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ABSTRACT 

 Vehicular tunnel fires do not happen often. A tunnel represents a unique and challenging 

environment in which to both plan for an event and to combat a fire, should one occur. When a tunnel fire 

does occur, the results can be catastrophic in terms of loss of life, loss of property, and destruction of the 

tunnel infrastructure. History provides several examples such as Mont Blanc that incorporated various 

elements of Fire Life Safety (FLS) and Emergency Preparation and Management (EPM) into the design, 

infrastructure, and operations, and yet still experienced major fires at the cost of many lives. Knowing when 

a tunnel fire will occur is impossible. Identifying and evaluating the factors that my either positively or 

negatively affect the ability of a tunnel to avoid, prevent, respond, or mitigate the consequences is possible.  

 The author creates a unique process to evaluate the FLS-EPM of vehicular tunnels in general, and 

uses the Eisenhower-Johnson Memorial Tunnels as a focal case. It is a fit-for-purpose, universally adaptable 

method to examine elements of infrastructure, equipment, training, and policies where each plays an 

important part in the overall effectiveness of the FLS-EPM system during an emergency event. It enables 

people involved in tunnel design, operations, management, and emergency response the ability to identify 

areas that are adequate, marginal, or inadequate. The process involves creating a systematic approach to 

identifying components, grading them against a discrete rubric and against Leading Industry Practices, and 

estimating how they might affect the outcome of up to six fire and emergency events. 

 The researcher validated the process by applying it against a variety of tunnel fire cases as well as 

against an operational tunnel and a tunnel project. The research identifies numerous benefits and identifies 

industry Best Practices for vehicular road tunnels. The process is shown to enable communication between 

various stakeholders in the tunneling community, and to improve the overall understanding of the benefits 

of FLS-EPM along with the consequences of being unprepared. 
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CHAPTER 1  

RESEARCH TOPIC AND RESEARCH OBJECTIVE 

1.1 Introduction 

 Tunnel fires are rare events. Major tunnel fires that cause extensive loss of life and destruction of 

property are even less frequent. History shows that the possibility of a major fire in a modern vehicular 

tunnel does exist, and that the consequence of such an event can be catastrophic. This is true for some 

tunnels that do not have any form of in-place fire life safety (FLS) or emergency preparedness and 

management (EPM) and may be grandfathered against newer regulatory standards or available technology. 

It is also true for tunnels that had previously incorporated various elements of FLS and EPM into the design, 

infrastructure, operational procedures, training, and user education. Yet, such tunnels still have experienced 

significant loss of life and property. This is particularly important given that vehicle tunnels are usually a 

public facility; tunnel users are untrained and ill-equipped to deal with split-second decisions needed to 

survive a tunnel fire baring some form of outside intervention. As such, the operator and designers have a 

fiduciary responsibility to act as a guardian of the public trust to ensure that the FLS-EPM system does not 

have any fatal flaws or gaps. History has also shown that some tunnel operators, such as those at Mont 

Blanc, Gotthard, and Caldecott, have discovered that their preparations were not sufficient in hindsight of 

a major fire event. Tunnel operators presumably thought they were prepared, but they were not. This could 

be because the FLS design was not comprehensive enough or the technology was inadequate. The tunnel 

operator could have been overly confident in their ability to fight a fire, or they had a myopic view of the 

potential for disaster at their facility. This mentality can have deadly consequences. A combination of 

contributing factors is typically involved. 

 The broader objective of this research is to develop a new method that could be adopted or adapted 

to evaluate any vehicular tunnel. The Eisenhower-Johnson Memorial Tunnels (EJMT) is the test case for 

this research and assists in developing and demonstrating the process. The EJMT facility is in the State of 

Colorado, USA on Interstate 70, about 75 miles west of Denver. It is operated by the Colorado Department 
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of Transportation (CDOT). The tunnels were completed in 1973 and 1979, respectively, and are important 

links in the east-west interstate highway system. The EJMT has not experienced a major tunnel fire in its 

operational life, and yet, it is not immune to the possibility of such an event or the FLS-EPM issues that are 

addressed. 

1.2 Research Topic 

 The topic associated with this Ph.D. research will address the following issue: 

 “A New Methodology to Evaluate the Critical Fire Life Safety and Emergency Preparedness of 

Vehicular Road Tunnels.” 

1.3 Why Is It Needed? 

 What is needed, to be of value, is a fit-for-purpose, universally adaptable method to examine the 

FLS-EPM systems and its components. It would enable tunnel designers, consultants, operators, 

management, and emergency responders to communicate, evaluate, and identify areas where the FLS-EPM 

is good, marginal, or deficient so that additional measures, including corrective actions, are implemented 

in advance of an emergency. The process requires multiple steps associated with identifying, categorizing, 

and evaluating the FLS-EPM components, and others to determine how that component may affect the 

performance of the overall FLS-EPM system in the event of an emergency. Specific tasks associated with 

the research are outlined in Chapter 3 and Chapter 4. 

 The research objective and its associated specific aims and tasks do not assume that in-place FLS-

EPM components unconditionally benefit the situation, if, under the right circumstances, they can be judged 

to provide minimal or negligible benefit or possibly even jeopardize it. Granted, a well-designed, well-

implemented, and operated component more-than-likely provides a benefit. A poorly designed component, 

that is insufficient for the intended outcome or badly implemented, may jeopardize the EPM. What may be 

of importance is the FLS-EPM component that manifests itself as a fatal flaw because it has not been 

installed or implemented. 

 

  



 

 3  

 

CHAPTER 2  

VEHICULAR TUNNEL FIRES 

2.1 History of Major Tunnel Fires 

 Table 2.1 shows a list of most major fires that have occurred since 1978, adapted from work by 

Duckworth and McDaniel (2014). It includes additional information on a fire in China and one in California 

that has occurred since it was developed. The Huffington Post (2014) reported that the Yanhou fire in China 

was severe. Official, substantiated case documentation could not be located. New reports of the Yanhou 

fire did not surface outside China for several weeks after the event (Huffington Post 2014). The Newhall 

Pass fire in California was also unsubstantiated. 

 Table 2.1 indicates the year, the name of the tunnel, the country in which the tunnel is located, the 

approximate length, an indication of the number and types of vehicles, and the number of fatalities and 

injuries. These tunnels, to one extent or another, may have had incorporated various elements of FLS and 

EPM into the design, infrastructure, operational procedures, training, and user education. Despite that, they 

still experienced losses of life and property damage. The published documentation indicated that predicting 

when a tunnel fire will occur is nearly impossible. Predicting circumstances that may cause or contribute 

to the initiation or severity of the event is even more difficult. Tunnel fires are unpredictable. In review of 

the literature and available case studies, a prudent yet non-tunnel ventilation or FLS-EPM practitioner might 

be tempted to ask, “Did that really happen?” Some factors seem to defy common sense, and yet, the fact 

remains that these events do occur. In the face of such unpredictability or uncertainty all that is left is to 

design and install a robust FLS-EPM system and hope it does not need to be challenged. A review of 

Table 2.1 shows one factor that is common among major tunnel fires. With few exceptions, they involve 

some combination of either a truck, or a bus, or both. 
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Table 2.1 Major Vehicular Tunnel Fires 
(Huffington Post 2014)1 (Associated Press 2007)2 (Duckworth and McDaniel 2014)3 

Date Name Country Length 
(meter) 

Cause of Fire Fire Duration 
(hour) 

Fatalities-
Injuries 

20141 Yanhou China NA Multiple Truck-
Bus-Car (>40) 

72 >31 

20072 Newhall Pass 
Tunnel 

USA  170 15 Truck-Multiple 
Car Collision 

NA 2-10 

20073 Burnley Tunnel Australia 3,400 Truck-Car 
Collision 

1 3-2 

20063 Viamala A-13 Switzerland 740 Car-Bus Collision 4 6-6 
20053 Fréjus T2 France-Italy 12,900 Truck Fire-

Mechanical 
6 2-21 

20013 St. Gotthard A-2 Switzerland 16,900 2 Truck Collision 48 11-0 
20013 Gleinalm A-9 Austria 8,300 2 Car Collision NA 5-4 
19993 Tauern A-10 Austria 6,400 2 Truck-4 Car 

Collision 
16 12-49 

19993 Mont Blanc France-Italy 11,600 Truck Fire-
Mechanical 

56 39-0 

19963 Is. De. Femmine Italy 150 Tanker-Bus 
Collision 

NA 5-20 

19953 Pfänder Austria 6,700 Car-Truck-Van 
Collision 

1 3-4 

19943 Huguenot South Africa 3,4209 Bus Fire-Electrical 1 1-28 
19933 Serra Ripoli Italy 440 Truck-Car 

Collision 
2 4-4 

19873 Gumefens Switzerland 340 Truck-Van 2 2-0 
19863 L’Arme France 1,100 Truck Fire-

Mechanical 
NA 3-5 

19833 Pecorila Italy 660 Truck-Car 
Collision 

NA 9-2 

19823 Salang Afghanistan 2,700 Military Column 
Collision 

NA >150-0 

19823 Caldecott USA 1,030 Tanker-Bus-Car 
Collision 

3  7-2 

19803 Kajiwara Japan 740 Truck Collision NA 1 
19793 Nihonzaka Japan 2,050 4 Truck-2 Car 

Collision 
156 5-5 

19783 Velsen Netherlands 770 2 Truck-4 Car 
Collision 

1 5-5 

NA – Information Not Available 
1Huffington Post. (2014, 3 13). China Tunnel Fire (Yanhou Tunnel). Retrieved from The World Post: 
http://www.huffingtonpost.com/2014/03/13/china-tunnel-explosion_n_4955366.html 

2Associated Press. (2007, October 13). 15 Truck Pile Up Sparks Massive Tunnel Fire. Retrieved from 
CBS News: http://www.cbsnews.com/news/15-truck-pileup-sparks-massive-tunnel-fire/ 

3Duckworth, I., and McDaniel, K. (2014). Tunnel Ventilation. In J. du Plessis, Ventilation and 
Occupational Environment Engineering in Mines (p. 950). Johannesburg, South Africa: Mine 
Ventilation Society of South Africa. 
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2.2 Hazards Associated with Vehicular Tunnels 

 Vehicular tunnels, like underground mines, represent a unique and challenging environment and 

can present a major threat to life and property. Unconfined fires at the surface have different characteristics 

than fires burning within the confines of a tunnel. Loomis and McPherson (1995) indicated that a fire of a 

given heat content in the confines of the underground can transition from an oxygen-rich fire to a fuel-rich 

fire, and, it can grow 6-10 times faster than a similar fire in an unconfined space (Loomis and McPherson 

1995). Tunnel fires fit perfectly with this scenario. Gases, heat, and toxic smoke can create an untenable 

environment and severely hamper the efforts of both evacuees and firefighters. 

 The 1990 Mont Blanc Tunnel fire is the best known, but not the only example of such a scenario 

(Luchian 1999). The Mont Blanc Tunnel fire occurred in March 1999 in the 11,600-meter long, 

bidirectional tunnel in the Alps between France and Italy. The exact cause of the fire has not been 

determined. A disabled Hazardous Goods Vehicle (HGV) stopped approximately half way through from 

the French side. Luchian (1999) suggests that that there was credible evidence that it was already on fire 

before entering the tunnel. Witnesses reported the fire erupted shortly after the truck stopped. It spread 

quickly after that. The HGV was carrying a load of margarine and flour, both considered non-hazardous 

materials. Joint French and Italian agencies operated the tunnel. Each agency had responsibility for half of 

the tunnel. There were reports (Luchian 1999) that the agencies did not have a good working relationship 

and that communication was poor. The Italian agency took a critical alarm system out of service the night 

before the fire due to malfunction. Per Luchian’s report, the Italian operators considered it a nuisance. Many 

contributing factors point directly to inadequate FLS-EPM components. According to Luchian (1999): 

• The fire burned for 53 hours,  

• The Heat Release Rate (HRR) from the first HGV was estimated to have exceeded 100 

Megawatt (MW) resulting in a large fire. This fire spread to other vehicles trapped in the 

queue, including HGVs,  

• Thirty-nine people died,  
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• Investigators estimated that most victims perished within 12 minutes after the HGV was 

disabled and either near or in their vehicles,  

• Temperatures inside the tunnel were estimated to have exceeded 1,500°C,  

• Firefighting teams reporting from both sides did not communicate with each other, and did 

not have a clear understanding of the location or nature of the fire prior to entering the 

tunnel,  

• Operators on the Italian side may have violated emergency procedures by reversing the 

airflow to assist several tunnel users who were attempting to flee on the down-stream side 

of the fire,  

• This air reversal was not communicated or coordinated with the French side, and is thought 

to have greatly complicated the situation by pushing fresh air over the fire, causing the fire 

to spread rapidly, and pushing the smoke plug all the way to the French portal almost 6 km 

away,  

• Thirty-four vehicles were destroyed, including 21 HGVs,  

• In the 35 years of operations at the Mont Blanc tunnel, prior to this event, operators had 

never conducted a live fire emergency evacuation or training exercise in the tunnel, and 

• The tunnel closed for repairs for 3 years. 

