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Abstract  3 

Underground utility tunnels are crucial for urban areas with high density in both population and number 4 

of buildings since they can tremendously improve the utilization of land resources. However, the 5 

operation & maintenance (O&M) of such underground tunnels is tedious and challenging, due to the fact 6 

that there is a lack of effective information technologies to facilitate O&M of utility tunnels. Although 7 

Building information modelling (BIM) technology is asserted to provide a game-changing solution to 8 

address the challenges encountered in the AEC industry, the use of BIM for operating and managing 9 

utility facilities in an efficient manner is rarely explored in the existing literature. To address this gap, a 10 

novel framework is proposed in this research to promote the sustainable O&M of utility tunnels with the 11 

support of BIM. Specifically, this framework encompasses three modules, namely, BIM model, O&M 12 

database, and monitoring system. A detailed description of each component of the proposed framework, 13 

as well as a preliminary user interface design, is presented in this paper. An implementation example is 14 

presented to provide the validation of the proposed framework. The preliminary results indicate the 15 

feasibility of the proposed framework in facilitating the information integration and communication of 16 

utility tunnels. This research contributes to the main body of knowledge by proposing a generic BIM 17 

framework for sustainable O&M of utility tunnels and formalizing data requirements as well as 18 

management workflow intended for utility tunnel O&M.  19 
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1. Introduction 23 

Utility tunnels, also referred to as underground municipal pipe galleries, common ducts, or multi-utility 24 

tunnels, are able to accommodate various municipal pipelines such as electricity, heat, drainage, tap water, 25 

natural gas, and so forth (APWA, 1997; Cano-Hurtado and Canto-Perello, 1999; Rogers and Hunt, 2006; 26 

Wang and Xue, 2012). Such tunnels are an important component in urban infrastructure, providing a 27 

protective barrier for various types of pipelines thereby extending their service life. In particular, many 28 

pipelines are made of iron or copper; such metallic materials can corrode easily due to contact with air 29 

and water (rain). On the other hand, utility tunnels are able to increase land-use efficiency because they 30 

occupy less (in some cases no) land space (J. Canto-Perello & Curiel-Esparza, 2006; He, Song, Dai, & 31 

Durbak, 2012). In addition, the use of utility tunnels allows for pipeline owners and other stakeholders to 32 

manage the pipelines housed within more efficiently. Maintenance specialists can easily enter into the 33 

utility tunnels to perform inspections and maintenance (Julian Canto-Perello, Curiel-Esparza, & Calvo, 34 

2013). However, several challenges exist in the operation and maintenance (O&M) of utility tunnels due 35 

to their distinct structure, location (underground), and management model, such as safety issues, 36 

incomplete data collection, and lack of information sharing among stakeholders. Working in an 37 

underground space poses various hazards (fire, electricity, poison gas, etc.), thus safety is one of the most 38 

important factors to be considered (Li & Chow, 2003). There are many types of pipelines and equipment 39 

belonging to various professional fields and companies, thus information sharing among stakeholders is 40 

of vital importance to ensure the efficient O&M of utility tunnels. All these issues make it imperative to 41 

develop an effective O&M system to improve the work efficiency of practitioners. 42 

Building Information Modeling (BIM) is a widely used technology in construction projects that is able to 43 

assist in the design, construction, and O&M throughout the entire lifecycle of a project (Ciribini, 44 

Mastrolembo Ventura, & Paneroni, 2016). The use of BIM has many positive effects on the sustainable 45 

development of the construction industry, including economic, environmental, and social aspects 46 

(Akinade et al., 2018; Alwan, Jones, & Holgate, 2017; Azhar, 2011; Chong, Lee, & Wang, 2017). In 47 

recent years, a significant amount of research has been carried out in applying BIM in building facility 48 

management, especially in the area of integration of BIM technology and other professional technology 49 

such as Geographic Information System (GIS) (Kang & Hong, 2015) and information management 50 

systems (Hooper & Ekholm, 2010). Unlike building facility management, the utility tunnel is a linear 51 

building (in length) and involves more stakeholders (various utility companies), which makes it 52 

challenging to conduct the O&M activities. In current practice, BIM technology has been applied in the 53 

planning, design, and construction stages of utility tunnels (El-mekawy, Paasch, & Paulsson, 2014; Jiang 54 

et al., 2015; Olde Scholtenhuis, Hartmann, & Dorée, 2016). However, few efforts have been put forth in 55 
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both academia and industry that leverage BIM to assist practitioners in managing the O&M activities of 56 

utility tunnels and to assist with the information sharing among stakeholders.  57 

Hence, this research proposes a novel BIM-based framework for the sustainable O&M of utility tunnels. 58 

