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Abstract

Tunnel Safety has been recognized as an essential element for the enhancement of transportation safety in Europe. Tunnel safety management is a complex process that involves the implementation and evaluation of a set of processes that aim to prevent tunnel incidents and reduce the associated potential consequences. The objective of this paper is to provide the generic structure and content of a tunnel safety management system based on the EC directive and the EU state-of-practice. This goal is achieved through the identification of the integrated view of the tunnel safety management system (TSMS) i.e. legal, institutional, organizational, and operational issues, for each of the tunnel safety management stages (i.e. plan, do, check, act throughout the whole lifecycle of the tunnel (i.e. design, construction, operation, maintenance, refurbishment). A systematic approach has been developed for determining the integrated view of the TSMS based on: i) the collection of national and international legislation, ii) identification of the stakeholders in tunnel management and operation, and iii) determining the context of the safety processes. The collected information created the basis for identifying the TSMS constituent safety processes and their interrelationships providing the generic structure of the system. The proposed generic tunnel safety management system incorporates the following major features: i) holistic implying that it includes all the major tunnel safety processes, ii) dynamic due to its ability to evolve in time taking into account the existing operational and technological environment, and iii) integrated since it integrates the tunnel safety management stages to the several phases of the tunnel lifecycle. 


Introduction

The tunnel safety management system involves the processes that aim to mitigate risk within the tunnel. The tunnel risk can be effectively managed by providing safety measures for: i) alleviating the causes of tunnel incidents, and ii) controlling and reducing the associated consequences. The achievement of this goal can be accomplished through the establishment of a Tunnel Safety Management System (TSMS) which involves a set of safety processes related to the infrastructure management, traffic monitoring and control, personnel training, and emergency response organization and management. The focus of this paper is on developing a conceptual framework for defining a tunnel safety management system. This objective is achieved through the specification of the integrated view of the system which includes: i) the safety processes involved in each management stage (i.e. plan, do, check, act) and tunnel lifecycle phase (i.e. design, construction, operation, maintenance, refurbishment), ii) the organizational structure of the system, and iii) the legal, institutional, and technological background of the system. This type of analysis of the system provides the basis for determining the structure and basic content of the tunnel safety management system and setting the framework for legal, institutional, organizational, and operational interventions for enhancing tunnel safety. 

The objectives of this paper are to: i) present a methodological approach for determining the integrated view of tunnel safety management system, and ii) provide the generic structure of the tunnel safety management system including the constituent safety processes and their interrelationships. 

The provision of the integrated view of a tunnel safety management system involves the identification of: (i) the legal and institutional framework that establish the safety initiative in tunnel design and operation, (ii) the organizational and operational implications of the legislative and institutional framework in tunnel operation that reflect the safety objective in tunnels, and (iii) the technological tools that accommodate the safe operation of tunnels. The specification of the integrated view of the tunnel safety management system is achieved through the development of a systematic approach for determining the tunnel safety management processes and the associated legal, institutional, and organizational framework throughout the tunnel lifecycle. 

The remainder of the paper consists of three sections. Section two provides the methodological approach for determining the integrated view of a TSMS. Section three presents the emerging generic structure of the TSMS and the major findings of the application of the proposed systematic approach to seven EU member states. Finally section four provides the major concluding remarks of this analysis of the tunnel safety management. 


Methodological Approach

The tunnel safety management system (TSMS) is defined as a set of safety processes that aim to improve the safety level throughout the whole lifecycle of the tunnel. In particular, the TSMS involves the implementation of the following management stages: i) “Plan” referring to the determination of the safety considerations during the planning of the tunnel infrastructure and operation, ii) “Do” implying the implementation of the appropriate safety measures, iii) “Check” implying the assessment of the effectiveness of the safety measures, and iv) “Act” referring to the revision of the safety considerations and application of appropriate interventions [Ross, 1999]. Furthermore the scope of the TSMS covers the entire tunnel lifecycle which includes the following major phases: i) design, ii) construction, iii) operation, iv) maintenance, and v) refurbishment. 

The specification of the integrated view of the TSMS implies the determination of the legal and institutional framework of the tunnel, the associated organizational structure, and the involved safety processes for each management stage and tunnel lifecycle phase. Figure 1 presents the dimensions of analysis of the integrated view of the TSMS. 

