources, elaboration of corresponding preventive measures, and 136 

preparation of an emergency rescue plan. Dynamic risk management should be established on 137 

construction-based information and site monitoring (Hu & Huang, 2014). 138 

To address the safety issues of underground spaces, it is necessary to develop a 139 

comprehensive management system that includes historical and real-time data on the structure 140 

of underground space, its equipment, use, and adjacent environment. 141 

3.2 Lifecycle management  142 

Underground space projects, especially the construction of tunnels, utilities, and large 143 

facilities, are very complex and expensive with a long lifecycle that includes four long stages: 144 

planning, design, construction, and exploitation. Each stage is operated by specific experts, 145 

who utilize and generate a high amount of data that are necessary for the management of the 146 

current stage and subsequent stages. These data are generally related to the physical 147 

components of underground space as well as its operating activities such as maintenance, 148 

usage, incidents, expenses, and performances. The management of existing underground 149 

facilities, legacy infrastructures in particular, involves the collection of construction and 150 

operating historical data, as well as their integration with the information system of the 151 

facility. One of the major challenges to the lifecycle management of large construction 152 

projects is the loss of data and information at the transition between subsequent stages. An 153 

international survey of several tunnel projects showed that it was difficult to obtain specific 154 

and relevant information on these projects because once they were completed, the data they 155 

generated were either archived or dispersed among the project stakeholders (Reilly & Brown, 156 

2004). Because data loss could result in severe problems in the management of underground 157 

space, which leads to substantial additional expenses, it is necessary to develop and apply 158 

digital tools in storing the data collected throughout the lifecycle of underground space. 159 

 160 
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4 Smart City solution 161 

4.1 Use of data for comprehensive and knowledge-based city management 162 

The smart city concept is based on the use of digital and social innovations to improve the 163 

efficiency and security of urban systems as well as the quality of life of its residents and their 164 

involvement in urban development. It also aims at creating a friendly urban environment that 165 

reduces the consumption of natural resources and pollution via emissions. This concept is 166 

based on an interdisciplinary approach of a city that utilizes technical, social, and 167 

environmental data to develop a knowledge-based management of the city (Anthopoulos & 168 

Fitsilis, 2013; Anthopoulos, 2015). Data were collected using the smart monitoring of urban 169 

systems, including its water, energy, and transportation infrastructure, as well as its urban 170 

environment and activities (Momoh, 2012; Buchholz & Styczynski, 2014; El-Hawary, 2014; 171 

Shahrour et al., 2016; Tuballa & Abundo, 2016). Smart monitoring is based on the use of 172 

smart sensors, social media, and authorized data to conduct a real-time survey of urban 173 

systems. Operating data are stored in large datasets, together with information on 174 

infrastructure assets and other useful data such as climate information, traffic, and user 175 

profiles. The data obtained include images, videos, and audios, resulting in the development 176 

of urban big data (Mayer-Schönberger & Cukier, 2013; Chen et al., 2014). The analyses of 177 

both real-time and historical data provide an enhanced understanding of the functioning and 178 

performance of urban infrastructure. It also allows the optimal management of urban systems 179 

by improving asset management and reducing the consumption of natural resources and the 180 

emission of greenhouse gases. Furthermore, the smart city concept is based on a sustained 181 

interaction with citizens. Today, social media offers the outstanding ability to establish 182 

two-way communication and cooperation between the city and its residents. It provides 183 

residents with pertinent information concerning urban services, including environmental and 184 

safety issues. In return, it enables city managers to receive feedback from residents. 185 

During natural or human-made hazards, smart monitoring allows authorities to collect 186 

data on the actual functioning and performance of urban systems, as well as the behavior of 187 

residents. Using advanced analysis tools, such as artificial intelligence, the analysis of these 188 

data provides an enhanced understanding on the actual reactions of technical and social 189 
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systems to urban hazards. Owing to the learning capacity of the smart city concept, the 190 

analyses of real-time and historical data permit the early detection and management of 191 

incidents, as well as the restriction of their extension to larger areas. Regarding large faults in 192 

urban systems, smart technology allows the efficient self-healing of complex urban systems. 193 