 Figure 2.1 shows a picture of the damage inside the Mont Blanc Tunnel (Tunneltalk.com, Mont 

Blanc Tunnel Fire 1999). 
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Figure 2.1 Aftermath of Mont Blanc Tunnel Fire – 1999 
(Tunneltalk.com, Mont Blanc Tunnel Fire, 1999) 

 

 Some of the factors that contributed to the Mont Blanc fire are also common to other major tunnel 

fires listed in Table 2.1. The 1982 Caldecott Tunnel fire is one of the worst such incidents to occur in the 

United States. The Caldecott Tunnels sit along California Highway 24 between Orinda and Oakland. At the 

time, three bores were in operation. Bore One handled eastbound traffic. Bore Two was configured to swap 

back and forth between eastbound and westbound, depending on traffic conditions. The Third Bore was 

configured to handle westbound traffic and had a maximum 4% downhill grade. The tunnel is 1,030 meters 

long. The Caldecott Fourth Bore been opened in 2013 to eliminate the need to swap lanes, giving the facility 

two bores in each direction. At the time of the fire, the tunnels accommodated approximately 

63,000 vehicles a day with less than 5% HGV traffic (National Transportation Safety Board 1983).  

 The accident occurred on April 7 just after midnight in the Third Bore of the Caldecott Tunnels. 

The National Transportation Safety Board (NTSB) later issued an incident report (1983) and concluded that 

the incident started when an intoxicated driver in a passenger vehicle slowed, struck the curbs, and came to 
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a stop approximately a third of the way through the tunnel. A tanker truck carrying gasoline struck the 

passenger vehicle. An Alameda/Contra Costa County Transit bus subsequently struck first the passenger 

vehicle and then struck the tanker truck. The tanker truck overturned and spilled gasoline onto the roadway. 

A fire broke out. The only installed cameras in the tunnels were at the entrances. Additional cameras were 

included in the design, but had not been installed due to budgetary restrictions. There were approximately 

250 safety stations equipped with an emergency telephone and fire extinguishers. The NTSB report did not 

indicate the spacing between these stations. 

 The resulting fire affected approximately nine vehicles that were in the tunnel at the time. The 

NTSB report suggested that there could have been additional vehicles in the tunnel at the time that were 

unaffected by the crash, were unaware of the event, and exited through the west portal. There could also 

have been other vehicles that backed out of the east portal, or successfully turned around and then drove 

out of the east portal (National Transportation Safety Board 1983). The NTSB cited lack of monitoring 

equipment as contributing to the overall impact of the disaster (National Transportation Safety Board 1983). 

There was evidence cited that some vehicles were attempting to turn around but were unsuccessful, 

resulting in vehicles blocking the traffic lanes. A motorist from one of the trapped vehicles used an 

emergency phone to notify tunnel operations of the incident. The accident and subsequent fire disaster has 

some similarities to other tunnel fires as well as some unique features worth noting. Per the NTSB report 

(1983): 

• Seven people died. Of the seven, six were motorists who were all found in or near their 

vehicles. The female driver of the initial accident vehicle also died. It is not clear if she 

sustained injuries during the crash or if she was too intoxicated to escape,  

• The bus driver was ejected from his vehicle and died at the scene, and 

• The bus did not stop in the initial crash but traveled the additional two-thirds of the tunnel’s 

down grade and collided with the tunnel’s center support column upon exiting the west 

portal.  
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 Figure 2.2 shows the resulting damage to the bus. Reports were inconclusive as to whether the bus 

had been carrying any passengers. 

 

 
 

Figure 2.2 Alameda/Contra Costa Transit Bus Crash during the 1982 Caldecott Tunnel Fire 
(Pbase.com Caldecott Tunnel Fire 1982) 

 

• The fire grew rapid,  

• A witness reported that it grew from the size of a “small barbeque” to “filling the tunnel” 

in less than 3 minutes,  

• Smoke quickly filled the tunnel resulting in trapped passengers being unable to see or 

breath,  

• Tunnel operators did not know the exact location of the fire,  

• Tunnel operators deviated from the prescribed emergency procedures because they were 

uncertain of the location, number of victims, and or the nature and severity of the fire,  

• They did not switch on the ventilation fans, as required,  
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• Tunnel operators delayed calling external emergency services from Oakland and Orinda 

for 9 minutes after the start of the fire. They arrived 6 minutes after being called. At that 

point, they were unable to reach the fire,  

• The report estimated the fire to be more than 100 MW,  

• One couple died approximately 120 feet from the east portal where they could have reached 

safely, and 

• The only reported survivor was the tanker truck driver who ran toward the west portal. This 

kept him away from the fire and the chimney effect of the smoke. 

 The 2007 Newhall Pass Tunnel fire in California is an example that occurred in a tunnel only 

170 meters long. The Newhall Pass Tunnel sits along Interstate 5 north of Los Angeles, California. It is 

primarily intended to accommodate HGV traffic separately from passenger vehicles but passenger vehicles 

are not prohibited from using it (Associated Press 2007). At interstate highway speeds, a vehicle would 

normally require only about 5-7 seconds to traverse the tunnel’s entire length. The fire occurred because 

two HGVs collided after entering the tunnel. Rain slicked roads were thought to have contributed to the 

accident. The resulting collision entrapped three additional HGVs and multiple passenger vehicles. The 

resulting fire spread to 10 additional HGVs. The number of passenger vehicles involved is unknown. The 

resulting fire was intense, as shown in Figure 2.3. Two people died. While there is no specific information 

as to how long the fire burned, the Associated Press (2007) news report suggested that it might have been 

several days. This event illustrates that a major fire can occur in a short tunnel. Based on its length, it 

probably had only limited FLS facilities, if any. 
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Figure 2.3 HGV Fire at Newhall Pass, California, USA 
(Associated Press 2007) 

 

 Henke and Gagliardi’s study of the 2001 Gotthard Tunnel fire in Switzerland had the potential to 

be more severe than the Mont Blanc fire in terms of loss of life and property (Henke and Gagliardi 2003). 

Eleven people died. A head-on collision of two HGVs caused the initial accident. There were over 

500 people in the tunnel at the time of the fire and an estimated 50 people in the immediate fire zone. Per 

Henke and Gagliardi (2003), the estimated heat release rate (HRR) increased to over 100 MW in a few 

minutes. Thirty-five people who were in the fire zone self-rescued by seeking shelter in the emergency 

chambers. The other 15 presumably exited through the portals. Henke, et al. suggests that the relatively 

limited loss of life and property in this fire points out several issues, both good and bad. 

• The victims died in or near their vehicles and were considered reluctant to self-rescue or 

they believed they were safer in their cars, and 

• Many of the survivors were presumably “educated” in the need for self-rescue based on 

the Mont Blanc fire, which had occurred two years before and had received extensive 

regional attention. 
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2.3 Typical Fire Data for Vehicular Tunnels 

 The review of the literature suggests that there are differences of opinion concerning how much 

heat, smoke, and in some cases, toxic gasses are produced as part of a vehicle fire in a tunnel. Different 

types and sizes of vehicles associated with cars and trucks produce widely different results. That factor also 

bears on typical decision processes associated with design alternatives, implementation of different FLS-

EPM choices, and discussion on the probability of different events. 

 Larger vehicles have the potential to create larger fires with more heat and smoke. The research 

will not challenge this. It is important to note that HGVs can create fires that are as bad as a fire associated 

with dangerous goods vehicles (DGV). A DGV is placarded, regulated, and in the case of the EJMT facility, 

limited to when they are allowed access. An example of a DGV is a gasoline tanker.  

 Table 2.2 is presented for reference to help appreciate how tunnel fire characteristics can differ 

when different types of vehicles are involved. It is adapted from the National Fire Protection Standard 502 

(NFPA 502) (2014), Duckworth and McDaniel (2014), and supplemented by the author’s research. 

 

Table 2.2 Typical Fire Data for Vehicles 
(Duckworth and McDaniel 2014) and (National Fire Protection Association 502 2014) 

Cause of Fire Fire Heat-Release-Rate 
Range (MW) 

Smoke Generation Rate 
(M3/Sec) 

Temperature 
Range (°C) 

Passenger Vehicle 5-10 20 400 
Bus 20-30 60 700 
HGV 70-200 Varies as a Function of Cargo 1,000-1,400 
DGV 100-400 100-200 1,000-1,400 

 

 HGVs are not placarded and may be carrying any manner of goods. An example of an HGV would 

be a truck of household goods, food, or building materials. An HGV payload is not ordinarily considered 

“dangerous” but will burn nonetheless. They may generate intense heat and smoke, some of which could 

be toxic based on the cargo. The scarier scenario is an HGV truck with unspecified cargo, often referred to 

as a mixed-goods truck (MGT) as its contents are: 

• Either unknown or not clear in the event of an accident,  
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• Have material properties and calorific content that are likewise either unknown or not clear,  

• Produce by-products of combustion that are unknown or not clear, and/or 

• The contents of the HGV are enclosed and thus shielded from effective firefighting efforts, 

including the use of a Fixed Fire Suppression System (FFSS). 

2.4 Major versus Minor Fire Events 

 The research will focus on tunnel fires that range from minor to major events plus the possibility 

of multiple fires at different locations. A description of the events used in the research is presented in 

Chapter 3. Those tunnel fires described in Table 2.1 are indicative and represent most reported major tunnel 

fires that have occurred since 1978. They usually involve HGVs, or in some cases, DGVs. As per Table 2.2, 

they involved fires of higher HRR, smoke generation, and temperature. They may result in multiple 

fatalities and significant damage to the tunnel. Worse yet is a fire that involves multiple HGVs, or the 

possibility of multiple events in different locations. Case studies, such as Mont Blanc (Luchian 1999) and 

The Newhall Pass fire (Associated Press 2007), indicated that the fire spread to other vehicles in the tunnel. 

For contrast, the research defines a minor event as involving only passenger vehicles. A review of Table 2.2 

indicates that a passenger vehicle fire usually does not generate enough heat to cause tunnel damage, or for 

the fire to spread to other vehicles not involved in the crash. Such minor fires presumably do not over-tax 

the installed FLS-EPM systems. They are not represented much in the literature, if at all. Based on these 

observations, it would have been easy to focus the research on major fires to the exclusion of lesser events. 

While major fires remain the category that represent the greatest threat, the author recognized that small 

fires could be problematic when examining individual FLS-EPM components, as opposed to overall FLS-

EPM Functional Areas (FA). After a review of the literature and discussion, the research team determined 

that a variety of different events should be included to examine better the full breadth of possible events 

and consequences. Descriptions of the events used in the research are presented in Chapter 3. 

2.5 Vehicular Tunnel Fire Life Safety and Emergency Preparedness and Management 

 Larger, more complex vehicular tunnels that carry high traffic volume typically incorporate 

complex FLS-EPM systems into their design. Voeltzel and Dix (2004) showed this for the Mont Blanc, 
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Tauern, and Gotthard Tunnels. A review of the case study on the Caldecott Tunnels shows similarities 

(National Transportation Safety Board 1983). An inspection of the EJMT facility, interviews with CDOT 

personnel (Wheatley and Hurst, 2016), and a review of materials provided by CDOT (Hatch Mott 

MacDonald and Parsons, Provided by CDOT 2011) supports this. This combined with the author’s 

observation shows that vehicular tunnel facilities should include common elements in the FLS-EPM 

system. Each of these plays an important part in the overall effectiveness of the FLS-EPM system and how 

well those systems can respond to an emergency event. This includes both small and large fires. Within 

those areas, there are several sub-components that either collectively or individually enable the FLS-EPM 

to: 

• Prevent an event from occurring,  

• Detect an event once it occurs,  

• Respond to an event, should it be necessary, and 

• Mitigate the consequences of an event once it has occurred. 