The original contribution of the presented BIM-based framework lies in the formalization of function and 59 

data requirements, as well as management workflow intended for utility tunnel O&M. The remainder of 60 

this paper is organised as follows. In Section 2, the literature pertaining to utility tunnel management and 61 

relevant BIM application is reviewed in order to clarify the point of departure. Subsequently, Section 3 62 

presents the proposed framework for utility tunnel O&M in detail. The implementation of the proposed 63 

framework is presented in Section 4. The final section concludes by highlighting the research contribution 64 

of this study and future work. 65 

2. Literature review 66 

2.1. Utility tunnel 67 

Utility tunnels have been utilized for more than 180 years, having first been built in cities with large 68 

populations (Paris in 1833, London in 1861, Nottingham in 1861–1862, St. Helens in 1899, Manchester in 69 

1902, and Glasgow in 1905) (Barends, Lindenberg, Luger, De Quelerij, & Verruijit, 1999). Several 70 

studies have been conducted and developed in this area over the years, and as a result, various types of 71 

technology and theory concerning utility tunnel design, construction, and maintenance have been 72 

established. Currently, utility tunnels have become a major urban infrastructure for large cities, especially 73 

for those sustaining high density in both population and number of buildings (Julian Canto-Perello et al., 74 

2013; Sterling, 1997). 75 

The development of modern cities goes hand in hand with urban infrastructure, such that the urban 76 

underground space is the most critical factor for the sustainable development of urban infrastructure 77 

(Cano-Hurtado & Canto-Perello, 1999; Julian Canto-Perello, Curiel-Esparza, & Calvo, 2016; Sierra, 78 

Yepes, & Pellicer, 2018). The scarcity of urban underground space and the increase of utilization cost 79 

promote the development and utilization of utility tunnels (Rogers & Knight, 2014). Utility tunnels offer 80 

significant potential for the development of cities and promote the sustainable development of urban 81 

underground space. Although the initial cost may pose a barrier, large cities should design their utilities to 82 

meet the long-term needs of their citizens (Cano-Hurtado & Canto-Perello, 1999). Hunt et al. (2014) 83 

carried out a sustainability cost analysis of utility tunnels, considering social cost and environmental cost. 84 

The result indicates that multi-utility tunnels are a more sustainable method compared with the traditional 85 

open-cut utility installation for cities to install their infrastructure. 86 
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A significant amount of research focuses on the design and planning of utility tunnels from various 87 

aspects. Canto-Perello and Curiel-Esparza (2001) explored human factors engineering in utility tunnel 88 

design. They proposed some design and planning rules to improve the work environment of employees by 89 

eliminating work-related pain and stress. Zhou (2014) studied the design scheme of utility tunnels by 90 

means of open-cut method. His study focused on frame structure design, construction design, and 91 

waterproofing. Canto-Perello et al. (2016) applied a SWOT analysis and analytic hierarchy process (AHP) 92 

to analyze the internal and external factors that affect the design of utility tunnels. A decision-making 93 

system was proposed to support the design of utility tunnels. The design and planning of utility tunnels 94 

have a significant influence on the O&M such that it is worth directing more effort toward these phases.  95 

In addition to the design and planning, safety is another important factor for practitioners to consider for 96 

utility tunnel projects. Monitoring devices should be installed inside the utility tunnel to monitor any 97 

potential hazards since a significant amount of hazardous equipment is housed in a constricted space; for 98 

example, the atmosphere may suddenly become lethally hazardous (e.g., toxic, flammable, or explosive) 99 

(J. Canto-Perello & Curiel-Esparza, 2006). Wireless sensors were deployed to monitor the London 100 

underground system to ensure the safe operation of the tunnel during construction activities (Cheekiralla, 101 

2004). A monitoring system was also designed for the Expo Park in Shanghai, including a field 102 

monitoring instrument, an auxiliary equipment monitoring system, a communication system, a security 103 

system, and an automatic fire alarm system (Zhu, 2011). The historic in-service utility tunnel may 104 

sometimes become potentially hazardous to the surrounding construction process (such as subway 105 

construction and new utility tunnel construction) as most of the old tunnels were dug by hand with little 106 

regulatory oversight. Therefore, monitoring is required to ensure the stability and safety of these tunnels 107 

(Kosnik, Kotowsky, Marron, Dowding, & Finno, 2010). The goal of all these systems is to maintain the 108 

safe operation of utility tunnels. 109 

2.2. BIM for facility management 110 

BIM is a parametric design tool for the digital representation of construction projects. It is also an 111 

information-sharing platform that supports collaboration among team members or various stakeholders 112 

participating in a project. It can integrate the construction project information from planning and design to 113 

construction, operation, and maintenance until the end of a project’s life, allowing users to access the 114 

project information of the entire life span at any time. Eastman et al. (1974) first proposed the concept of 115 

Building Description System (BDS), which is a computer-based system that can store and manipulate 116 

design information in detail in order to facilitate the analysis of the design, construction, and operation of 117 

a project. This is believed to be the origin of BIM technology. Having undergone several decades of 118 

development, BIM technology has been widely used in all aspects of the construction industry. 119 
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As for BIM application in the field of facility management, Akcamete et al. (2010) determined that the 120 

costs of the maintenance phase account for more than 60% of the total cost of the project, but BIM has 121 

hardly been used as a tool in this area. Theoretically, BIM can visualize various aspects of facility 122 

management in real-time. Data can be stored in the BIM model indefinitely and can be analyzed from 123 

multiple perspectives to assist the facility management activities. In this respect, a few researchers have 124 

demonstrated the potential of BIM in facility management. For example, Becerik-Gerber et al. (2012) 125 

conducted research on the potential areas in which BIM can be useful in facility management practices. 126 