In a smart city, sensors, data information systems, social media, and other emergent 194 

technologies work together to track, share, and analyze data concerning resources, demands, 195 

and urban-system performances at different scales and under various conditions. This allows 196 

urban stakeholders to develop and implement a comprehensive city management plan, which 197 

improves the efficiency and security of urban systems as well as the quality of life of its 198 

residents. 199 

4.2 Implementation of the smart city solution 200 

The implementation of the smart city solution requires the development of a smart 201 

platform that coordinates operations related to a smart city, such as data collection, data 202 

processing and analysis, system control, and interaction with city stakeholders (Shahrour et al., 203 

2017). Figure 1 illustrates the architecture of this platform, which is connected via wired and 204 

wireless communication technologies to urban systems, urban infrastructure, users, and urban 205 

environment. By utilizing these connections, the platform collects data, ensures data integrity, 206 

and stores both raw and cleaned data in the information system. Additionally, the cleaned data 207 

include asset data obtained via the connection to digital modeling tools of urban systems, such 208 

as the geographic information system (GIS) and building information modeling (BIM).  209 

The platform incorporates software for data analysis using both engineering and 210 

information technology tools, such as artificial intelligence, to convert real-time and historical 211 

data into operational data, which ensures the optimal and safe management of urban systems 212 

and a friendly environment for citizens.  213 

Finally, the platform adopts friendly graphic tools for its communication and interaction 214 

with city stakeholders, including its residents, socio-economic stakeholders, urban managers, 215 

and policy makers.  216 

 217 

 218 
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 219 

Fig 1. Architecture of the smart city platform. 220 

5 Smart solution for underground facilities 221 

5.1 Presentation  222 

The development of a comprehensive smart solution for underground facilities is an 223 

emerging topic. Previous works on smart tunnels mainly focused on the development of 224 

advanced systems for monitoring the soil and structural displacements during tunnel 225 

construction. Inexpensive sensors and optical fibers were used during the construction of a 226 

tunnel in London to monitor soil movement during tunneling (Bennett et al., 2010). A “smart 227 

tunnel” was constructed in Kuala Lumpur in Malaysia (Zaini et al., 2012). The smart 228 

depiction of this tunnel involved its multi-usage for the reduction of both flood damage and 229 

traffic jams. A smart solution for underground space aims at the construction of a 230 

comprehensive system based on a comprehensive monitoring of this space and the use of 231 

advanced data analysis tools to improve: 232 

(1) the quality of life and services of residents; 233 

(2) asset management, particularly the efficiency and maintenance of this space; 234 

(3) safety and security in underground space, as well as in surrounding constructions and 235 

environment. 236 
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 237 

The architecture of this smart underground solution is similar to that used in smart cities 238 

(Fig. 1). It is built around a platform that collects data from sensors, authorized sources, and 239 

social media, and transforms these data and algorithms via a software into operational data to 240 

operate the optimal and safe management of underground space and provide high-quality 241 

services to users. The performance of the smart underground solution depends on the quality 242 

of the collected data and their applications in the lifecycle management of underground space. 243 

The following sections discuss these issues while focusing on the underground information 244 

system and the use of data during the construction and operational stages of the underground 245 

space. 246 

5.2 Underground information system  247 

The underground information system includes data and information on underground space 248 

throughout its lifecycle. Figure 2 summarizes the collected and generated data at each stage of 249 

the underground space project. The collected data include data collected on the urban 250 

environment, subsoils, structural elements, surrounding buildings, and facilities.  251 