 As description of the FLS-EPM Functional Areas identified and used in this research along with 

the specific components associated with each are presented in Chapter 3. 

2.6 National Fire Protection Association Standard 502 

 The National Fire Protection Association (NFPA) produces “NFPA 502 Standard for Road 

Tunnels, Bridges, and Other Limited Access Highways” (National Fire Protection Association 502 2014). 

The 2014 issue is the current (2016) version, and the next revision is scheduled for 2017. Although NFPA 

is a United States organization, the NFPA502 Committee is comprised of international experts from the 

United States, Europe, Asia, and Australia. It may well be the de-facto standard around the world, being 

both adopted verbatim and incorporated in to various standards of other countries. As a standard, it gives 

both general guidelines and well as specific criteria on how to achieve the FLS of the facility in question 

during design, construction, and operation. NFPA 502 is not a stand-alone document as it references many 

other documents and standards, such as those of the United States Occupational Safety and Health 
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Administration (OSHA). Section 4.3.1 of NFPA 502 lists the different criteria that should be considered in 

the evaluation of a facility regardless of length, and includes components listed in the previous sections. 

Chapter 7 of the NFPA 502 is dedicated specifically to road tunnels. The standard indicates that for tunnels 

more than 1,000 meters, all provisions of the standard shall apply. Collectively, NFPA 502 is 

comprehensive and gives excellent guidance. NFPA 502 has been transitioning over the past several 

versions from a prescriptive standard to a performance-based standard. The approach of NFPA 502 (2014), 

combined with the availability of Computational Fluid Dynamics (CFD) modeling, focuses design efforts 

to enable effective evacuation and access for firefighting efforts and protection of property secondarily. The 

standard assumes that an event will occur, and the question is can the system, or systems, respond 

effectively. The NFPA 502 standard does not refer to how to evaluate either quantitatively or qualitatively, 

the effectiveness of the in-place FLS-EPM components, facilities, procedures, etc. 

2.7 Assessing the Need for the Research 

 Assessing the need for this research presented the author with a unique challenge. Even without 

conducting any research, the prudent answer to the question “Does the Fire Life Safety, Emergency 

Preparedness, and Emergency Response in vehicular tunnels need improvement?” should probably be 

“yes.” The author, as a prudent person, believes this is true. Answering the question “why is it true?” is 

another matter. Assessing the need for the research is addressed through different lenses including: 

• A discussion on why is it needed,  

• A discussion from a firefighter’s perspective,  

• A discussion of what is needed,  

• A discussion of the summary of literature search and evaluation of prior work in this topic 

area,  

• A discussion of PIARC’s findings and recommendations,  

• A discussion of the Precautionary Principal, and 

• A discussion of uncertainty versus risk in assessing the hazards of vehicular tunnel fires. 
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2.7.1 Why is it Needed? 

 Nineteenth century author and playwright Charles Ludwig Dodgson (a.k.a. Lewis Carrol) is widely 

credited with saying, “If you don’t know where you are going, any road will take you there.” He later 

paraphrased it in a conversation between Alice and The Cheshire Cat in his child’s book “Alice’s 

Adventures in Wonderland” (Dodgson 1865). The author doubts that Mr. Carrol was thinking about 

vehicular tunnel FLS-EPM at the time, but he could have been. The wisdom of this iconic quote is simple, 

and timeless, and as applicable to vehicular tunnel FLS-EPM as to Alice’s journey. Road maps, or at least 

plans, are useful. 

 Addressing the overall research objectives and tackling it through the Specific Aims presented in 

Section 3.3 is needed because the preliminary research, including the (1) literature search and review, 

(2) interviews with SMEs, (3) the author’s analysis and interpretation of the trends and recurring themes, 

and (4) the author’s comprehension of the larger picture, suggests that the various stakeholder groups 

associated with vehicular tunnels either: 

• Do not have a consistent perspective on the possibility of an event at their facility,  

• Do not have a consistent perspective on the steps necessary to prevent an event from 

occurring,  

• Do not have a consensus on how well the facility is prepared to deal with an event, should 

it occur,  

• Do not have a consensus on how best to mitigate the consequences of an event once it has 

occurred,  

• Do not have an effective tool to use to identify and evaluate short comings within the FLS-

EPM system, and/or 

• Either do not effectively communicate with each other concerning these issues, or lack an 

effective means of reaching a realistic perspective and consensus, if they do. 
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 In short, they do not have a good road map to assess where they are, and how they will get to where 

they need to be. 

2.7.2 A Firefighter’s Perspective 

 The author also had the opportunity to discuss these issues at length with Gary English of the Seattle 

Fire Department (SFD) Fire Marshall’s Office (English 2016). The author notes that at the time of the 

interview, Chief English was still on active duty. 

 Gary English is now a retired Deputy Chief for the City of Seattle Fire Department and served as 

one of the 13 Fire Command Officers. He has 28 years of experience in the fire service. As of December 31, 

2016, he served as the Assistant Fire Marshal where he supervised both the Special Projects and 

Engineering Sections of the Fire Department. Chief English was a member of the Enforcement Contingent 

of the NFPA 502 committee as well as the National Fire Protection Association Standard for Fixed 

Guideway Transit and Passenger Rail Systems (NFPA 130) committee (National Fire Protection 

Association 130 2014). Chief English is an internationally recognized Subject Matter Expert (SME) in the 

areas of code enforcement, all-hazards emergency response, and FLS design for underground environments. 

As an enforcement expert, he has a less optimistic viewpoint, and both corroborates the research objectives 

and needs listed above as well as supports the research aims and tasks discussed in subsequent sections. Per 

English (2016), the various stakeholder group (designers, operators, management, etc.) often have: 

• An optimistic viewpoint as to the possibility of a fire event,  

• An optimistic viewpoint as to the severity of an event including the growth and spread of 

the fire,  

• An optimistic viewpoint as to the limitations of various elements of FLS,  

• An unrealistic viewpoint of the ability of trained emergency response personnel to 

effectively fight the fire,  

• An unrealistic perspective as to the extent of the threat faced by tunnel users and the 

potential for significant loss of life, and/or 
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• No clear means in discussing and evaluating these issues to achieve a consensus. 

 Chief English also points out that if the stakeholder works effectively together, such as on the State 

Route 99 Project (SR-99), that an effective and efficient FLS system is achievable that protects both the 

tunnel facility and the people who use it. 

2.7.3 What is Needed? 

 What is needed to be of value is a fit-for-purpose, universally adaptable method to examine the 

FLS-EPM systems and components that would enable tunnel designers, consultants, operators, 

management, and emergency responders to communicate, evaluate, and identify areas where the FLS-EPM 

is good, marginal, or deficient so that additional measures, including corrective action, are implemented in 

advance of an emergency. The process requires multiple steps associated with identifying, categorizing, 

and evaluating the FLS-EPM components, and others to determine how that component may affect the 

performance of the overall FLS-EPM system in the event of an emergency. Specific tasks associated with 

the research are outlined in Chapter 3 and Chapter 4. 

 The research objectives and its associated specific aims and tasks do not assume that in-place FLS-

EPM components unconditionally fit-for-purpose, if, under the right circumstances, they can be judged to 

provide minimal or negligible benefit or possibly even jeopardize it. Granted, a well-designed, well-

implemented, and operated component more likely provides a benefit. A poorly designed component that 

is insufficient for the intended outcome or badly implemented may jeopardize EPM. What may be of 

importance is the FLS-EPM component that manifests itself as a fatal flaw because it has not been installed 

or implemented. 

2.7.4 Summary of Literature Search and Evaluation of Prior Work in This Area 

 The summary of the literature search of published works and a review of relevant papers along with 

a review of documents specific to EJMT highlights several important trends and supports the need for the 

research objective, aims, and tasks. A detailed description of these elements is presented in subsequent 

Sections 3.4 and 3.5. 
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• There are recurring themes associated with FLS-EPM and the areas and components that 

constitute its systems including (but not limited to): infrastructure, vehicles, operations, 

users, emergency response, policies, procedures, systems, planning,  

• Tunnel Fire Risk Analysis tends to focus on quantitative analysis to the detriment of 

qualitative analysis,  

• Both Quantitative and Qualitative Analysis tends to focus on major design and operational 

elements, ignoring individual FLS-EPM components of seemingly lesser importance,  

• Quantitative and Qualitative Analysis tends to incorporate some component of the 

probability of events occurring as justification for various FLS-EPM risk mitigation 

measures,  

• FLS-EPM components installed or implemented to achieve risk mitigation are assumed to 

be adequate for their intended function,  

• FLS-EPM and Risk Analysis tends to focus on whole systems rather than on discrete 

components,  

• Tunnel operations, design, and management tends to overestimate the capabilities of the 

FLS-EPM systems and process and the capabilities of emergency responders,  

• There is a need for improving overall means of evaluating the FLS-EPM system,  

• There is a need to improve and to foster communication on this topic across a representative 

cross-section of stakeholders,  

• Quantitative Risk Analysis trends toward complex analysis and requires expert knowledge 

of statistical probability,  

• The lack of a specific FLS-EPM component does not seem to garner attention,  

• Different qualitative and quantitative models are often unique to the party that developed 

them and they are not easily adaptable to other tunnel facilities,  
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• The literature examined did not present evidence that a systematic quantitative rubric- and 

matrix-based FLS-EPM evaluation method had been utilized for vehicular tunnels as a 

means of identifying critical FLS-EPM components,  

• The lack of evidence in the examined literature and subsequent discussions concerning 

analysis of the FLS-EPM components or the use of a systematic method using a rubric and 

matrix approach suggests that this is an under represented area, and 

• Developing a unique approach represents an opportunity to improve safety in vehicular 

tunnels in support of the Research Objectives. 

2.7.5 Leading Contributors in This Topic Area 

 The research indicated that there are several organizations that lead the field in supporting this topic 

area. Collective, these three organizations accounted for over half of all the publications of interest 

identified by the author. 

• The World Road Association-PIARC (Permanent International Association of Road 

Congresses) is an international organization that supports all manners of issues related to 

road, bridge, and tunnel design, including risks and human factors. They exist and advocate 

primarily outside the United States. Technical committees operate inside PIARC and are 

responsible for several technical reports and periodicals. 

• The BHR (British Hydromechanics Research) Group is an independent technology 

organization. They are responsible for organizing and conducting the International 

Symposium on Aerodynamics, Ventilation, and Fires in Tunnels (ISAVFT). The BHR 

Group holds this symposium approximately every three. BHR Group publications are 

generally available via attendance to a sponsored event, such as the ISAVFT. 

• Tunnel Management International is a periodical that specializes in tunnels. They also have 

historically organized and conducted specialty conferences related to tunnel fires. The 

Transportation Research Board (TRB) of the National Academy of Sciences Engineering, 
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and Medicine. The TRB sponsors and organizes a wide array of research related to 

transportation in general, and in the area of tunnels.  

2.7.6 Summary of PIARC Finding and Recommendations 

 The research shows that as an organization, PIARC maintains and provides focused useful and 

consistent information related to FLS-EPM specific to tunnels. This information is supported and conducted 

by a number of Technical Committees whose work is cited accordingly in the References section of this 

body of work. In general, PIARC findings and recommendations tend to be high level, and holistic, 

presumably such that they can be widely implemented. Their message is consistent with and supports the 

research findings, objectives, and aims. A brief consolidated summary of those findings (including quotes) 

is provided (PIARC Technical Committee 1 2012), (PIARC Technical Committee 3 2008), (PIARC 

Technical Committee 3.3 2008), (PIARC Technical Committee 3.3 2009). 