Figure 1. The dimensions of analysis of the integrated view of the tunnel safety management system
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The organization and operation of a TSMS are specified by the relevant national or/and international legislative and institutional framework. The legal issues on tunnel safety refer to the regulations on tunnel infrastructure management and operation that are established by law while reflecting the public initiative to secure the safe operation of tunnels. The institutional framework of the tunnel safety management system refers to a set of policies and basic regulations on tunnel safety management and organization formulated and enforced by the involved public authorities. The legislative and institutional framework of the tunnel safety management system can be identified through the collection and analysis of the relevant national or/and international legislation. This procedure implies: (i) thorough search in the relative sources (e.g. official journal of the government, European directives) for relevant legislation issues, and (ii) the synthesis of the identified legislation issues in order to develop an overview of the principles and public policies affecting the context and operation of the tunnel safety management. 

The organizational issues of tunnel safety management refer to the involved stakeholders, their role and interrelationships. The determination of the organization of the tunnel safety management system can be achieved through the identification of the public authorities and the actors that are involved in the tunnel design, operation and infrastructure management. 

The operational issues of the tunnel safety refer to the content of the tunnel safety management processes including the safety operations addressing tunnel monitoring, traffic control, and emergency response.

Finally, the technological issues refer to the information and communication technologies which are used for accommodating the complex management decisions that emerge from the tunnel safety processes. 

It is evident that the identification of the integrated view of the TSMS is a complex task. A systematic approach has been developed for determining the legal, institutional, organizational, operational, and technological issues of the TSMS based on: i) the collection of national and international legislation, ii) identification of the stakeholders in tunnel management and operation, and iii) determining the context of the safety management process. Figure 2 presents the proposed systematic approach. 

Figure 2. Methodological approach for specifying the legal, institutional, and organizational issues of tunnel safety management systems
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The process for identifying the integrated view of tunnel safety management consists of three stages. The first stage of the approach refers to the collection and analysis of the relevant legislation (National, EU, International) that affects the “Plan”, “Do”, “Check”, “Act” stages of the TSMS throughout the tunnel lifecycle. The second stage determines the involved stakeholders and their roles in each management stage and phase of the tunnel lifecycle while the third stage of the approach concentrates on the identification of the corresponding safety operations. These stages of the proposed methodology are supplemented with the “Technological Environment” process which aims at identifying the information and communication technologies used for supporting the associated tunnel safety management decisions. The emerging set of information constitutes the integrated view of the TSMS. 

Structure And Content Of A Tunnel Safety Management System

The specification of generic content and structure of a Tunnel Safety Management System (TSMS) has been based on the information collected through the application of the proposed framework for the specification of the integrated view of the TSMS emerging from the EU directive (2004/54/EC) of the minimum tunnel safety requirements. 

The EU Directive provides institutional, organizational, operational and technical measures addressing tunnel safety. In particular the EU Directive determines the major stakeholders that are involved within the Tunnel Safety Management and their associated role i.e. objectives and responsibilities. This set of stakeholders includes: i) the Administrative Authority, ii) the Inspection Entity, iii) the Tunnel Manager, and iv) the Safety Officer. The Administrative Authority is assigned the general responsibility for all aspects of tunnel safety and the assessment of the compliance of the tunnel operations with the provisions of the EU Directive. It undertakes the role of the contact point between the European Commission and the Member state with respect to the tunnel safety aspects. Furthermore, the Administrative Authority is entitled to assure the performance of the following operations: (i) regular tunnel inspections, (ii) training and equipping the emergency services, (iii) defining the procedure for tunnel closure, and (iv) implementing risk reduction measures. The Inspection Entity is established by each Member state in order to perform evaluations, tests, and inspections on behalf of the Administrative Authority on the technical and operational conditions of the tunnel. The Tunnel Manager is a public or private body designated by the Administrative Authority for the operation of the tunnel. Furthermore, the Tunnel Manager nominates with the prior approval of the Administrative Authority one Safety Officer (a member of the tunnel staff or the emergency response services) who is responsible for assessing the effectiveness of the tunnel safety measures and assures the coordination of the tunnel manager and the emergency services with respect to the emergency response planning. The EU Directive underlines the responsibility of the Safety Officer to monitor the training skills of the tunnel operational personnel and the emergency services. Based on the role assigned to the Safety Officer, it is evident that the objective of the EU Directive is to establish a safety monitoring and control mechanism that could provide expert judgments on the safety conditions and requirements of a specific tunnel. 

A thorough investigation of the integrated view of the TSMS emerging from the EU Directive provided the following safety objectives of the system: 

· Provision of the necessary structural and operational measures during the design/planning phase (before tunnel construction or refurbishment).