The information system also includes data on underground space equipment, such as the 252 

electrical grid (tension, frequency, consumption, etc.), water system (pressure, flow, quality), 253 

ventilation system, access control, air quality, safety, emergency equipment, and video 254 

protection. It also includes other useful data such as those related to traffic, weather, urban 255 

activities, events (sports, spectacles, etc.), and density of users, as well as information 256 

concerning the safety and security of users. 257 

The information system could be connected to digital systems, such as GIS, BIM, and 258 

civil information modeling (CIM), which provide powerful management tools for buildings 259 

and facilities (Penttilä, 2006; Aji et al., 2013; Cheng et al., 2016).  260 

To harness massive amounts of both structured (files, tables, sheets, etc.) and unstructured 261 

data (images, audios, and videos), researchers recommend the use of big data tools 262 

(Mayer-Schönberger & Cukier, 2013; Chen et al., 2014; Karimi, 2014; Breunig et al., 2020) 263 

and artificial intelligence methods (Bouayad & Emeriault, 2017; Vo Pham et al., 2018; Xu et 264 

al., 2019; Shreyas & Dey, 2019) for data storage, processing, and analysis. 265 
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The maintenance of underground information systems is vital because of the critical 266 

feature of this space, as well as its complexity. This maintenance should be handled by a 267 

committee of public and private stakeholders in underground space. The committee has the 268 

responsibility of setting operation rules related to data collection, management, sharing, 269 

access, protection, and valorization.  270 

 271 

Fig. 2. Information system for the lifecycle management of underground space. 272 

5.3 Smart solution applications in the construction stage 273 

Underground space is subjected to various risks during the construction stage, such as 274 

those related to: 275 

(1) hazardous soils, owing to the eventual presence of utilities, blocks, cavities, ancient 276 

deposits, and water;  277 

(2) excessive deformation and soil settlement, which could result in the significant 278 

collapse and interruption of construction works or/and severe damage to surrounding 279 

constructions and facilities; and 280 

(3) disruption of urban services such as transportation, water, energy, and 281 

telecommunications services (Liu et al., 2005; Wu et al., 2015; Qian & Lin, 2016). 282 

Over the last decade, an increasing trend in underground construction accidents has been 283 

observed in China (Ou et al., 2008; Yoo & Lee, 2008). The smart underground solution 284 
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benefits from the significant progress made in the application of structural health monitoring 285 

(SHM) in underground construction works (Bhalla et al., 2005; Chai et al., 2011; Qian & Lin, 286 

2016). This technology allows the tracking of soil and structural deformations during tunnel 287 

deformation, and then adjusts the excavation process to limit induced deformation. 288 

A recent review on the use of artificial intelligence and tunnel monitoring allowed the 289 

enhancement of TBM tunneling efficiency and safety (Shahrour & Zhang, 2020). Xie et al. 290 

(2018) demonstrated how the use of settlement monitoring, together with deep learning, 291 

provided a reduction in the soil settlement during the construction of a station of the Nanning 292 

metro in China. 293 

Geo-risks related to the lack of data and information on the subsoil, incorporated utilities, 294 

and other objects also constitute a crucial safety challenge for the construction and 295 

operational stages. Smart technology could help address this challenge by incorporating and 296 

updating data on the soil and maintaining the utilities in the underground information system 297 

presented in section 5.2 (Alqadad et al., 2017). Another approach to addressing this challenge 298 

is by utilizing digital tools such as BIM, GIS, and mobile augmented reality applications for 299 

the 3D visualization of the subsoil during urban construction projects (Huston et al., 2017). 300 

Furthermore, the smart solution could benefit from tracking technologies used in 301 

underground projects such as radio frequency identification (RFID), global positioning 302 

system (GPS), wireless local area network (WLAN or Wi-Fi), ZigBee, and indoor 303 

localization (Ergen et al., 2007; Behzadan et al., 2008; Khoury & Kamat, 2009; Tu et al., 304 

2009; Rao & Chandran, 2013; Jiang et al., 2015). In addition, the smart solution could be 305 

enhanced by recent developments in the early-warning decision support system (Lin et al., 306 