• “Be aware that whatever method you choose, you are always using a model which is a 

more or less major simplification of real conditions. The method can never predict the 

course of a real event by helps you make decisions in a sound and comparable basis” 

• “Be aware that the results of a quantitative risk analysis must be interpreted as an order of 

magnitude and not a precise number. Risk models invariably deliver fuzzy results” 

• Qualitative methods are used on scenarios where there is no quantitative date available 

• Analysis should help to establish a proactive safety strategy by systematically investigating 

potential risks 

• Use a holistic approach including: Infrastructure, Vehicles, Operations, Users 

• Analysis should enable user to: 

• Check general consistency of safety planning 

• Choose between alternatives 

• Demonstrate that safety requirements are fulfilled  

• Hazard analysis should be comprised of three elements 
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• Hazard Identification 

• Probability Analysis 

• Consequence Analysis 

• One alternative is a system based approach in which values for overall criteria for systems 

are estimated and influenced by expert judgement and prescriptive standards 

• Safety audit should be conducted using external resources  

2.7.7 Precautionary Principle 

 The precautionary principle is a risk management concept that has application to this research, as 

vehicular tunnels are typically public facilities. A fundamental component of the concept is that if a situation 

has the possibility of causing harm to the public, that in the absence of consensus or proof that the situation 

will not cause harm, the owner of the public facility has a duty to act to prevent the harm (Foster, Vecchia 

and Repacholi 2000) and (Sandin 2004). The principle is (or at least should be) used by policy makers to 

justify decisions where there is the possibility of harm from one of several mutually exclusive alternatives. 

By the same argument, a decision maker can violate the Precautionary Principal by: 

• Intentionally not deciding where a decision is needed to avoid harm (decision by 

avoidance), or 

• Failing to decide because they lack the knowledge that there is harm, or that they need to 

decide in the first place (decision by omission). 

 The concept is not new to society. The author has heard anecdotal saying since childhood, such as 

“better safe than sorry.” The saying “an ounce of prevention is worth a pound of cure” is credited to 

Benjamin Franklin. Foster, et al. (2015) further supports the notion that as better information becomes 

available the precautions can be revised or relaxed. 

2.7.8 Uncertainty versus Risk in Assessing the Hazards of Vehicular Tunnel Fires 

 Risk analysis is used extensively in various industries for both quantitative and qualitative 

applications. Formal, quantitative risk analysis uses “known-unknowns” and enables the use of quantitative 
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analysis of probabilities and consequences. Lack of statistically meaningful data on the probability of major 

events, or of the possibility that installed FLS-EPM components will respond as expected, complicates the 

understanding how and when tunnel fires occur and how to best deal with them. Uncertainty analysis deals 

with “unknown-unknowns” and it is restricted to qualitative analysis (Kerzner 1998). This type of 

uncertainty analysis, also commonly referred to as “risk matrix,” often involves the analysis of some event 

through assignment of a likelihood rubric, such as very-likely, likely, unlikely, and very-unlikely; and 

subsequent assignment of a consequence, such as minor, moderate, significant, or severe. Items that rank 

above a pre-determined threshold are deemed unsatisfactory and subjected to risk mitigation. An internet 

search of these types of matrices suggests no limit to the number of permutations to which they can be 

adopted. A common is to apply a risk mitigation strategy to lower the risk to an acceptable level. It is 

expected that risk mitigation works, or is sufficient for the situation. Industries that use various forms of 

risk matrix include pharmaceutical, nuclear, education, and travel.  

 The term “Uncertainty” in examining the FLS-EPM components of the EJMT is more appropriate 

than the term “Risk.” Tunnel fires occur randomly and with unpredictable contributing factors. Risk implies 

that there is information known about the probability of an event and the consequences of that event. Under 

the condition of uncertainty, “meaningful assignments of probabilities are non-existent” (Kerzner 1998). 

There is information available that will satisfy the Research Objectives and enable evaluation of the FLS-

EPM components and systems from an uncertain perspective. Known information includes: 

• There have been only a limited number of major tunnel fires worldwide,  

• A review of those events can shed light on the factors that either contributed to the event 

or helped mitigate the severity,  

• There are common elements across these events,  

• There are a limited number of installation and implementation of the FLS-EPM 

components, and 

• There are some features that are more important than others are. 
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 Information that is not known includes: 

• If the FLS-EPM components are fit for purpose, or how they are utilized effectively during 

an event or between different events, and 

• The probabilities of these events and the probabilities that the components will perform as 

expected. 

 However, 

• Knowledgeable persons can make reasonable judgments whether FLS-EPM components 

are fit-for-purpose, will work as expected, or are adequate given specific circumstances. 
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CHAPTER 3  

RESEARCH OBJECTIVE, TASKS, AND METHODOLOGY 

3.1 Hypothesis 

A systematic assessment of functional components can identify and prioritize critical deficiencies 

in the Fire Life Safety of Vehicular Road Tunnels. 

3.2 Research Objectives 

 The Research Objectives are: 

1. To provide a means to improve the overall Fire Life Safety, Emergency Preparedness and 

Management capability,  

2. To evaluate the fit-for-purpose of the various areas and components that make up the Fire 

Life Safe and Emergency Preparation and Emergency Preparation and Management 

systems,  

3. To enable effective and constructive communications between various stakeholders 

including designers, operators, management and emergency responders, and (systematic, 

designed for a wide range of stakeholders and SME), and 

4. To enhance the understanding of the benefits and limitations of the FLS systems and its 

components along with the understanding of the possible consequences of fire events. 

3.3 Specific Aims 

 The Specific Aims associated with the Research are as follows. 

3.3.1 Develop Emergency Preparedness Rubric 

 Develop an Emergency Preparedness Rubric (EPR) and to use it to examine and evaluate the 

adequacy or fit-for purposefulness of the fire life safety and emergency preparedness and management 

components. 
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3.3.2 Develop an Event Consequence Rubric 

 Develop an Event Consequence Rubric (ECR) and to use it to examine how a component is likely 

to benefit or jeopardize a tunnel facility. 

3.3.3 Develop Event Consequence Matrix 

 Use the Emergency Preparedness Rubric and Event Consequence Rubric to evaluate how these 

components may positively contribute to minimizing or mitigating the consequences of an event, or, 

evaluate how they may alternatively negatively contribute to the severity and extent of an event through the 

development of an Event Consequence Matrix (ECM). 

3.3.4 Apply the EPR-ECM Process to the Eisenhower Johnson Memorial Tunnels 

 Apply the Emergency Preparedness Rubric, Event Consequence Rubric, and Event Consequence 

Matrix processes to the EJMT as the focal case for this research as a means to demonstrate the process. 

3.3.5 Validate the Process 

 Examine the validity of the content and process by applying it against: Leading Industry Practices 

(LIP), historical tunnel fire case studies, tunnel projects under development, new tunnels operation, and 

vetting from Subject Matter Experts. 

3.3.6 Evaluate and Develop Best Practices 

 Develop best fire-life-safety practices for vehicular tunnels based on results of the Emergency 

Preparedness Rubric, Event Preparedness Rubric, Event Consequence Matrix, and validation process. 

3.4 Research Methodology 

 The methodology associated with examining the FLS-EPM components and development of the 

EPR-ECM method includes the following items: 

• A comprehensive literature search and review on the topic of vehicular tunnel fires,  

• An examination of published case studies to assist in identifying FLS-EPM components 

that are considered important to successfully prevent a tunnel fire, or minimize the impacts 

of one should it occur,  
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• A review of documentation provided by CDOT concerning FLS and EPM features of the 

EJMT facility,  

• Interviews with CDOT, EJMT, and other personnel who are knowledgeable with the design 

and operation of the EJMT facility,  

• Interviews with subject matter experts, as needed,  

• Observations of the EJMT facilities, operations, practices, etc.,  

• Determination of the specific tasks necessary to create the overall EPR-ECM method,  

• Examination and evaluation of the EJMT FLS-EPM components against the EPR and ECM 

method, 

• Validation of the EPR-ECM method against other tunnel facilities, and 

• Development and discussion of best practices and recommendations for vehicular road 

tunnels in general. 

3.4.1 Tunnel Fire Literature Search 

 The author conducted an extensive worldwide literature search for publications on tunnel fires in 

general, specific tunnel fires, such as Mont Blanc, tunnel fire design, CFD associated with tunnel fires, 

FFSS, emergency response, emergency management, risk analysis risk management, lessons learned, 

human factors, etc. The search revealed that the number of publications focused on this topic is limited. 

The author documented the literature search results by logging the nature of each search including what 

source was being searched, the key words used to search, and the results. It recorded the total number of 

publication reviewed, as well as those selected for further scrutiny. At the time of this writing, 44 unique 

searches produced over 6,000 publications of potential interest. The search process reviewed each of these 

documents and selected those that appeared to be relevant to the research. The author recorded additional 

information on each publication of interest including the title, authors, date, publishing organization, media, 

and the ISBN Number, if applicable. Lastly, the search captured each publication electronically and filed it 

into a document management system based on a primary topic, such as FFSS or Risk Analysis. The author 
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further reviewed each document selected, scanned, and saved and assigned a ranking of High, Medium, or 

Low priority. High and Medium priority papers were assigned a tertiary review from the author. Of more 

than 6,000 publications searched, 156 were deemed important to warrant further review. 

 The relatively low number of publications in this area was not unexpected given the random and 

infrequent nature of major tunnel fires, and the niche nature of organizations that study and work in this 

field. The literature search indicates that, with exceptions: 

• There is a limited number of tunnel fire events,  

• There is a limited number of venues that attract this topic,  

• Tunnel fires are not generally in the main stream of scientific publications,  

• Important publications tend to cluster after a major event, and 

• Special interest groups and consultants are the main drivers behind consistent exploration 

of this topic area. 

 There was a low number of official investigation reports on major fire events found in the published 

literature. This could be due to the sensitive nature of experiencing a major tunnel fire. The designers, the 

Authority Having Jurisdiction (AHJ), or operators tend to avoid undesired, if not necessarily unwarranted, 

public scrutiny or want to avoid revealing vulnerabilities. There were no published documents found of any 

kind that addressed operations, ventilation, safety, or risk at the EJMT. This does not include the internal 

design documents provided by CDOT to the author. 

3.5 Prior Research in This Area 

 The literature search indicated that quantitative risk analysis has been used extensively to look at 

phenomena from construction design, weather, and disasters, both natural and man-made. Some of the 

models used by different countries for this purpose are quite complex and require advanced expertise in 

quantitative statistics and mathematics to use and comprehend. Some countries, such as France and Italy, 

have had dedicated tunnel risk models designed or adapted to address specific elements associated with 

their respective national standards. All models contain some risk mitigation features. As an example, if a 
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risk model indicates that there is a possibility of a fire in the tunnel, then incorporating a properly designed 

and installed tunnel ventilation system is a reasonable risk mitigation feature. 

 Most publications found dealt with some element of system design and various methods of 

validation with a heavy emphasis on the use of CFD. Analysis and determination of fire growth rates and 

the effectiveness of FFSS designs were also popular topics. A detailed review of the publications 

considered, 35 of the documents are high-priority, as they addressed some element of risk analysis, or risk 

management, etc. Publications commonly contained several topic areas and secondary themes. In some 

cases, the dividing lines are difficult to define. The prior work was evaluated and summarized. The primary 

topics are: 

• Fire Events and Suppression,  

• Emergency Preparedness and Management,  

• Risk Analysis, and 

• Lessons Learned and Human Factors. 

3.5.1 Fire Suppression 

 The first group of papers reviewed and categorized addressed fire suppression. Papers in this group 

dealt primarily with some aspect as to how well the FFSS system worked, or not. Dix (2008) identifies that 

over time, regulatory awareness toward the use of the FFSS as an active emergency management tool has 

shifted toward acceptance and use. Dix suggests the development of and acceptance of FFSS will have 

positive impact on a major fire, and even one with similar characteristics to Mont Blanc and Frejus might 

result in less impact. Dix also identifies five primary themes that summarizes major tunnel fires (A. Dix 

2008): 

1. The fire develops faster than expected 

2. The fire temperature can exceed 1,000°C 

3. The fire generates more smoke volumes than expected in the early stages of growth 
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4. The fire spreads to other vehicles over a much greater area than had been previously 

thought 

5. Tunnel users do not behave as expected 

6. Tunnel users did not typically do not understand how much danger they face  

7. Tunnel users often failed to follow instructions or to use available safety facilities  

8. Tunnel users may believe they were safer in their vehicles rather than to self-rescue  

9. Some tunnel users only realized what danger they have placed themselves in after it was 

too late to self-evacuate  

These are a common theme seen in other papers including Henke, et al. (2001), Luchian (1999), and 

Voeltzel, et al. (2004). 