· Identification and implementation of processes and precaution measures for avoiding tunnel incidents (e.g. traffic management measures to avoid accidents or the establishment of monitoring process of the incoming and outgoing traffic).

· Emergency preparedness. A TSMS should provide all measures and processes for establishing efficient emergency response services and operations. 

· Provision of all necessary incident/accident repression measures for mitigating the incident/accident consequences.

· Provision of measures for post-incident services i.e. operations performed after the repression stage in order to restore the normal conditions of the tunnel operation 

· Evaluation of the incident/accident features, impacts, and the response of the emergency response system (e.g. accident investigation). 

· Archival information for future planning and monitoring of the compliance of regulations and laws

· Human Resources training and skills development.

Furthermore, the design and operation of a tunnel involves a management process that evaluates and controls the level of safety in it and provide the essential corrective actions in order to diminish any potential deviation from the acceptable safety level. In this context, the tunnel safety management system involves the following repetitive sequential stages:

Plan: Within this stage, the elements of tunnel design are specified and tested with respect to the coverage of minimum safety design considerations. The safety tunnel design considerations aim at the achievement of an acceptable level of risk within the tunnel.

Implement: In this stage, the tunnel design requirements specified within the planning phase of the tunnel are implemented and evaluated with respect to the level of risk that is accomplished. 

Check: It is imperative to test the operation and infrastructure of the tunnel in order to efficiently assess the level of risk within the tunnel. 

Act: This stage involves a mechanism that assesses the outcome of the Check stage and initiates a decision making process for institutional, organizational, operational or technological interventions in the tunnel operation or design whenever there is sufficient indication that the risk in the tunnel violates the acceptable level. It should be emphasized that the aforementioned management stages span throughout the whole tunnel lifecycle which includes the following phases: design, construction, operation, maintenance, and refurbishment. 

In this context, a tunnel safety management system should provide for: 

· The identification of a set of safety and risk mitigation considerations during the planning of the tunnel, 

· The implementation of a set of measures and procedures for the safe operation of the tunnel system, 

· A continuous inspection and evaluation process for assessing the level of safety of the tunnel,

· A decision making process that would specify the corrective actions that could rehabilitate the tunnel operation to an acceptable safety level

· A control process that would enforce and evaluate the implementation of the corrective actions.

The aforementioned objectives and principles for developing a TSMS can be addressed by the safety management system presented in Figure 3. More specifically, Figure 3 presents the major components of a tunnel safety management system and their interrelationships. It is evident that a tunnel safety management system consists of: (i) a group of safety processes implemented within design and planning of the tunnel infrastructure and operation, and (ii) a set of incident preventive and repressive measures performed during the tunnel operation. Furthermore, these two processes are continuously tested by an inspection and evaluation system that monitors and assesses the tunnel operation conditions in terms of risk. In addition, the results of the inspection system are forwarded to a decision making mechanism that is focused on analyzing the tunnel operation conditions, and specifies the institutional, organizational, and operational measures that should be implemented in the tunnel safety management system in order to improve the safety level of the tunnel.

The safety considerations identified and implemented during the design of the tunnel are evaluated by the inspection mechanism. If the safety design considerations are disapproved within the inspection process then the inspection system launches a decision making process for identifying and establishing corrective interventions to this component of the TSMS. Otherwise, the tunnel operation safety measures are implemented and enacted within the second major component of the TSMS. A congruent inspection mechanism applies to the evaluation of the tunnel operation safety processes. If the result of the inspection is negative then a decision making process is launched for specifying legal, institutional, organizational or operational interventions for both components of the tunnel safety management system. Otherwise, the inspection of the safety considerations/requirements is performed. 

Figure 3. The major processes of the tunnel safety management system
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The first component of the proposed tunnel safety management system referring to the planning considerations involves the identification of a set of safety considerations with respect to: (i) the design of the tunnel infrastructure, (ii) the planning of the tunnel operation, and (iii) the organization of incident response operations. The safety considerations within the design of the tunnel infrastructure refer to a set of minimum equipment requirements including communication technologies and electromechanical equipment (ventilation system, detection system etc.). In addition, this type of safety considerations includes the tunnel geometry and design specifications (e.g. tunnel height, width, emergency exits). Furthermore, the planning of tunnel operation involves procedures for certifying safety within maintenance and operation. This type of safety considerations should be included in the maintenance, operational or traffic management plans of the tunnel. Finally, the design of the tunnel system should procure for the protection of the infrastructure and the users from incident consequences. This is achieved through the development of an emergency response plan and an exercise / drills organization plan. A central process of the “Plan” component of the TSMS is called Risk Assessment. The objective of this process is to provide methodological tools for assessing the risk of the tunnel operation. The relation between the safety considerations and the Risk Assessment process is two-sided in the following context: (i) the type of the safety considerations included in a tunnel design, influence substantially the risk level of the tunnel and (ii) the risk assessment and analysis process provides indications on the safety considerations that have been omitted or they should be given special attention.
The “Do” component of tunnel safety management system involves the implementation of a set of procedures and operations that contribute to the safety objective and relate to infrastructure management, emergency response and traffic management. In particular, the infrastructure management refers to the following operations:

· Infrastructure Monitoring: this process involves the procedures established within the tunnel control/management that aim to check, record and assess the technical conditions of the tunnel equipment and the physical conditions of the tunnel structure.

· Maintenance and Refurbishment, which refer to the operations for regular or unplanned (due to technical failure) maintenance of tunnel equipment.

· Introduction of New Technologies: this process involves the identification of new technological improvements that should be embedded in the tunnel infrastructure in order to improve the tunnel safety.

· Training: a basic prerequisite for the efficient and safe operation of a tunnel is the training of the tunnel personnel in order to achieve a high security level during the maintenance and tunnel monitoring operations.

The emergency response process involves operations and decisions that contribute to the mitigation of the incident consequences and aim to restore the normal conditions of tunnel operation. The objective of the tunnel emergency response process is to provide all the necessary tunnel incident repressive measures in order to: (i) safeguard the health protection of the users and the tunnel operation personnel, (ii) control promptly the incident consequences and restrain them from producing potential hazards, (iii) protect the tunnel structure and equipment from damage, and (iv) restore the normal conditions of tunnel operation. A typical emergency response process consists of the following stages: (i) Incident detection, (ii) Incident verification, (iii) Emergency response units dispatching, (iv) On-scene emergency response actions (e.g. consequences repression, evacuation of tunnel etc.), (v) Post-incident actions (e.g. traffic conditions restoration, incident investigation etc.). 

Finally, the traffic management related process involves a set of operations that aim to manage incoming and outgoing tunnel traffic flow in order to prevent incidents or notify the users (drivers) about an incident occurring in the tunnel at real time. In particular, the Traffic Management process consists of: (i) traffic control, (ii) users notification, (iii) traffic monitoring and (iv) training. Typical traffic management measures are the road signing, traffic lights, tunnel closure, and traffic course redirection.

The performance of these safety processes within the “Do” component of the tunnel safety management system are evaluated within the Risk Assessment process. The objective of this process is to verify the safety level within the tunnel given the existing tunnel operation safety procedures and measures. In addition, the risk assessment process contributes substantially to the specification of the safety measures that need to be performed in order to reduce risk at an acceptable level. 

The monitoring of the level of risk for the tunnel operation is performed within the Evaluation/Inspection process. The information collected through the inspection process is forwarded to a decision-making mechanism that aims to identify the type of intervention required for improving the safety level of the tunnel operation. The types of intervention into the operation of the tunnel could be institutional, organizational, or operational. The objective of the evaluation and decision making processes is to safeguard the ability of the tunnel safety management system to continuously evolve towards improved level of safety taking into account: (i) its current performance, (ii) the detection and communication technology progress, and (iii) the expected level of demand (e.g. expected traffic flows).

Discussion

This paper presents the generic structure and content of a TSMS that incorporates the following features:

i) Integrated: It includes exhaustively the tunnel safety processes the refer to each phase of the tunnel lifecycle. Furthermore, it considers all types of intervention (legal, organizational, and operational) throughout the tunnel lifecycle.

ii) Dynamic: The operation of the proposed system is based on the continuous evaluation of the tunnel in terms of safety. In addition, this evaluation process provides feedback to a decision making process that specifies the necessary interventions for enhancing tunnel safety given the updated tunnel conditions. In this way the system achieves to evolve in time and the associated changes of the tunnel and the tunnel environment. 

iii) Holistic: It enables the coordinated and central monitoring and control of the safety level in the tunnel.

The development of the proposed TSMS aims to attain the tunnel safety objectives and provides an in-depth insight to the tunnel safety management process. This feature of the proposed TSMS enables the central monitoring and control of tunnel safety while it coordinates the course of actions towards the enhancement of tunnel safety. 
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