2013; Jiang et al., 2015; Qian & Lin, 2016). Recent developments in the applications of 307 

augmented reality offer functional capacities to visualize buried utilities and objects, and 308 

consequently to avoid damage during construction (Ortega et al., 2019). 309 

 310 

5.4 Smart solution applications in the operational stage 311 

The operational stage involves the management of both the assets and equipment of 312 

underground space, such as: 313 
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(1) the electrical system, including the electrical grid, substations, transformers, lighting, 314 

and generators; 315 

(2) the water system, including storm water, drinking water, and sanitation; 316 

(3) the ventilation system, including air quality control, pumping equipment, air 317 

distribution system, and air treatment; 318 

(4) the heating/cooling system, generally associated with the ventilation system;  319 

(5) fire protection system; 320 

(6) access control and emergency exit. 321 

 322 

In this stage, each system requires specific monitoring. The electrical system benefits 323 

from the substantial experience in the field of smart grids, smart public lighting, and smart 324 

buildings (Bagdadee & Zhang, 2019; Verma et al., 2019). The technology in these areas is 325 

mature and currently widely used. Smart technology provides substantial improvement in the 326 

security of operations by confining local faults via the smart monitoring of electrical 327 

substations and appliances.  328 

The management of the water system could also benefit from smart water technology via 329 

the smart monitoring of water flow, water pressure, and water quality (Abbas et al., 2017; 330 

Abou Rjeily et al., 2017; Farah & Shahrour, 2017; Saab et al., 2020). This system allows the 331 

rapid detection of water leak, accidental water contamination, and flood risk.  332 

The management of the ventilation system is vital for the safety and comfort of users. It 333 

requires the monitoring of ventilation equipment, airflow, air quality, and comfort conditions 334 

(temperature, humidity, etc.). In addition to improved safety and comfort, the smart system 335 

allows essential energy savings. 336 

Safety is a crucial issue in the management of underground space. Smart technology is 337 

particularly necessary for the early detection of incidents, which could be related to fire, air 338 

contamination, water infiltration, flood, structure collapse, and malicious actions (Singh et al., 339 

2018). This early alert system includes sensors and video surveillance equipment. According 340 

to the type of incident, the system allows the user to transmit data and information 341 

instantaneously between services and authorities relevant to the event, take appropriate 342 
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measurement and actions via control devices (switches, valves, pumps, etc.) to confine the 343 

incident and trigger emergency actions, share data during emergency actions, and 344 

post-analyze collected data to enhance the resilience of underground space. 345 

Inspection and maintenance are crucial for the safety and performance of underground 346 

space. Figure 3 illustrates how smart technology could help improve the quality of the 347 

inspection and maintenance of underground space. Besides digital identification and the 348 

localization of underground components, each component could be equipped with inspection 349 

and maintenance RFID tags that are connected to the smart platform via mobile application. 350 

These tags provide access to the inspection procedure, documents, and historical data. The 351 

system enables specific protocols to ensure inspection quality control and online reporting, 352 

which is automatically transmitted to the relevant staff with alerts in case of a need for urgent 353 

intervention. Maintenance RFID tags are used in the same way as inspection tags to improve 354 

efficiency and control the quality of the maintenance. Robots equipped with sensors and 355 

cameras could also be used for the inspection of limited access areas. 356 

The availability of massive amounts of digital data on underground inspection and 357 

maintenance allows the use of digital tools, such as artificial intelligence, to categorize and 358 

explore the type, frequency, localization, and causes of component faults or degradation, as 359 

well as establish a predictive strategy for underground space inspection and maintenance 360 

(Tang et al., 2019; Wei et al., 2020). 361 
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 362 