 Dix points out several negative aspects of the FFSS operations, such as de-stratification of the 

smoke layer, steam generation, increased humidity, and decreased visibility in the tunnel. He further 

suggests that the positive impact of reduced HRR, lower temperatures, and reduced smoke propagation 

outweighs the negative impacts. Other papers, such as by Vasilovska (2006) support this. Dix (2008) also 

points out that for FFSS, design parameters and testing are not a guarantee that the system will work, if the 

fire exceeds the designed HRR. Dix (2008) notes that, at the time of his paper, neither PIARC nor NFPA 

endorsed the use of FFSS due to the negative aspects and how they influence evacuation. 

3.5.2 Emergency Preparedness and Management 

 The next major group of papers categorized focused on EPM. They contained some element of risk 

analysis or risk mitigation. Effective EPM should enable risk mitigation and reduction. Examination of 

these documents supports the Research Objective in that there are gaps in the process and room for 

improvement. 

 Day (2003) indicated that safety elements should include infrastructure, vehicles, operations, and 

users. This is a like PIARC Technical Committee 3.3’s 2008 report. Day suggests that addressing all four 

are required before safety is effectively improved. He also suggests that if the tunnel operation does not 

address all four safety elements, then there may be a false perception or illusion of safety. This supports the 
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idea that systems can be at risk, if there is a myopic or overly confident view of the FLS-EPM system. 

Day (2003) assesses the value of safety measures by quantitatively examining the probability of both events 

and consequences. To improve safety in tunnels, Day draws several valid conclusions that are important 

considerations in the evaluation of the FLS-EPM systems: 

• Fires are rare events compared to overall breakdowns and accidents inside tunnels,  

• Tunnels with longer approaches on incline are likely to have an increase in the number of 

breakdowns and fires,  

• Accidents near portals are more likely than in the tunnel proper,  

• Changing lanes, rear-end collisions, differences in vehicle speed, etc. cause 69% of 

accidents in unidirectional tunnels,  

• Tunnel users are generally not aware of the safety systems installed in the tunnel, and 

• They are also not aware of what action to take in the event of an emergency, particularly 

one involving a fire. 

 The last bullet point above is an important factor relating to user behavior. Borchiellini, et al. 

(2003), emphasizes the importance of having a fire control strategy, including ventilation and signaling, 

and to control smoke propagation. Borchiellini (2003) also suggests the importance of signaling tunnel 

users to prevent them from entering the fire zone, or the tunnel, if possible. Lastly, Borchiellini, et al. (2003) 

emphasizes the need for tunnel users to understand the importance of self-rescue and to exercise it, if 

necessary. He concludes that the victims in Mont Blanc could have saved themselves had they obeyed the 

traffic signals and instructions. 

 Ingason and Lönnermark (2004) examined the risk associated with HGVs in tunnels and concluded, 

like Loomis and McPherson (1995), that feedback of heat coming off vehicle fires intensified due to 

confined spaces. He also concluded that the way a fire will develop and interact with airflow in a tunnel is 

unique, and that interaction will have a significant impact on firefighting operations. In his examination of 
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the Gotthard fire, Henke reaches the same conclusion (Henke and Gagliardi 2003). Both issues are 

important considerations when examining the FLS-EPM elements of vehicular tunnels. 

 The Norfolk Fire Rescue Department (Norfolk, Virginia, USA) conducted a study focused on 

identifying the unique challenges to fighting fires in tunnels from an emergency responder’s perspective 

(Sergi 2015). It further intended to determine best practices for fighting fires in tunnels and to identify 

lessons learned. Sergi surveyed over 200 fire districts that have tunnels as part of their area of responsibility. 

Sergi noted several key elements that are important to the FLS-EPM system: 

• Having a functional Incident Command System (ICS) is essential,  

• Field training of firefighters for tunnel fires is difficult to accomplish, but essential,  

• Tunnel operators need to call for additional resources early in the incident,  

• Pre-planning is critical to response to a major tunnel fire, and 

• Good communication with other agencies is crucial. 

A review of the survey by Sergi (2015) indicates that EJMT was not included. 

 Bilson, et al. (2008) concluded that operating a deluge FFSS system could decrease critical velocity 

and improve effectiveness of the smoke exhaust system. This supports the Australian approach that 

advocates that tunnel operators start the FFSS “as soon as possible after a fire is confirmed,” and the need 

to work closely with operators to ensure good judgment and practice. Bilson’s position is that reductions in 

risk are directly associated with reduction in operator response time. By contrast, increasing operator 

response time, or delaying activation of the FFSS, increases risk. In either case, the operator is in control 

of the system. This is contrary to other studies conducted by Japan Highway Corporation. Setoyama, et al. 

(2004) suggestion is to eliminate operator error and judgment by making the FFSS fully automatic. Tesson 

and Brousse (2003) agree with Setoyama (2004) that activating the FFSS “can impede evacuation of 

persons in the immediate fire zone and should be delayed until evacuation is completed.” This issue is 

relevant because it highlights different perspectives among the international tunneling community 

concerning the proper operation of the FFSS.  
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 PIARC Technical Committee 3.3 has likewise developed a position on the issue of emergency 

management in their report on safety management (2009). They advocate that management use a set of 

tools to make decisions regarding safety. Tools include safety plans, emergency preparedness documents, 

traffic data, inspection reports, and a means of evaluation the status of the tunnel. To paraphrase, you need 

a reasonable means of assessing the FLS-EPM elements in a way that is meaningful and can affect change. 

This is a key element in support of the Research Objectives. 

 The 2009 PIARC report gives a good general overview of policies, procedures, and processes that 

could be associated with a safety and emergency management system and suggests broad categories for the 

life of the tunnel from concept through design to commissioning and operation. It does not provide details 

on how to implement those categories on a case-by-case basis. The report does not look specifically at the 

detail of individual FLS-EPM components. The PIARC report indicates that externally conducted audits 

are preferable, if possible. PIARC (2009) advocates a written report format and not the use of risk matrices 

or other semi-qualitative methods. PIARC recognizes that a tunnel safety and emergency systems 

inspection should, or could, include: 

• Comparison of systems versus a prescriptive standard,  

• Check of system to see if it works reliably or not (not the same as an assessment of whether 

it is sufficient or not), and/or 

• Functional Analysis: Does the system ensure safety functionality? 

 The author reviewed two papers from Australia and demonstrated the tendency of agencies to self-

evaluate on the issue of FLS. A paper by MacDonald and Messenger (2003) supported their primary 

assumption that Australia has a well-defined approach to FLS, and it reinforced their assumptions that their 

tunnels comply with the world’s best practices. This tendency re-emphasizes an issue that needs to be 

addressed in examining any FLS-EPM system in that having a myopic perspective may be detrimental. 

EJMT may have this problem. Smith and MacDonald (2008) generally states that the East Link tunnel 

project complies with various standards or input from various organizations, such as PIARC, the European 
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Union (EU) Directive, and NFPA, but does not give many details on how that was achieved. Smith et al 

(2008) did provide a: 

• Good list of critical intelligence systems for tunnels, and 

• Good summary of the EU Directive on the closure of the tunnel in an event. 

3.5.3 Risk Analysis 

 In the topic of risk analysis, PIARC provided perhaps the best overall evaluation of risks associated 

with tunnels. PIARC Technical Committee 3.3’s report on road tunnel risk (2008) provides an excellent 

discussion of various approaches to risk analysis, evaluation, and reduction used in different countries as 

well as practical advice for the risk analyst. In quoting PIARC’s 2008 report, they are frank in their 

summation that, in the context of risk analysis, users should be aware that a model is only a simplification 

of a real event, results are not a precise number, and that interpretation of those results must be tempered 

with realism. PIARC (2008) suggests that implementing a systematic approach helps in implementing a 

proactive safety strategy. To paraphrase PIARC, all models are incorrect, but some are useful. This concept 

is central to the Research Objective. 

 PIARC Technical Committee 3.3 (2008) does not advocate any specific risk analysis approach over 

another. They suggest that both qualitative and quantitative options are available, and that both have their 

pros and cons. Further, qualitative methods can be “indispensable” and complementary to quantitative 

methods, especially in situations where no data is available. In general, PIARC (2008) advocates a holistic 

approach including infrastructure, vehicles, operations, and users. Lau (2011) addresses the need to 

integrate various FLS-EPM components into the tunnel design and divides them into active systems, passive 

systems, and operational procedures. This is like PIARC (2008) and Day (2003). Lau further emphasized 

that different groups often develop different tunnel systems during its design, construction, commissioning, 

and operational phases. Hence, the system may not be properly or effectively integrated. Likewise, for a 

facility like EJMT that evolves over decades of operation, it may include disparate systems and processes 

that different personnel and experiences influenced. Lau (2011) does not address specifically how to 
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evaluate those FLS elements, but does indicate that risk analysis should address the following issues and 

include: 

• Risk Analysis – What might happen and what are the consequences? 

• Risk Evaluation – Are the risks acceptable? 

• Risk Reduction – Which measures are necessary to get a safe (and cost effective) system? 

 Therefore, use risk analysis to: 

• Check general consistency of safety planning,  

• Choose between alternatives, and 

• Demonstrate and fulfill safety requirements. 

 It is important to note that in PIARC’s Risk Analysis Report (2008), they base their approach on a 

fundamental premise that risk analysis is comprised of three elements: 

• Hazard Identification – What is the event? 

• Probability Analysis – What are the chances the event will occur? 

• Consequence Analysis – What are the results of the event occurring? 

 The PIARC process considers risk reduction at the end, where relevant safety systems are deemed 

to have been installed and functional. It does not address how to evaluate how those systems will function 

or how to estimate their applicability. 

 PIARC Technical Committee 3.3 (2008) suggests that qualitative standardized approaches might 

include elements, such as checklists, Preliminary Hazard Analysis (PHA), Hazards and Operations Studies 

(HAZOP), Management Oversight and Risk Tree (MORT), and Safety Audits. These methods also 

concentrate on identifying the hazard, evaluating the consequences, and in devising a reduction strategy 

and give less attention to the effectiveness of that strategy. 

 In their 2008 report, PIARC indicates that quantitative risk analysis partitions approaches into two 

different types: 

• Scenario Based – Examines only one specific event at a time, and 
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• System Based – Estimates risk values for the overall system. 

 In each case, regardless of the approach, PIARC advocates adopting relevant risk criteria and that 

it could include an element of expert judgment, prescriptive standards, or scenario-based threshold values. 

 The PIARC Report (2008) also addresses risk models of specific countries such as: 

• The Austria Tunnel Risk Model (TuRisMo) that is quantitative and employs an event tree 

and deterministic statistical approach. 

• The Dutch Scenario Analysis for Road Tunnels applies a standardized deterministic model 

to a specific tunnel based on quantitative frequency and consequence of scenarios. The 

frequency of an event does not play a role in determining possible safety measures. 

Additional safety measures, which may be expensive, are not implemented, if they only 

affect scenarios with a low probability of occurring. While this makes the determination 

between high and low probability, it is based on the evaluation of the probability of 

different scenarios and does not evaluate effectiveness of the FLS holistically. 

• The Dutch model is quantitative in nature and based on the statistical probability of events. 

In this approach, consequences are based on a pre-determined number of expected fatalities 

for a given tunnel. Risk acceptance considers both the individual risk and societal risk 

threshold criteria. 

• The French Specific Hazard Investigation is a quantitative risk assessment using the 

frequencies of trigger events. It is also a semi-quantitative method that ranks trigger events 

with the help of a standardized frequency consequence matrix. Frequencies fall into one of 

six categories that range from “extremely rare” to “very frequently.” Consequences range 

from a minor to a major catastrophe. 

• The Italian Risk Model bases risk analysis on the quantitative determination of trigger 

events. It examines fire accident rates in the tunnels and risk indices on fatalities, both 

individual and societal. 
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• OECD/PIARC Dangerous Goods (DG) Quantitative Risk Analysis (QRA) Model. As the 

title suggests, it is a model specific to the hazards of DG. It is quantitative in nature, based 

on intrinsic risk, and corresponds to the number of fatalities per year for a given tunnel. It 

also includes a quantitative consequence analysis of an event. 

 An important note concerning these different country-based risk models is that, per PIARC 

Technical Committee 3.3 (2008), they are not interchangeable or adaptable from one country to another. 