An online survey and face-to-face interviews were used to determine the current status of BIM 127 

implementation in facility management practice and the potential application in this area. The results 128 

indicated that BIM can be a beneficial platform for facility management in several ways and some 129 

organisations have already deployed BIM in their facility management. It was also determined that some 130 

areas (including locating components, facilitating real-time data access, etc.) are more suitable for BIM 131 

application than others, which can serve as a guide to improve the application of BIM in facility 132 

management.  133 

In addition, other information technologies, such as GIS, databases, and monitoring systems, can be 134 

integrated with BIM to enhance facility management. Deng et al. (2016) proposed a methodology for 135 

mapping Industry Foundation Classes (IFCs) with CityGML at different level of detail (LoDs) that was 136 

tested on various IFC and CityGML models. For effective data integration and communication of facility 137 

management, a software program, which integrates BIM into a GIS-based facility management system, 138 

was developed (Wetzel & Thabet, 2015). Data can be transferred between the BIM model and facility 139 

management system, such as computer-aided facility management (CAFM) and computer maintenance 140 

management system (CMMS), to assist with corrective maintenance actions. By receiving the 141 

maintenance data in a 3D IFC–BIM environment, facility management practitioners can have a better 142 

understanding of the project and make correct decisions in the facility management (Shalabi & Turkan, 143 

2017). BIM can be integrated with the database to facilitate information integration in many areas: For 144 

example, Motamedi et al. (2014) integrated a relational database, which records facility management 145 

(inspection and maintenance) data, with BIM to realize the visualization of the information and helps to 146 

detect the root causes of failures. In another example, Marzouk & Abdelaty (2014) developed a BIM-147 

based system to monitor the thermal comfort in subways, which deployed various sensors to collect 148 

thermal data and stored them in a relational database (Microsoft Access or Microsoft SQL server). The 149 

monitoring system is then integrated into the BIM platform effectively to realize the information 150 

visualization and also used for further analysis. In addition, research has been done with respect to 151 

integrating energy monitoring (Costa et al., 2013), construction process monitoring with terrestrial laser 152 

scanning (Bosché et al.,2015), and safety monitoring for construction (Park et al., 2016). 153 
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In light of the literature reviewed above, BIM can be integrated with other information technologies and it 154 

can also assist with the facility management of a building. Therefore, this paper aims to determine a 155 

method to integrated BIM with other information technologies (e.g., real-time sensing) to assist with the 156 

sustainable O&M of utility tunnels. 157 

2.3. BIM for utility tunnels 158 

Most BIM applications are related to buildings, while there have been few applications related to 159 

infrastructure (Bradley et al., 2016), especially to utility tunnels. However, the use of BIM in utility 160 

tunnels offers significant benefits; for example, BIM provides easy-to-read 3D utility tunnel map data and 161 

3D visualization for various stakeholders, both of which can improve communication. In the research of 162 

Chang and Lin (2016), a concept of road information modeling (RIM), based on BIM, was proposed to 163 

manage underground pipeline systems. Taking the policy and technology factors into account, they 164 

offered suggestions regarding how to implement BIM technology, which could serve as a reference for 165 

future research.  166 

In fact, BIM technology can be used in several aspects of utility tunnels, such as the detection of mistakes, 167 

omissions, and collisions in drawings. Since utility tunnel drawings are provided by several departments 168 

(such as design departments and several pipeline departments), misunderstandings or inadequate 169 

communication often occurs that can cause the aforementioned issues. Using BIM as an information 170 

platform allows all parties involved to update new design outcomes and changes in a real-time manner 171 

and provides a full understanding of the design based on a 3D model (Guo et al., 2017). The integration 172 

between BIM and GIS can provide a 3D view of the interior and exterior pipelines of buildings that assist 173 

field workers, with little background in GIS or CAD, to have a better understanding of the subsurface 174 

pipelines. From previous research, it is clear that all the underground pipelines can be depicted in a 3D 175 

visualization, including the depth, location, size, and even the materials of the pipes. Furthermore, with the 176 

complete 3D visualization database, engineers can optimize the pipeline routes and excavation activities (Liu 177 