Fig. 3. Inspection and maintenance data of tunnels and hosted utilities. 363 

6 Conclusion 364 

Underground space plays a vital role in urban areas. It hosts urban infrastructure such as 365 

those related to water, energy, telecommunication, and transport. Owing to urban 366 

densification, underground facilities will play an increasing role in the future. Regarding 367 

surface structures, the management of underground facilities is subjected to specific 368 

challenges. Safety is considered the most important factor because of the critical role these 369 

facilities play and the limited access to them. A serious incident in underground space could 370 

lead to substantial economic and social losses. The lifecycle management of underground 371 

facilities also constitutes a significant challenge owing to the activities of several 372 

stakeholders and the difficulties related to each stage of the lifecycle management of these 373 

complex facilities. 374 

Recent developments in the use of smart technology in urban areas such as smart grids, 375 

smart water, smart district heating, smart building, and smart city provide powerful tools for 376 

the optimal management of urban systems. Analysis of real-time and historical data enables 377 

an enhanced understanding of the behavior of these systems and their interaction with the 378 

environment.  379 
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The application of smart technology to underground spaces allows the construction of a 380 

comprehensive system that utilizes digital technology and data collected throughout the 381 

lifecycle of the underground facilities for their optimal and safe management. It also 382 

reinforces the involvement of different stakeholders in the optimal management of 383 

underground facilities. Furthermore, it presents a promising perspective that assures an 384 

optimal “continuity” in the management of underground facilities from the planning stage to 385 

the operational stage. 386 

 387 

 388 

Declaration-of-competing-interests 389 

The authors declare that they have no known competing financial interests or personal 390 

relationships that could have appeared to influence the work reported in this paper. 391 

 392 

 393 

References 394 

Abbas, O., Abou Rjeily, Y., Sadek, M., & Shahrour, I. (2017). A large-scale experimentation of the 395 

smart sewage system. Water and Environment Journal, 31(4), 515–521. 396 

Abou Rjeily, Y., Abbas, O., Sadek, M., Shahrour, I., & Chehade, F. (2017). Flood forecasting within 397 

urban drainage systems using NARX neural network. Water Science and Technology, 76(9), 398 

2401–2412. 399 

Aji, A., Wang, F., Vo, H., Lee, R., Liu, Q., Zhang, X., & Saltz, J. (2013). Hadoop-GIS: A high 400 

performance spatial data warehousing system over MapReduce. In Proceedings of the 401 

VLDB Endowment International Conference on Very Large Data Bases, 6(11), p1009. 402 

NIH Public Access. 403 

Alqadad, A., Shahrour, I., & Sukik, A. (2017). Smart system for safe and optimal soil investigation in 404 

urban areas. Underground Space, 2 (4), 220–226. 405 

Anthopoulos, L. (2015). Understanding the Smart City Domain: A Literature Review. In 406 

Rodríguez-Bolívar, M. (Ed.), Transforming City Governments for Successful Smart Cities 407 

(pp.9–21). Springer. 408 

Anthopoulos, L., & Fitsilis, P. (2013). Using classification and road mapping techniques for smart 409 

city viability realization. Electronic Journal of e-Government, 11(1), 326–336. 410 

Bagdadee, A.H., & Zhang, L. (2019). A Review of the Smart Grid Concept for Electrical Power 411 

System. International Journal of Energy Optimization and Engineering, 8(4), 105–126. 412 



17 

   

Behzadan, A.H., Aziz, Z., Anumba, C.J., & Kamat, V.R. (2008). Ubiquitous location tracking for 413 

context-specific information delivery on construction sites. Automation in Construction, 17(6), 414 

737–748. 415 

Bennett, P.J., Soga, K., Wassell, I., Fidler, P., Abe, K., Kobayashi, Y., & Vanicek, M. (2010). 416 

Wireless sensor networks for underground railway applications: case studies in Prague and 417 

London. Smart Structures and Systems, 6(5–6), 619–639. 418 

Bhalla, S., Yang, Y.W., Zhao, J., & Soh, C.K. (2005). Structural health monitoring of underground 419 

facilities-Technological issues and challenges. Tunnelling and Underground Space Technology, 420 

20(5), 487–500. 421 

Bouayad, D., Emeriault, F. (2017). Modeling the relationship between ground surface settlements 422 

induced by shield tunnelling and the operational and geological parameters based on the hybrid 423 

PCA/ANFIS method. Tunnelling and Underground Space Technology, 68, 142–152. 424 

Breunig, M., Bradley, P.E., Jahn, M., Kuper, P., Mazroob, N., Rosch, N., Al-Doori, M., Stefanakis, 425 