PIARC also points out that the United States does not have a national risk model for vehicular tunnels. The 

structure of NFPA 502 (2014), as a United States standard for vehicular tunnels, accounts for risks and 

recommends the FLS-EPM systems to account for it. 

 PIARC Technical Committee 3 generated a report on catastrophic risk assessment caused by issues, 

such as natural disasters and climate change (2013) and includes a preparation sheet to manage the risk and 

preparedness. Its intent is a quick analysis and an order-of-magnitude estimate. The user sets consequence 

thresholds, determines potentially exposed population, estimates property loss, and defines mission 

disruption. It uses a 1-4 probability matrix like the French model (PIARC Technical Committee 3.3 2008). 

It could also be used to evaluate risks associated with man-made disasters, such as fires and terrorism. It 

looks at risk from a high-level and does not address specific FLS-EPM measures. 

 The Japanese Highway Corporation conducted several studies associated with risk assessment of 

FFSS operations. Nakanishi, Yomamoto, Yokota, and Uehara (2003) focused primarily on when to actuate 

the FFSS and the risk associated with hampering effective evacuation. Their emphasis was on the judgment 

of the operator, and their approach uses an event tree-structure for quantitative analysis. They concluded 

that “safety can exist even when potential dangers are not zero” and that early deployment of the FFSS was 

critical. Nakanishi, et al. (2003) analysis concluded that for a unidirectional tunnel, it took an average of 

three minutes to notify all tunnel users and initiate evacuation. Therefore, their reasoning was that a three-

minute delay is justified before using the FFSS. Setoyama, et al., 2004 examined this issue from the 

perspective of effective fire suppression. This paper came to essentially the same conclusion as Nakanishi, 

et al. (2003) in that “deploying the FFSS after (a) pre-determined time from fire detection is more effective 
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than “manual” operation, and that starting the FFSS should occur within three minutes after the evacuation 

is completed.” Their study also identified several risk issues related to the operation of the FFSS in that: 

• FFSS is not efficient in fires contained inside vehicles, and 

• FFSS operation cools smoke and can cause deterioration of the evacuation environment. 

 Forster, Kohl, and Wiesholzer (2015) present an interesting approach to study qualitative risk 

analysis associated with fire, ventilation, and evacuation. Forster did address modeling of consecutive 

events, such as a rear-end collision at the end of a queue resulting in multiple accidents and fire events. In 

conclusion, Forster, et al. suggests implementing elements of FLS-EPM as a means of reducing the impact 

of an event. The paper does not suggest methods of determining if the measures were effective. 

 Poon (2008) provides a good discussion of basic design approaches associated with safety and risk. 

It supports much of what that the 2008 PIARC Technical Committee 3.3 report on risk discusses at a high 

level. Like PIARC, it does not provide specific examples of risk associated with FLS-EPM components. 

 Tunnel fire case studies addressing risk were limited in the literature search results. The reason for 

this is unknown, but the sensitivity of the topic area and security concerns are possible. Voeltzel and Dix 

(2004) discuss facts associated with the Mont Blanc, Gotthard, and Tauern disasters. That along with studies 

of the Caldecott Tunnel fire (National Transportation Safety Board 1983) and others suggest that there are 

common elements both in the initiation of an event, as well as factors that contributed to the outcome, either 

positively or negatively. Arditi, Faure, and Jallasse (2006) is another good risk oriented case study 

identified. Arditi, et al. performed quantitative analysis on major events to include HGVs, DGVs, and 

accidents involving a boiling liquid expanding vapor explosion (BLEVE). This study concentrated on 

identification and quantification of possible events and then used a risk matrix approach to qualify the 

consequences comparable to the French model (PIARC Technical Committee 3.3 2008) and the PIARC 

model used for natural disasters (PIARC Technical Committee 3 2013). 

 Ponticq, et al. 2006 include a quantitative scenario analysis of FFSS using CFD. It examined 

elements such as the HRR and dilution of toxic gasses against the cost of an FFSS to assess the risk and 

value. Ponticq, et al. provide a qualitative assessment showing the benefits of having an FFSS for a 30 MW 
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fire compared to not having an FFSS. Ponticq, et al.’s conclusions are like those of Dix (2008) in that 

operation of the FFSS: 

• Improved user self-rescue,  

• Increased the time available to rescue those that did not self-rescue,  

• Eased firefighter efforts to extinguish the fire, and/or 

• Protected the tunnel’s infrastructure. 

 These findings are important to the Research Objective  

3.5.4 Lessons Learned and Impact of Human Factors 

 The last major topic area is one of the more challenging and presents some unique issues to the 

Research Objective. It is lessons learned and human factors. While the literature does not cover it 

extensively, there are elements associated with it imbedded in other major topic areas, including risk 

analysis and EPM. 

 Regardless of how well a system is designed, the level of technology incorporated or the likelihood 

of events, human reaction remains an element that is difficult to predict. People often react illogically in an 

emergency. NFPA 502 (2014) and other regulatory documents adopt a prescriptive or performance-based 

approach for tunnel safety to circumvent that tendency. It does not always work well. Hence, considering 

lessons learned and human factors is important to an effective FLS-EPM for a tunnel. 

 The PIARC Technical Committee 1 (2012) report addresses various human elements related to 

overall road and tunnel design to engineer systems that negate people’s tendency to act illogically. The 

document does not specifically address elements related to FLS-EPM nor does it address how people 

respond under duress. 

 Henke and Gagliardi (2003) give additional insight concerning elements needed for a robust FLS-

EPM system. In addition to those factors described previously about the Gotthard fire, the relatively limited 

loss of life and property of this fire points are accredited to: 
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• The physical response of the ventilation system in its ability to provide adequate response 

in a timely manner,  

• The design and integrity of the rescue chambers that sheltered people until the rescuer 

could arrive,  

• Tunnel operators who followed well-defined FLS-EPM protocols, and 

• Tunnel users who knew what to do and who followed instructions effectively. 

 Yae and Mizuno (2006) adopts an extreme position on the issue of human decision in that they 

suggest, “If possible, it is desirable to avoid human judgment in critical decisions,” which is contrary to 

many other operations. Expected reactions on the part of the tunnel operators are achieved through proper 

training, management policies and procedures, and through periodic assessment. The management culture 

must require these elements and enforce compliance. Cheong and Spearpoint (2009) further refines this 

concept. While primarily a CFD study, Cheong, et al. suggests that one method of controlling the spread of 

fire is to control the spacing between vehicles stopped behind the fire. While this does not seem practical, 

it is an interesting idea. It does reinforce the need to stop traffic as soon as possible in the event of an 

emergency. Doing this before traffic enters the tunnel is preferable. 

3.6 “Safe” versus “Unsafe” in Assessing the Hazards of Vehicular Tunnels 

 The research and this body of work uses the terms “Safe” and “Safety” throughout the literature 

and subsequent discussion. The Meriam Webster Dictionary definition of “safety” is “secure from threat of 

danger, harm, or loss.” Thus, the ultimate goal of the FLS systems associated with vehicular road tunnels 

is to construct a series of components that promote safety by enabling prevention, detection, response, and 

or mitigation to an event as necessary. The EPR-ECM method focuses on promoting safety through a 

systematic evaluation of components and an assessment of the possible consequences during a series of 

discrete events. The process can improve safety through the systematic identification and evaluation of 

individual components that may require attention, and that collectively comprise the various FAs of the 

FLS-EPM. The research makes a distinction between a “safe component” and a “safe tunnel.” The author 
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does not imply at the EPR-EPM method identifies or qualifies a vehicular tunnel as “safe” or “unsafe,” and 

can neither guarantee nor predict safety. There are many additional factors influence the outcome of an 

event. Identification of all of the interdependency and permutations are beyond the scope. The current 

process weighs all components equally. Future work in this area might include incorporating input from a 

subject matter expert panel to determine appropriate weighting factors for various components, and thus 

develop an “expert system” that is a better indication of “safe” versus “unsafe.” 

3.7 Restrictions of this Study 

 The research implements the following restrictions on the development of the EPR-ECM method: 

• The study will not include cost benefit or loss,  

• The research does not make specific design or procedural modification recommendations,  

• The research does not consider the age of the functional FLS-EPM components in ranking 

beyond a general comment as to whether the age of the facility is of concern,  

• The research does not include multiple simultaneously occurring events beyond those 

identified in Chapter 4,  

• The research evaluates each Functional Component (FC) on its own merits (i.e., The 

Ability to Stop Traffic”) but does not evaluate combined components (i.e., The Ability to 

Stop Traffic plus Passing and Lane Changes),  

• The research assumes that Functional Components perform as designed and intended and 

they are within their functional design life. Whether they are fit-for-purpose is another 

consideration,  

• The research assumes that policies, procedures, and plans are implemented, as currently 

written,  

• The research assumes that people and processes can fail,  

• The research does not consider acts of terror, nature, or God as events, and 
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• The research does not include tunnels that do not incorporate the FLS-EPM functional 

areas components described in Chapter 4. 
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CHAPTER 4  

DEVELOPMENT OF THE EMERGENCY PREPAREDNESS RUBRIC AND 

EVENT CONSEQUENCE MATRIX 

4.1 General Description 

 The development of the EPR and ECM was an iterative process and required input primarily from 

the author, and secondarily from the research team and select Subject Matter Experts. It identified and 

developed specific tasks as follows: 

1. Determination of FLS-EPM Functional Areas, Components, Descriptions, and Identifiers 

2. Development of a Functional Data Input (DI) Section 

3. Development of a Leading Industry Practices Input Section 

4. Development of the Emergency Preparedness Rubric 

5. Determination and Description of Events 

6. Development of the Event Consequence Rubric and the Event Consequence Matrix 

7. Development of the Event Consequence Matrix Key 

8. Development of Process Flow Logic 

9. Determination of the Composite Event Consequence Matrix Ranking 

10. Development of Questionnaire 

Each task is described in detail in Sections 4.2 through 4.11. 

 The research created a comprehensive FLS-EPM ranking and evaluation method for the Functional 

Areas of vehicular tunnel FLS and their constituent components. This method is unlike the risk matrices 

described from other industries as well as the limited macro scale examples use in tunnels in that it is both 

developed specifically to address the FLS-EPM of vehicular road tunnels n that it is at a micro scale that 

encompasses individual FCs. The research uses the Eisenhower-Johnson Memorial Tunnels as the test case, 

to demonstrate the process, and partially validate the process. 
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 The author determined that the development process needed a central repository that would be the 

focal point of the EPR and ECM Method. The “Rubric Master” sheet within the Microsoft Excel™ file is 

that repository. Information on the Rubric Master is either: 

• Entered directly by the user, or 

• Imported via a Microsoft Excel™ link from another workbook tab. 

 The discussion associated with development of the EPR and ECM Method is presented in  

Chapter 6. Subsequent chapters provide information on: 

1. How EPR and ECM were applied to the focal case of the Eisenhower Johnson Memorial 

Tunnels including results and recommendations (Chapter 5) 

2. The efforts taken to validate the EPR and ECM method (Chapter 6) 

3. The development of best practices, summary and conclusions (Chapter 7) 

 All related Appendices are based on the Microsoft Excel™ file named “EJMT Emergency 

Preparedness Rubric and Event Consequence Matrix Dec 1 Master Final.” 

 A functional copy of that file is not presented in this body of work. Earlier versions of that file exist 

with different date references, and may be incomplete or contain out-of-date or erroneous data. The author 

recognizes that the file is a living document, and will be subject to change over time, as discussion 

concerning its content may warrant it, as it is used on updates to the EJMT, other vehicular tunnels, or as 

standards and knowledge about FLS-EPM for vehicular tunnels evolve. Future versions of the file will be 

re-named to reflect the application and date. They may contain different information, formatting changes, 

etc. that does not invalidate the information or conclusions presented here. The overall process flow is 

described in Sections 4.9 and 4.10. 

 A separate Microsoft Excel™ file is used to evaluate other tunnels or tunnel systems as the user 

chooses. If a separate evaluation is needed for another tunnel, the user need only copy the Microsoft Excel™ 

file and enter new tunnel specific data as appropriate. The tabs can be re-sequenced into any desired order 

without corrupting the process logic. The tabs associated with the Microsoft Excel™ workbook are: 
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• Rubric Master – Used as a central repository for information in the EPR and ECM Method. 