& Issa, 2012). BIM has been widely used during all stages of construction projects (Park et al., 2013, Ding 178 

et al., 2013, Yin et al., 2019). BIM has also been used in the construction process of tunnel projects. For 179 

example, Zhou et al. (2013) has proposed a BIM-based system to visualize the safety status during the 180 

construction of a tunnel project. Zhang et al., (2016) has proposed, in another example, a BIM-based 181 

system to facilitate risk identification in tunnel construction. In terms of software, several options exist, 182 

including Bentley, ArchiCAD, Revit, and Navisworks, etc., most of which facilitate a convenient design 183 

process by providing several plug-ins to assist the designers in building various types of mechanical, 184 

electrical, and plumbing equipment. Virtual tours can be generated, which allow users to browse the 185 

entire model on their PC without having to install specific software. After the model is built, the section 186 
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tool is used to cut a cross-section of the model at any position, and the corresponding section drawing can 187 

be automatically generated and linked with the model. If users make any changes in the sectional drawing, 188 

the model updates simultaneously (Jiang et al., 2015).  189 

In short, BIM technology can assist with the design and planning of utility tunnels and is commonly used 190 

in practice; however, there is a research gap in the BIM application for the O&M of utility tunnels, which 191 

is the primary objective of this research. 192 

2.4. Summary 193 

Fig. 1 summarizes the existing literature regarding BIM, utility tunnels, and facility management, as well 194 

as their overlaps. The circle shows the research topic while the bullet points in the rectangular box 195 

indicate the research focuses of each topic or their overlaps. For example, existing research has shed light 196 

on the benefits of BIM, the approach using BIM for utility tunnels, and associated software in terms of the 197 

overlap of BIM and utility tunnels. As shown in Fig. 1, there is a research gap with respect to BIM-198 

integrated facility management for utility tunnels. 199 
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 200 

Fig. 1. Literature analysis Venn diagram. 201 

BIM is a commonly used tool in the design and construction phases of building projects. Researchers 202 

have sought to integrate BIM technology with other information technology such as GIS to help users 203 

understand and manage such projects. A valuable form of BIM application is in the field of facility 204 
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management, since a large portion of the project cost is spent during the maintenance phase and applying 205 

BIM at this phase can reduce the total cost of the project. BIM can assist users in many ways in terms of 206 

facility management, including locating components, facilitating real-time data access, collecting energy 207 

consumption data, and forecasting the energy demand (Wang et al., 2013). 208 

Currently, most BIM applications are in the field of building construction, and only few researchers have 209 

begun to explore the application of BIM to assist in the O&M activities of utility tunnels. The benefits of 210 

using BIM in utility tunnels are summarized and strategies for promoting BIM application in such 211 

projects are proposed by previous studies. Although few studies focus on the design and construction 212 

phases of utility tunnels, researchers are becoming increasingly concerned about the design and 213 

construction phases because of the high cost that is accrued in a short period compared with the long-term 214 

maintenance phase, thus their aim is to reduce such costs by using BIM. However, the maintenance stage 215 

of the project incurs more cost than the design and construction phases over the lifecycle of the project 216 

(Woodward, 1997). 217 

The software industry has been developing rapidly in recent years, and companies have developed many 218 

powerful BIM software programs to assist in the building process. According to the BIM Project 219 

Execution Planning Guide – Version 2.1. (Computer Integrated Construction Research Program, 2011), 220 

BIM can be applied in four project phases in a given project, including planning, designing, construction, 221 

and operation. However, most BIM applications in utility tunnels primarily focus on the first three phases, 222 

while overlooking the most cost-consuming phase, which is the operating phase. In fact, maintenance 223 

scheduling, building system analysis, asset management, space management/tracking, and disaster 224 

planning during the operating phase can also be facilitated by BIM (Computer Integrated Construction 225 

Research Program, 2011). 226 

To bridge this research gap, the latent capacity of BIM for O&M of utility tunnels can be developed by 227 

integrating BIM with other technologies (database and monitoring system in this case). A BIM-based 228 

framework is described in detail in the following section. 229 

3. BIM-based framework for utility tunnel sustainable O&M  230 

In an effort to support the sustainable O&M of utility tunnels, a BIM-based facility management system is 231 

proposed. Fig. 2 shows the system architecture. Specifically, the proposed system has a three-layer 232 

architecture, namely, the physical layer, network layer, and application layer. The physical layer consists 233 

primarily of the monitoring system intended to collect various status data inside the utility tunnel. The 234 

sensory data is then sent to the network layer through various devices, such as a gateway, which is widely 235 
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used to provide interoperability between networks and devices (Jia et al., 2019). The network layer is 236 

designed to transfer data among different platforms and to interpret data for the usage of the later step. 237 

Collected data from the monitoring system is retrieved by using query language (e.g. Structured Query 238 

Language, SQL) and stored in the utility tunnel O&M database. The BIM platform also serves as a data 239 

source that contains rich information about the utility tunnel and its equipment and pipelines (E/P). 240 

Afterward, the information in network layers will be presented in an application layer for the purpose of 241 

information sharing among end-users and stakeholders. Operating tools, such as middleware, could be 242 

used to connect different platforms under certain protocols (e.g., Message Queue Telemetry Transport 243 

(MQTT)) (Jia et al., 2019). A user-friendly graphical user interface will facilitate information sharing and 244 

information visualization. 245 

Monitoring System

Physical layer

Network layer

Application 
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Gateway

Middleware

Information collection

Information sharing
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Utility Tunnel O&M 
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· Fire monitoring