E., & Jadidi, M. (2020). Geospatial Data Management Research: Progress and Future 426 

Directions, ISPRS International Journal of Geo-Information, 9(2), 95. 427 

Broere, W. (2016). Urban underground space: Solving the problems of today’s cities. Tunnelling and 428 

Underground Space Technology, 55, 245–248. 429 

Buchholz, B.M., & Styczynski, Z. (2014). Smart Grids-Fundamentals and Technologies in Electricity 430 

Networks. Berlin, Heidelberg: Springer Berlin Heidelberg. 431 

Chai, J., Liu, J.X., Qiu, B., Li, Y., Zhu, L., Wei, S.M., Wang, Z.P., Zhang, G.W., & Yang, J.H. 432 

(2011). Detecting deformations in uncompacted strata by fiber Bragg grating sensors 433 

incorporated into GFRP. Tunnelling and Underground Space Technology, 26(1), 92–99. 434 

Chen, M., Mao, S., Liu, Y. (2014). Big Data: A Survey. Mobile Networks and Applications, 19(2), 435 

171–209. 436 

Cheng, J.C.P., Lu, Q., Deng, Y. (2016). Analytical review and evaluation of civil information 437 

modeling. Automation in Construction, 67, 31–47. 438 

Darroch, N., Beecroft, M., & Nelson, J.D. (2018). Going underground: An exploration of the 439 

interfaces between underground urban transport infrastructure and its environment. Tunnelling 440 

and Underground Space Technology, 81, 450–462. 441 

El-Hawary, M.E. (2014). The Smart Grid: State-of-the-art and Future Trends. Electric Power 442 

Components and Systems, 42(3–4), 239–250. 443 

Ergen, E., Akinci, B., & Sacks, R. (2007). Tracking and locating components in a precast storage yard 444 

utilizing radio frequency identification technology and GPS. Automation in Construction, 445 

16(3), 354–367.  446 

Eskesen, S.D., Tengborg, P., Kampmann, J., & Veicherts, T.H. (2004). Guidelines for tunnelling risk 447 

management: International Tunnelling Association, Working Group No. 2. Tunnelling and 448 

Underground Space Technology, 19(3), 217–237. 449 



18 

   

Farah, E., & Shahrour, I. (2017). Leakage Detection Using Smart Water System: Combination of 450 

Water Balance and Automated Minimum Night Flow. Water Resources Management, 31(15), 451 

4821–4833.  452 

Hu, Q., & Huang, H. (2014). The state of the art of risk management standards on tunnels and 453 

underground works in China. 2nd International Conference on Vulnerability and Risk Analysis 454 

and Management (ICVRAM) and the Sixth International Symposium on Uncertainty, 455 

Modeling, and Analysis (ISUMA). Liverpool, UK. Reston, VA, USA: American Society of 456 

Civil Engineers, 2014, 419–426. 457 

Huston, D., Xia, T., Zhang, Y., Fan, T., Orfeo, D., & Razinger, J. (2017). Urban underground 458 

infrastructure mapping and assessment. In Sensors and Smart Structures Technologies for 459 

Civil, Mechanical, and Aerospace Systems 2017 (Vol. 10168, p. 101680M). 460 

International Society for Optics and Photonics. 461 

Jiang, H., Lin, P., Qiang, M., & Fan, Q.X. (2015). A labor consumption measurement system based 462 

on real-time tracking technology for dam construction site. Automation in Construction, 52, 463 

1–15. 464 

Karimi, H.A. (2014). BIG DATA: Techniques and Technologies in Geoinformatics. Boca Raton, FL, 465 

USA: CRC Press. 466 

Khoury, H.M., & Kamat, V.R. (2009). Evaluation of position tracking technologies for user 467 

localization in indoor construction environments. Automation in Construction, 18 (4), 444–457. 468 

Lin, P., Li, Q.B., Fan, Q.X., & Gao, X.Y. (2013). Real-time monitoring system for workers’ behavior 469 

analysis on a large-dam construction site. International Journal of Distributed Sensor Networks, 470 