Includes live links to other tabs. There is one Rubric Master tab,  

• Event Descriptions – Describes the 6 events used in the evaluation. There is one Event 

Description tab,  

• LIP Sources – Describes sources and content of Leading Industry Practices. Its output links 

to the Rubric Master. There is one LIP Sources tab,  

• ECM Key – Describes the key established to categorize the combined EPR and ECM 

Ranking. There is one ECM Key tab,  

• Questionnaire – Used to gather information on a tunnel. There is one Questionnaire tab,  

• Rubric Master Blank – Used for display purposes. Identical to the Rubric Master but does 

not contain any links. Does not contain any tunnel specific information. There is one Rubric 

Master Blank tab,  

• EPR-ECM Master – Used to create new tabs associated with additional Functional 

Components. There is one EPR-ECM Master tab,  

• EPR-ECM Example – Used to show how to link a Functional Component tab to the Rubric 

Master. There is one EPR-ECM Example tab, and 

• Functional Component Tabs. There are 56 Functional Component tabs. Each is linked to 

the Rubric Master for both input and output. Each is named for the component’s unique 

identifier (which is described in Section 4.2). 

 The author intended that each part of the Microsoft Excel™ file process be available to the user to 

view in full. This is achievable in the electronic media of Microsoft Excel™, or if individual tabs from the 

file are converted into a PDF format. This document has specific limitations on page size, and hence, the 

overall content of the EPR and ECM Method in Microsoft Excel™, including its various tabs, is too large 

to be displayed within the body of this document and be legible. The author determined that for display and 
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discussion proposes components that can be presented in the body of this text will be presented in their 

entirety. This includes Event Descriptions, the Event Consequence Rubric, and the ECM Key. 

 Components that are too large: 

• Are presented in the Appendices. This includes the Rubric Master, LIP Sources, 

Questionnaire, and Functional Component Tabs,  

• Are presented as representative sections of a larger body as a figure (i.e., picture). This 

includes the Vehicles and Traffic Control Functional Area of the Rubric Master, or 

• Are presented as summary sections that contain select information for each function 

component for a given tunnel. This will be presented in Chapter 5 for the EJMT. 

 Appendices are used in this document in Chapter 4, Chapter 5, and Chapter 6. All appendices are 

presented in PDF format as Supplemental Files. The following appendices are presented in order of 

discussion: 

• Appendix A: Rubric Master Blank (Chapter 4, Section 4.2) 

• Appendix B: LIP Sources (Chapter 4, Section 4.2.1) 

• Appendix C: EPR-ECR Example (Chapter 4, Section 4.7) 

• Appendix C: EPR-ECR Master (Chapter 4, Section 4.9) 

• Appendix D: Questionnaire (Chapter 4, Section 4.11) 

• Appendix E: Rubric Master for EJMT (Chapter 5, Section 5.1) 

• Appendix F: Functional Component Tabs for EJMT (Chapter 5, Section 5.1) 

• Appendix G: Validation Review: Historical Tunnel Fires Previously Researched  

(Chapter 6, Section 6.3) 

• Appendix H: Validation Analysis: New Historical Tunnel Fire Case (Chapter 6, 

Section 6.4) 

• Appendix I: Validation Analysis: New Tunnel in Operation (Chapter 6, Section 6.5) 

• Appendix J: Validation Analysis: New Tunnel Project (Chapter 6, Section 6.6) 
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4.1.1 Discussion on Definitions and Terms 

 The author uses various terms in the process that require a definition. These definitions are from 

the author, and may or may not correspond to other external sources. 

• Leading Industry Practice is specific to a Functional Component, is time specific, and is 

subject to change over time through continuous improvement 

• Best Practices are not specific to a Functional Components, are not necessarily time 

specific. They are more holistic, cultural or policy oriented, and have proven themselves 

over time to be effective to their intended purpose 

• Passive controls and system are those that can be inadvertently or unconsciously defeated 

• Actives controls and systems are those that must be consciously defeated and or that require 

special skills and tools to defeat 

4.1.2 Discussion on Overall EPR and ECM Format and Style 

 The author created the overall format for the various parts of the EPR, ECM, and associated input 

sections for the research in Microsoft Excel™. The author incorporated formatting and style choices based 

on personal preference and experience to create a functional system. This pertains to how the data is 

presented and organized and includes elements, such as font selection, merged cells, column and row width, 

borders, and the use of color-coding. These elements do not change or affect the intent, or functionality of 

the EPR and ECM Method. They do not affect the results or their interpretation. They are subject to change, 

and could be changed, if the author or another user chose to make the changes. The author also notes that 

some figures in this document are copied from the workbook and presented as pictures. This generates 

minor formatting inconsistencies that are inconsequential to the Research and beyond the author’s control. 

4.2 Task 1 – Determination of FLS-EPM Functional Areas, Components, Descriptions, and 

Identifiers 

 Determining the Functional Areas in the tunnel, the FLS-EPM system was the first task in the 

research. The order in which they are presented reflects the order they were developed on the EPR. It does 

not indicate relative importance to the overall FLS-EPM system or the EPR and ECM Method.  
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 The process of developing the list of Functional Areas, and Functional Components was iterative 

and was founded in part on the review of the literature and relevant case files. There was no individual 

source that provide a complete list, or even an indication of what said list should contain. Different sources 

provided the author small, often disconnect pieces of the overall puzzle. The author subsequently generated 

the list by:  

• Identifying trends and recurring themes 

• Discussions with Subject Matter Experts 

• Interpretation and identification of gaps and missing pieces 

• Conceptualization and understanding of the larger picture 

 The following list includes the title of each and a short description: 

1. Vehicles and Traffic Control – Describes the ability to control effectively the vehicles in 

the tunnel, and to facilitate effective action in the event of an emergency 

2. Tunnel Monitoring and Control – Describes the ability to monitor conditions and activities 

inside the tunnel and on approach, and to facilitate effective action in the event of an 

emergency 

3. Ventilation Capacity and Equipment – Describes the type and capacity of installed 

ventilation and support equipment, and the ability to facilitate corrective action in the event 

of an emergency 

4. Tunnel Communications and Signage for users – Describes the use of communications 

systems to notify tunnel users of changing traffic conditions or to actions required in the 

event of an emergency 

5. Safety Equipment and Facilities for users – Describes the installed safety equipment and 

facilities that are available for tunnel users in the event of an emergency 

6. Emergency Response Capability – Describes the ability of the facility to respond to an 

emergency in the tunnel including both internal and external resources 
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7. Emergency Training and Qualification – Describes the extent of training received by tunnel 

personnel or other parties that have agreed to respond to the tunnel in the event of an 

emergency 

8. Operational Policies and Procedures – Describes the operational policies and procedures 

related to safety in the tunnel during normal operating conditions as well as response in the 

event of an emergency 

9. Facility Users and Education – Describes the extent to which tunnel users are educated on 

the dangers of tunnel and on effective self-rescue alternatives 

 After determining the Functional Areas, the author developed a list of individual Functional 

Components for each. There was no minimum or maximum number required, and results were dictated on 

the level of detail needed to describe effectively the components that are important to safety. In this iterative 

process, some components were added and others were removed as the development proceeded. It resulted 

in the Emergency Response Capability having the highest number with 11 and Facility Users and Education 

having the lowest number with 1. The total number of individual components in each Functional Area was 

not pre-determined and was not fixed. It can be adapted up or down to reflect changes in the science and 

practices of tunnel FLS-EPM. Appendix A, Column C contains the list of all Functional Components for 

the Functional Areas. 

 The author then developed a short description of each Functional Component within each FA. The 

description is available in Appendix A, Column D. 

 The author determined that each Functional Area and Functional Component required a Component 

Identifier (CI). The CI is used to differentiate different FCs with a given Functional Area, and to 

differentiate the same Functional Component across different events. The identifier assists in the 

information management, and does not affect the EPR, ECM, or their evaluation. The overall workbook 

has in Microsoft Excel™ 75,000 linked cells. The author used the CI to ensure that the correct information 

was in the right location. The identifier was adopted from the name of each FA as follows: 

• Vehicles and Traffic Control – VTC 
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• Tunnel Monitoring and Control – TMC 

• Ventilation Capacity and Equipment – VCE 

• Tunnel Communications and Signage (for users) – TCS 

• Safety Equipment and Facilities (for users) – SEF 

• Emergency Response Capability – ERC 

• Emergency Training and Qualification – ETQ 

• Operational Policies and Procedures – OPP 

• Facility Users and Education – FEU 

 The author extended the CI for each Functional Component of each FA by adding a numerical 

component to the three-letter acronym. The first component in the VTC Functional Area is “Active Vehicle 

Count in Tunnel,” and is assigned identifier VTC-1. The second component is “Ability to Stop Traffic” and 

is assigned identifier VTC-2. This process repeats itself in the remaining Functional Areas and their 

respective components. The identifier is developed further in the ECM section as each FC is analyzed and 

the six event types are described in Section 4.6. The Component Identifier VTC-1, therefore, becomes 

VTC-1.1 through VTC-1.6, respectively. Appendix A, Column E presents all Component Identifiers. 

 The “Vehicles and Traffic Control” Functional Area of the Rubric Master is used as a representative 

example throughout the remainder of Chapter 4. For discussion purposes, it is broken down into four parts: 

1. Data Input 

2. Emergency Preparedness Rubric 

3. Event Consequence Rubric 

4. Event Consequence Matrix 

All other Functional Areas follow the same process, and are available for viewing in Appendix A. 

4.2.1 Vetting and Validation of Functional Areas and Components by SME 

 The author vetted the FA, FCs, and corresponding descriptions by independent examination by 

Subject Matter Experts in the field vehicular tunnel Fire Life Safety and Emergency Response. This 
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validation performed after development the FAs and FCs to ensure that they were reasonable for their 

indented purpose, and representative of the critical FLS-EPM systems. 

 The author invited Gary English and Tony Tedesco to act as SMEs for this validation. Chief 

English’s background qualifications are presented in Chapter 3, Section 2.7.2. 

 Tony Tedesco is a retired Captain on the New York City Fire Department (FDNY). In his capacity 

with the FDNY, he acted as the Commanding Officer of the New York City Fire Department’s Public 

Transportation Safety Unit (PSTU). He is a nationally recognized expert in the field of tunnel fires and 

emergency management. He was a member of the enforcement contingent of the National Fire Protection 

Association Standard 502 for Road Tunnels, Bridges, and Other Limited Access Highways committee and 

served as an alternate on the National Fire Association Standard 130 for Fixed Guideway Transit and 

Passenger Rail Systems committee in a similar capacity. His duties as the Commanding Officer of PSTU 

included code development and enforcement, fire prevention, emergency preparedness, and liaison to 

Federal, State, and City agencies specific to the transportation sector.  

 The author provided each SME with a copy of the EJMT Fire Microsoft Excel™ file “EJMT 

Emergency Preparedness Rubric and Event Consequence Matrix Dec 1 Master Final,” and: 

• Allowed them to review the file and its components independent, and or 

• Provided them with a guided tour and explanation of the file and its components, and 

• Asked each to provide independent validation as to whether or not the content associated 

with the FAs and FCs was reasonable and accurate. 

• Both SMEs affirmed that it was, and neither made any comment to either add, delete or 

alter the overall structure or content. The research performed additional vetting and 

validation during the development of Leading Industry Practices as discussed in Task 3. 

4.3 Task 2 – Development of a Functional Data Input Section 

 The development of this method required creating a functional section for Data Input. Like the CI, 

the DI area does not affect the overall EPR or ECM. It is for information management. The header of the 
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Rubric Master includes a section for general information on the tunnel including name, location, ventilation 

type, traffic configuration, length, grade, and elevation. Additional information can be added, as desired. 

The input section for each FA contains the following information: 

• The Functional Component(s) 

• A general description of each Functional Component 

• The Component Identifier 

• The Leading Industry Practice associated with the FC 

• Leading Industry Practice Source Information (i.e., NFPA 502) 

• Description of Facility Components/Function for the Subject Tunnel (i.e., EJMT) 

 Figure 4.1 shows the data input area for Vehicles and Traffic Control. The additional Functional 

Areas follow the same format and are presented in Appendix A. 

4.4 Task 3 – Development of a Leading Industry Practices Input Section 

 The research examined various tunnel safety standards to determine the Leading Industry Practices 

for each FC. It focused on those standards that are widely acknowledged and representative of LIP. The 

author did not attempt to identify every standard used throughout the world. A review of the standards listed 

below indicated that there was often a degree of redundancy and repetition from one standard to another 

when describing the requirements for a Functional Component, assuming it was addressed at all. 