· Video monitoring

· Environmental monitoring 

· Security monitoring

· Equipment monitoring

· Data transfer

· Data Interpretation

· Information Integration

· Information visualization

· End-users/stakeholders

 246 
Fig. 2. System architecture of the BIM-based facility O&M management system. 247 
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3.1. Requirements of utility tunnel O&M 248 

3.1.1. Function requirements 249 

The state of operation of the utility tunnel is related to the supply condition of water, electricity, heat, gas, 250 

communication, and other necessities. Therefore, it is important to use intelligent monitoring systems to 251 

collect the operation information to ensure that all facilities are working properly, and workers are in a 252 

safe working environment. The present monitoring and control system of utility tunnels includes a 253 

collection of several independent monitoring systems, which collect information through various sensors 254 

in the monitoring system and then transfer information to the control center for processing and 255 

distribution. The system proposed in the present research integrates all the monitoring information and 256 

BIM model information to realize the visualized management platform. 257 

Utility tunnels are equipped with several kinds of pipelines, as well as various types of maintenance and 258 

monitoring equipment, making the amount of information to track for the duration of a project relatively 259 

large and difficult to be managed manually; thus, BIM tools offer a suitable solution for information 260 

integration and management. BIM technology can not only generate 3D models but also integrate 261 

information such as construction methods and materials. Engineers can clearly see all relevant 262 

information of specific components when clicking on a part or device in the BIM model. In the event of 263 

an accident, engineers can quickly determine the location of the equipment and structure involved in the 264 

accident and can plan the repair and arrange the maintenance personnel according to the relevant 265 

information in the BIM model. 266 

Based on the project O&M characteristics of the utility tunnel, the BIM-based utility tunnel O&M 267 

management system is proposed. The functional requirements of the model are summarized as follows: 268 

(1) Real-time information collection: Information regarding the inner structure and various types of 269 

pipelines housed within the utility tunnel is collected through the monitoring system sensors, and 270 

other information can be collected by inspection personnel, maintenance personnel, cost 271 

management personnel, contract managers, and so on. In the event of any changes inside the 272 

tunnel, all information is updated in real-time. 273 

(2) Effective information integration and distribution: Information from different sources should be 274 

well integrated into the system and distributed to users according to the level of access assigned 275 

to a user. 276 

(3) Visualized information management: The visualized information management is not only required 277 

to display the 3D model, but also to display information regarding the state of operation of the 278 

equipment/pipeline, the cost control, the contract dispute, the security, and so on. 279 
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(4) Automatic safety monitoring and alarm: Several parameters need to be collected by the monitor 280 

sensors inside the tunnel, including temperature, humidity, and oxygen content. In addition, 281 

situations such as pipe bursts and fires also need to be monitored and relevant personnel alerted. 282 

3.1.2 Data requirements  283 

For facility management of residential or industrial buildings, the following aspects are considered: 284 

energy management, maintenance and repair, space management, quality assurance and control, 285 

noncapital construction, commissioning and closeout, real estate management, and so forth (Becerik-286 

Gerber et al., 2012). However, for utility tunnels, based on the characteristics of this type of project, the 287 

following four aspects are the focus: equipment information management, safety management, O&M 288 

information management, and contract and cost information management. Equipment information 289 

consists of the name, specification, and ID information of the equipment or pipeline in the utility tunnel; 290 

safety management collects the data related to the safety of the equipment/pipelines and workers; O&M 291 

management concentrates on the maintenance records and operating state records; contract and cost 292 

information collects the legal and financial data of the equipment/pipelines. The data necessary to fulfill 293 

the function mentioned above can be divided into three categories based on the access method:  294 

(1) Monitoring data: Monitoring data are categorized by different systems, which are collected from 295 

different sources (see Table 1). The fire monitoring system can monitor the fire conditions inside 296 

the tunnel. If it detects any fire condition, the corresponding action of the system will be alarm (1: 297 

true), otherwise, there will be no alarm (0: false). A similar monitoring pattern can be applied to 298 

the security guard system and equipment monitoring system where 0 means no action required 299 

and 1 means attention needed. In addition, video monitoring and environmental monitoring 300 

systems will collect data indicated in the corresponding rows.  301 

(2) BIM model data: The BIM model is an integrated information platform that contains n-D 302 

information (i.e., 3D and other information such as material information, cost information, and 303 

contract information). 304 

(3) Manually-recorded data: Some of the repair and maintenance information needs to be recorded 305 

manually in order to track updates. 306 

Table 1. Data content of each subsystem. 307 

Subsystems Data Content 

Fire monitoring system Alarm (0/1) 

Video monitoring system Video document 

Environment monitoring system Temperature, humidity, oxygen content, water level 

Security guard system Foreign envision (0/1) 

Equipment monitoring system Normal operation (0/1) 
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3.2. System Framework  308 