9(10), 509423. 471 

Liu, T.M., Zhong, M.H., & Xing, J.J. (2005). Industrial accidents: challenges for China’s economic 472 

and social development. Safety Science, 43(8), 503–522. 473 

Mayer-Schönberger, V., & Cukier, K. (2013). Big data: a revolution that will transform how we live, 474 

work, and think. Eamon Dolan/Houghton Mifflin Harcourt, 2013. 475 

Momoh, J. (2012). Smart Grid: Fundamentals of Design and Analysis. Wiley-IEEE Press. 476 

NAS (National Academies of Sciences) (2013). Underground Engineering for Sustainable Urban 477 

Development. National Academies Press, Washington, D.C, ISBN. 978-0-309-27824-9, DOI: 478 

10.17226/14670. 479 

Nelson, P.P. (2016). A framework for the future of urban underground engineering. Tunnelling and 480 

Underground Space Technology, 55, 32–39. 481 

Ortega, S., Wendel, J., Santana, J.M., Murshed, S.M., Boates, I., Trujillo, A., Nichersu, A., & Suarez, 482 

J.P. (2019). Making the Invisible Visible-Strategies for Visualizing Underground 483 

Infrastructures in Immersive Environments. International Journal of Geo-information, 8(3), 484 

152. 485 

Ou, C., Teng, F., & Wang, W. (2008). Analysis and design of partial ground improvement in deep 486 

excavations. Computers and Geotechnics, 35(4), 576–584. 487 



19 

   

Penttilä, H. (2006). Describing the changes in architectural information technology to understand 488 

design complexity and free-form architectural expression. Journal of Information Technology 489 

in Construction (ITcon), 11(29), 395–408. 490 

Qian, Q., & Lin, P. (2016). Safety risk management of underground engineering in China: Progress, 491 

challenges and strategies. Journal of Rock Mechanics and Geotechnical Engineering, 8(4), 492 

423–442. 493 

Rao, K.S., & Chandran, K.R. (2013). Mining of customer walking path sequence from RFID 494 

supermarket data. Electronic Government, 10(1), 34–55. 495 

Reilly, J., & Brown, J. (2004). Management and Control of Cost and Risk for Tunneling and 496 

Infrastructure Projects. Proc. International Tunneling Conference, Singapore, May 2004. 497 

Saab, C., Shahrour, I., & Hage Chehade, F. (2020). Risk Assessment of Water Accidental 498 

Contamination Using Smart Water Quality Monitoring. Exposure and Health, 12(2), 281–293. 499 

Shahrour, I., Abbas, O., Abdallah, A., Abou Rjeily, Y., Afaneh, A., Aljer, A., Ayari, B., Farrah, E., 500 

Sakr, D., & Al Masri, F. (2016). Lessons from a large scale demonstrator of the smart and 501 

sustainable city. In: Brdulak, A., Brdulak, H. (eds), Happy City - How to Plan and Create the 502 

Best Livable Area for the People. EcoProduction (Environmental Issues in Logistics and 503 

Manufacturing). Springer, Cham. DOI: 10.1007/978-3-319-49899-7_11. 504 

Shahrour, I., & Zhang, W.G. (2020). Use of soft computing techniques for TBM tunneling 505 

optimization, Underground Space, DOI: 10.1016/j.undsp.2019.12.001. 506 

Shahrour, I., Ali, S., Maaziz, Z., & Soulhi, A. (2017). Comprehensive Management Platform for 507 

Smart Cities. Sensors Networks Smart and Emerging Technologies (SENSET), Beirut, 508 

Lebanon, 2017, IEEE Xplore, DOI: 10.1109/SENSET.2017.8125019. 509 

Shreyas, S.K., & Dey, A. (2019). Application of soft computing techniques in tunnelling and 510 

underground excavations: state of the art and future prospects. Innovative Infrastructure 511 

Solutions, 4(1), 46. 512 
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