The overall system framework of the utility tunnel O&M management system is presented in Fig. 3. The 309 

system framework, which is based on the utility tunnel O&M database, can realize the information 310 

exchange among the BIM model, monitoring system, and the database through API. The first step to build 311 

the system is to build the n-D model using Revit or other BIM software, which presents the information in 312 

a straightforward way in order to facilitate a better understanding of the project for all personnel involved. 313 

In addition to the 3D model development, developers should also integrate information into the model 314 

using the property function in the software. Then the database can be developed using an SQL Database 315 

based on the entity-relationship (ER) diagram. Parts of the data in the database can be exported from the 316 

BIM model by the open database connectivity (ODBC) function. The database needs to be further 317 

expanded to import information not contained in the BIM model (such as supplier information, routine 318 

maintenance records, contract information, cost information, etc.) into the database. Finally, information 319 

collected by the monitoring system is updated into the database, including fire information, video 320 

information, temperature, humidity, oxygen content, foreign invasion information, and equipment 321 

operation information at specific locations of a given utility tunnel. The data mentioned above needs to be 322 

updated in a real-time manner. Following these steps, a complete utility tunnel O&M management system 323 

is constructed and completed. A unified storage of tunnel information is achieved, facilitating relevant 324 

analysis and assisting in the formulation of management decision making. 325 

A detailed structure of the system can be seen in Fig. 3, where detailed information of three modules in 326 

the system is illustrated from left to right using different colors. The entire system is centered on the 327 

database module (shown in yellow), and the goal is to achieve centralized management and visualization 328 

of information. The blue and green modules represent the monitoring system and information integrated 329 

BIM model, respectively. Substantial data can be collected by these two modules and integrated with the 330 

database. Corresponding to the functional requirements analysis from Section 3.1.1, real-time information 331 

collection, effective information integration and distribution, visualized information management, and 332 

automatic safety monitoring and alarm can be fulfilled using this framework. A monitoring system can 333 

obtain real-time data inside the tunnel, and sensors and monitors can assist with the safety monitoring and 334 

alarm. All the data from the monitoring system, BIM model, and O&M personnel can be integrated into 335 

the database to realize effective information integration and distribution. Furthermore, the BIM model and 336 

the monitoring system work together to realize the visualized information management. 337 

To fully understand the framework, a detailed description of information visualization and database 338 

structure is presented in Sections 3.2.1 and 3.2.2. 339 
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Fig. 3. Detailed system framework of utility tunnel O&M management system. 341 

3.2.1. Information visualization 342 

The information visualization function can be fulfilled by the information integration module of the 343 

framework (highlighted in green in Fig. 3). Some information can be presented in the 3D model in color 344 

to distinguish the various states of the equipment/pipelines. For example, a normal-state pipeline is 345 

represented by the original color while the pipeline in an abnormal state will change to a specific color to 346 

indicate the different types of abnormal states. Fig. 4 provides an example as follows: if the pipeline is not 347 

working, it is shown in red; and if this pipeline is deemed a potential safety hazard, it is shown in brown. 348 

Other situations can be indicated by other colors in the same pattern or the meaning of different colors can 349 

be pre-determined according to user preferences. After obtaining this information, O&M personnel can 350 

develop corresponding strategies to manage these conditions. 351 

The information visualization process presented in Fig. 5 contains four steps, namely, data collection, 352 

model construction, information visualization, and decision making. Firstly, all the data necessary for 353 

information visualization is collected to be used in the next step, the 3D modeling. The data, which can be 354 

extracted from 2D drawings and the database as well as from other information, which is updated by 355 

O&M personnel, need to be integrated into the model. With the necessary data collected, the BIM model 356 

can be build using BIM software (Revit or ArchiCAD). Note that, for different projects, different kinds of 357 
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software may be used, which may be determined by the user’s habit or local policy. Among the widely 358 

acceptable BIM software, Revit and ArchiCAD are indicated as two examples in Fig. 5. Key information 359 

is enriched into the BIM model, such as safety states, maintenance states, contract states, and cost states, 360 

in order to realize the information visualization in the BIM model. Practitioners, who may be not familiar 361 

with the BIM software, can obtain the O&M information directly from this BIM model. Decision-making 362 

tools or professional handbooks may be used at this stage to manage the condition presented by the BIM 363 

model.  364 

Legend:

: potential safety hazard : Pipeline failure

: Abnormal contract status : Abnormal cost status

 365 

Fig. 4. Example of information visualization. 366 
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Fig. 5. Information visualization framework. 368 
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3.2.2. Utility tunnel database  369 

The database stores a significant amount of information, including information regarding the utility tunnel 370 

itself and that of the equipment and pipelines. As mentioned in Section 3.2 and presented in Fig. 3, the 371 

database contains six functional modules (safety information, equipment information, maintenance 372 

information, contract information, cost information, and management information). The functional 373 

structure is presented in Fig. 6, where each module consists of two types of data. For example, safety 374 

information includes monitoring data and routine inspection data. The former can be collected by the 375 

monitoring system while the latter is captured by the daily work records of the maintenance personnel. 376 

For the E/P basic information, two types of data can be classified: specification data and location data. 377 

The specification data primarily describes the information of the equipment and pipelines while the 378 

location data concentrates on the structures and parameters of the utility tunnel itself. The remaining 379 

modules are presented in Fig. 6, and the detailed information of each module will be presented in the 380 

following section. 381 
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Fig. 6. Database functional modules. 383 

For each functional module, several tables are developed to record the complete information, as outlined 384 

in Table 2. Table 2 also specifies the fields of each table in the database, the first key of the field is the 385 

primary key that identifies one record from another. For example, in the E/P specification table, each 386 

section of the pipeline or each piece of equipment has a unique ID (primary key) that distinguishes one 387 

from another. Other information, such as equipment name, location number, installation company ID, 388 

installation date, supplier ID, and contract ID, can be identified in regard to each specific section of the 389 

pipeline or piece of equipment from the E/P specification table. Further detailed information, such as the 390 

location, installation company, supplier, or contract for the given pipelines/equipment, can be linked to 391 
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the E/P specification table with the foreign keys. A relational database can thus be constructed in this 392 

pattern step by step, from which users can efficiently obtain a significant amount of information.  393 

Table 2. Tables in the database. 394 

Functional 

modules 
Tables Field elements 

Safety 

Information 

Fire monitoring table Sensor ID, Location #, Alarm  

Video monitoring table Camera ID, Location # 

Environmental monitoring 

table 

Sensor ID, Location #, Temperature, Humidity, Oxygen 

content, Water level, Alarm  

Safety guard table Sensor ID, Entrance #, Alarm  

Equipment monitoring table Sensor ID, E/P ID, E/P name, Location #, Alarm  

E/P Basic 

Information 

E/P specification table 
E/P ID, E/P name, Location #, Installation company ID, 

Installation date, Supplier ID, Contract ID 

Location information Table 
Location #, Drawing #, Design height, Design slope, Height 

between ditch and road 

Supplier information table 
Supplier ID, Name, Address, Phone, E/P ID, Contract ID, 

Acceptance date 

Installation company 

information table 

Installation company ID, Name, Address, Phone, E/P ID, 

Contract ID, Acceptance date 

Maintenance 

Information 

Maintenance table 
E/P ID, E/P name, Maintenance staff ID, Date, Reason for 

repair, Replacement parts, Cost 

Operation state table 
E/P ID, E/P name, Equipment failure (yes/no), Under 

maintenance (yes/no) 

Contract 

Information 
Contract information table 

Contract ID, Contract name, Contract company, Date, 

Amount, Warranty, Dispute (yes/no) 

Cost 

Information 
Cost information table 

E/P ID, E/P name, Purchase cost, Planned maintenance cost, 

Actual maintenance cost, Maintenance cost warning (yes/no), 

E/P net book value 

Management 

Information 

Employee table Employee ID, Name, Department, Email, Phone 

Permission setting Employee ID, Password 

Based on the functional analysis and Table 2, an ER diagram (Fig. 7) is developed to describe the 395 

structure of this relational database. Each table in the diagram is connected with the others by primary 396 

keys and foreign keys, through which all the data are integrated into a network thereby allowing users to 397 

easily search and obtain the data compared with conducting manual data searches. The six modules do not 398 

exist independently, but relationships are defined among them. The cardinality of relationships is also 399 

presented in Fig. 7, for instance, for a location in the tunnel, there may be no or one video monitor present; 400 

however, one video monitor can only monitor one location in the tunnel. Based on the analysis above, a 401 

utility tunnel O&M database can be developed physically by SQL database software. 402 
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Fig. 7. ER diagram of the database.  404 
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4. Implementation 405 

This section provides a sample implementation of the utility tunnel O&M management system. A 406 

graphical user interface (GUI) (see Fig. 8) is developed based on the framework described in Section 3. 407 

First, employees must log in (or register if they are new users) before they can gain access to the system 408 

(see Part A of Fig. 8). A function able to distinguish different users from different departments or 409 

companies is implemented, which provides users a certain level of access based on their roles. 410 

Main interface (see part B of Fig. 8.) can be accessed by users after the login/register process. The left 411 

part of the main interface is a tree structure that demonstrates the system in a hierarchical manner. The 412 

first level of the tree structure includes the equipment/pipelines, BIM model, and monitor video branches. 413 

The second level divides the utility tunnel into several parts, Area A, Area B, and so forth, since it is a 414 

linear project spanning a significant distance from one end to the other. The third and fourth level can be 415 

divided according to different criteria based on the management purpose. The menu bar provides users six 416 

options to select the management content they are concerned with depending on their role in the company. 417 

The popup contents of each menu bar are demonstrated in Fig. 8 from part a to f. 418 

A detailed explanation of Fig. 8 can be seen in Table 3, which describes the GUI according to the 6 419 

options on the menu bar (a-f in Fig. 8). The displayed items and their descriptions are tabulated in Table 3 420 

as well. Part a of Fig. 8 presents an example of the information that users can access by clicking the basic 421 

information button on the menu bar. A sub-window shows the parameters for a specific segment of the 422 

pipeline selected by the user. In addition, information can be updated by users using the various buttons 423 

displayed in the window. Location information, E/P specification, supplier information, and installation 424 

information are presented as separate tabs within the sub-window. Part b of Fig. 8 shows an example of 425 

the function of safety management. Live videos that are recorded by cameras located in a different 426 

location in the tunnel can be seen in this page. Except for the monitoring video, information including fire 427 

hazards, external invasion by people or animals, harmful internal environmental (high temperature, toxic 428 

gag, etc.), or harmful equipment can be found on this page on different tabs. Part c, part d, and part e are 429 

collections of different report materials providing documents that record the maintenance, cost, and 430 

contract information regarding the selected E/P or utility tunnel. Functions such as upload new documents, 431 

update the historical document, download documents, etc. can be integrated into this page as well. Part f 432 

of Fig. 8 shows the employee information, the function of which could facilitate the internal management 433 

of enterprises. Overall, information about the utility tunnel can be integrated into this system in an 434 

efficient way to help streamline information sharing among stakeholders. The implementation example 435 

presented in this paper serves as a reference for future system development. It cannot encompass every 436 
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detail of such projects; however, the system can be improved for future implementation based on the 437 

experience using the proposed framework. 438 

Table 3. Description of the user interface 439 

Option on the menu bar Displayed item Description 

a. Basic information Location information, E/P 

specification, installation 

company information, 

supplier information 

This page shows the basic information of 

the selected E/P inside the tunnel. 

b. Safety management Monitoring video, fire 

monitoring, safety guard, 

environmental monitoring, 

equipment monitoring 

This page provides all the information 

related to the safety of the tunnel. 

c. Maintenance 

management 

Operation state report, 

maintenance report 

E/P operation states and maintenance 

reports can be obtained from this page. 

d. Cost management Cost report The cost report of the selected E/P will 

show on this page. 

e. Contract management Contract document The contract document of the selected items 

can be retrieved from this page. 

f. Management information Employee information Information of the maintenance staff, and 

their corresponding level of access to the 

system can be provided on this page. 

The objective of this proposed system is to improve the multi-source information integration and 440 

visualization of the traditional O&M practice. This research contributes to the body of knowledge by 441 

improving the level of information integration and visualization. Conventionally, the O&M activities are 442 

conducted manually by maintenance staff through various monitoring systems, and the multi-source 443 

information is scattered across various platforms, resulting in inefficiencies. For instance, if there is a fire 444 

alarm, the staff must locate the fire detector by using its reference number and the corresponding map. To 445 

improve the efficiency in the case of a fire alarm, the proposed system allows for the maintenance staff to 446 

locate the detector immediately in the 3D model. Moreover, the monitoring video of the area can be found 447 

in a timely manner to obtain a real-time view of the on-going situation. Detailed information about the 448 

E/P and pipe segment can also be found in the same platform in a highly efficient manner. 449 
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A. Login/Register

B. Main interface.

a b c d e f

 a. Basic information  b. Safety management

 c. Maintenance management  d. Cost management

 e. Contract management
 f. Management information

 450 

Fig. 8. GUI of the utility tunnel O&M management system. 451 
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5. Conclusion and future work 452 

To promote the application of BIM for efficient utility tunnel O&M, a literature review in relation to 453 

utility tunnels, BIM, and facility management was conducted. Based on the related existing research, a 454 

framework, which contains three main modules (i.e., BIM model, O&M database, and monitoring 455 

system), is proposed to assist in the sustainable O&M of utility tunnels. Data from the BIM model, 456 

monitoring system, and the O&M database can be exchanged through the API, which allows for the 457 

maintenance and management personnel to obtain the complete and real-time information prior to making 458 

any management decisions. Four goals have been fulfilled with the proposed framework: real-time 459 

information collection, effective information integration and distribution, visualized information 460 

management, and automatic safety monitoring and alarm. 461 

The research also provides a primary design view of the system, which could, on the other hand, provide 462 

the validation of the proposed framework. However, before a more detailed design of this system can be 463 

developed, pilot research must be conducted to test the functionality of the system based on an actual 464 

project. It is because the local policy and culture may affect the system implementation in various regions. 465 

Future research efforts will be further directed towards the verification and validation of the proposed 466 

system by applying the proposed system to a practical case example and collecting comprehensive results 467 

from the practical field. Meanwhile, GIS technology can be potentially integrated into the system to 468 

obtain information on the location and surrounding environment of utility tunnels. In addition to the 469 

O&M issues discussed in this research (namely safety, equipment, contract management, cost 470 

management, and so forth), other critical issues such as the hydrological, soil materials, and bedding 471 

conditions also need to be considered in the O&M of the utility tunnels. The proposed framework could 472 

be improved by integrating more detailed and comprehensive information in future research. Furthermore, 473 

other technologies such as data mining may be applied after sufficient data have been accumulated by this 474 

system to help users develop maintenance strategies scientifically and efficiently. 475 
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