• National Fire Protection Association 502 – Standard for Bridges, Tunnels and Other 

Limited Access Roadways, 2014 Edition (National Fire Protection Association 502 2014) 

• World Road Association (PIARC) Road Tunnels Manual, Chapter 2: Safety (World Road 

Association - PIARC 2007) 

• European Union Directive 2004/54/EC (European Union 2004) 

• Australasian Fire and Emergency Service Authorities Council (AFAC). Fire Safety 

Guidelines for Road Tunnels. Fire Safety Guidelines for Road Tunnels (Australasian Fire 

and Emergency Service Authorities Council (AFAC) 2012) 
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Figure 4.1 Data Input Section from Rubric Master for Vehicles and Traffic Control 
 

Functional FLS/EPM 

Area

FLS/EPM Functional 

Component
General Description

Component 

Identifier

Leading Industry Practice (LIP)

 (as applicable and identified)

Source of 
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Description of 

Facility Component 
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Active Vehicle

Count in Tunnel

Describes the ability to actively 

and accurately count the number 

of vehicles in the tunnel at any 

given time

VTC - 1 Not identified in a standard.

Active Vehicle Differentiation

Describes the ability to actively 

and accurately differentiate 

between the number of 

passenger vehicles and 

trucks/busses in the tunnel at any 

given time

VTC - 3 Not identified in a standard.

Ability to Stop Traffic

Describes the ability to stop 

traffic inside and/or 

outside the tunnel proper in the 

event of an emergency

VTC - 2

Active barriers and VMS signs to 

control entry, additional control 

means within tunnel. (EU with others 

synthesized).

EU + Other

None

Emergency Vehicle Pullouts

Describes the extent to which the 

facility is equipped with vehicle 

pull-outs to enable distressed 

vehicles to move safely out of the 

flow of normal traffic

VTC - 4
Recommended if longer than 1500m 

and >2000 veh/lane.
EU

None

Passing and Lane Changes

Describes the extent to which the 

facility allows either passing  

slower vehicles by overtaking or 

changing lanes while inside the 

tunnel

VTC - 5 Not identified in a standard. None



 

 54  

• State of the road tunnel safety technology in Japan. Tunneling and Underground. (Mashimo 

2002) 

• Standards Australia (SA): Tunnel Fire Safety. Standards Australia, AS 4825-2011 

(Standards Australia 2011) 

• German Traffic and Infrastructure Ministry. Implementation of EU Directive 2004/54/EC, 

27 (German Traffic and Infrastructure Ministry 2006) 

• Norwegian Public Roads Administration. Manual 021: Road Tunnels. Road Tunnels 

(Norwegian Public Roads Administration 2004) 

• Swiss Society of Engineers and Architects. (2004). SIA 197/2:2004 Civil Engineering 

(Swiss Society of Engineers and Architects 2004) 

• United Kingdom. (2007). The Road Tunnel Safety Regulations. United Kingdom (m 2007) 

 For each FC, the author identified the LIP as the standard, standards, or compilation that required 

or implement the highest standard of care, provided for the greatest use of technology or demanded the 

most stringent criteria. While the intent of the process was not necessarily to focus on prescriptive measures 

to the exclusion of performance based measures, the author notes that in some cases this was in fact the 

result. 

 The LIP Sources tab in the Microsoft Excel™ workbook includes the following areas: 

• FLS-EPM Functional Area (Column B) 

• FLS-EPM Functional Component (Column C) 

• Component Identifier (Column D) 

• Leading Industry Practice (Column E) 

• Columns for each standard listed above (Column F through Column O, respectively) 

 The Functional Area, Functional Component, and Component Identifier are identical to those 

elements listed on the Rubric Master. The Leading Industry Practice column gives a description of the LIP 

based on the interpretation and judgment of the author with input from the research team. The source of the 



 

 55  

LIP is highlighted in green to identify it. In some cases, the author judged that multiple sources contributed 

to the collective LIP, or that they effectively said the same thing. The LIP column is linked back to the 

Rubric Master, Column F. The Rubric Master Column G indicates which standard provided the LIP (i.e., 

NFPA 502) or where two or more contributed (i.e., NFPA 502 and EU).  

 Appendix B presents the complete LIP Sources tab of the Microsoft Excel™ workbook. The 

information in the LIP Sources is not fixed or static. The version in Appendix B represents the author’s 

determination and opinion of the LIPs at the time of this writing. Uses of the EPR and ECM Method beyond 

this body of work could include: 

• Updates to the general standards presented in Appendix B,  

• New general standards that become available in addition to those presented in  

Appendix B, or 

• Specific standards for a specific tunnel. 

4.4.1 Vetting and Validation of FCs Through Examination of Leading Industry Practices 

 The research process of examining the various international standards to determine how they 

correlate to the list of FAs and FCs produced an unanticipated yet valuable benefit. It independently 

validates the content of the list of 9 FAs and their constituent 56 FC as relevant. The development of the 

FAs and FCs was first. The examination of the LIP was secondary, and did not influence the FC 

development process. Thus, the author believes that the level of corroboration is an indication of how well 

the FCs systematically identify the critical FLS-EPM components for vehicular tunnels. Of the 

56 Functional Components listed in the Rubric Master, 86% had some indication of a corresponding LIP 

in a reviewed international standard. The remaining 14% of the FCs (8 total) were not addressed in any of 

the reviewed standards. In that case, the research indicated “Not Identified in the Standard.” 

4.5 Task 4 – Development of the Emergency Preparedness Rubric 

 A rubric is defined as a “title or category under which something is classified” (Meriam Webster 

Dictonary 2016). The author developed an Emergency Preparedness Rubric for each Functional Component 
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in the FLS-EPM System. It examines each component, both installed and implemented as well as those not 

installed or implemented to see how they rate against a series of pre-determined criteria. 

 The research elected to use a five-level rubric with the following categories: 

1. Leading Industry or Best Practice 

2. Good 

3. OK 

4. Marginal 

5. Deficient 

 The author decided that this would enable ranking or categorizing each FC across a broad range 

and provide good resolution without becoming too detailed. A numerical scale was added to the EPR to 

correspond to each category. The author ultimately selected a 5-4-3-2-1 to correspond to the LIP or Best – 

Good – OK – Marginal – Deficient categories. The selection of the 5-1 scale is not proprietary. The scales 

selected are useful because: 

• They are intuitive, and 

• They make reasonable sense for the intended purpose. 

 The research makes the following notes concerning the nature of the EPR scale: 

• The EPR scale does not represent a specific unit of measure and is for indication only,  

• The EPR scale does not represent any known quantitative probability, and 

• The EPR does not produce an absolute answer that is either inherently right or wrong. 

 The author developed a discrete description for each EPR category for each FC. This was an 

iterative and collaborative process. The research used a prescriptive approach that tied each category to a 

measurable standard when possible. The LIP category is straightforward as it ties directly into the LIP 

sources described in Section 4.4. The Deficient category was also straightforward as a FC in that category 

was assumed to be either functionally obsolete, or had not been installed at all. The author constructed 

descriptions for Good – OK – Marginal to represent reasonable and, where possible, measurable increments 
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between LIP or Best and Deficient. Of the 56 FCs in the Rubric Master, the process successfully assigned 

5 distinct categories to 82% (46 FCs). The author determined that not all FCs benefited from 5 categories 

as it proved too much resolution and they could not develop meaningful descriptions for each. No FC 

warranted or were assigned more than 5 categories. For those FCs that did not receive 5 discrete descriptions 

(10), the author either combined categories (i.e., LIP or Best and Good) or categories were skipped (i.e., 

LIP or Best – OK – Deficient). Skipped categories received a Not Applicable (NA) qualifier. 

 The development process iteratively calibrated the EPR for each FC if the author deeded it 

necessary. The calibration took on three basic forms: 

1. Adjustment of the LIP or Best category to reflect LIP information. This tended to adjust 

the scale up,  

2. Adjustment of the Good – OK – Marginal categories, if necessary, to maintain reasonable 

gaps. This tended to spread the scale out, and/or 

3. Adjustment to the overall scale, based on historical tunnel fire data and available EJMT 

data to reflect where the author believed a tunnel with known or suspected design or 

performance issues should fall. This tended to adjust the scale down. 

 The research recognizes that the development of the EPR for each FC is subjective. The information 

in the Rubric Master is not fixed. If reflects the current state of emergency preparedness for vehicular 

tunnels. It could be adjusted to reflect changes in emergency preparedness practices, design, technology, 

and procedures. The research also recognizes that the EPR for each FC may have gaps. The author attests 

that it is not important that an FC fall cleanly into an EPR category provided it falls somewhere on the 

overall continuum. The author, members of the research team, and Subject Matter Experts Gary English 

(2016), Tedesco (Tedesco 2016), and Brennan (Brennan 2016) concur that this is acceptable, an integral 

part of the process, and a hidden benefit. During the research development, the author and other research 

team members had the opportunity to debate on the merits of content for specific FCs, the benefits of 

adjusting the EPR scale in one direction or another along with the reasoning of where a FC for a tunnel 

(i.e., EJMT) might rank. The EPR and ECM Method by its nature enables these debates to end hopefully 
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in consensus, if not agreement. Chapter 3 noted that the research specifically assumed that a given 

component was within its functional design life. Assessing failure based the EPR combined with the 

possibility of failure due to design life is beyond the scope of this body of work. The research did provide 

a general qualifier in the Rubric Master where the user can note if the age of the facility is of concern. The 

specific age of each FC is not addressed. 

 The EPR section for the Vehicles and Traffic control FA is presented in Figure 4.2. All other EPRs 

for the other FAs and associated FCs are presented in Appendix A. 

4.6 Task 5 – Determination and Description of Events 

 The research defined six different general events that are used to rank FCs in the Event 

Consequence Matrix (described in Section 4.7). The author decided that five fire events, ranging from small 

fire to multiple HGV fires, was sufficient to challenge for full spectrum of FLS-EPM requirements for each 

FC for the credible conditions a typical tunnel will encounter. The author added a sixth event during the 

research in the form of vehicle accident that did not produce a fire, but still warranted response of the FLS-

EPM system and could challenge individual FCs. Figure 4.3 presents the six Event Descriptions. 

4.7 Task 6 – Development of the Event Consequence Rubric and the Event Consequence Matrix 

 Developing the overall Event Consequence Matrix required two steps. The first was developing an 

Event Consequence Rubric. The second was developing the ECM and imbedding the Emergency 

Preparedness Rubric and Event Consequence Rubric into it. These processes are described below. 

 The research developed a rubric (in addition to the EPR for each FC), which is used to judge the 

relative benefit or consequence of all FC’s performance against one of the six events. The Event 

Consequence Rubric adopted a 5 – 4 – 3 – 2 – 1 scale like that of the Emergency Preparedness Rubric and 

for similar reasons it is intuitive, and it makes reasonable sense for its intended purpose. The scale does not 

affect the overall process provided the user adjusts: 
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Figure 4.2 Emergency Preparedness Section from Rubric Master for Vehicles and Traffic Control 
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Active Vehicle

Count in Tunnel

Active Vehicle Differentiation

Ability to Stop Traffic

System is capable of aggressively stopping traffic outside 

the tunnel including forcing vehicles to stop and can 

actively stop vehicles inside the tunnel by use of physical 

barriers in accordance with leading industry practices 

and acceptable standards

System accurately counts the number of vehicles in the 

tunnel and can report on number currently occupying 

tunnel at any given time (i.e. < 1 min) and represents 

leading industry practice

System is capable of actively stopping traffic both 

inside and outside the tunnel 

System can actively stop traffic outside the tunnel and can 

passively stop traffic inside the tunnel

System uses passive means to stop traffic both inside and 

outside the tunnel.

System is not capable of either actively or passively 

stopping traffic either inside or outside the tunnel 

System does not count how many vehicles are in the 

tunnel at any given time

System counts the number of vehicles in the tunnel 

and can report on number over a time range  which 

approximates the time it takes a vehicle to traverse 

the tunnel at posted speed limits (i.e. 2-5 min) 

System  has ability to count the number of vehicles but can only 

report number over a narrow time scale (i.e. quarter hour) 

System  has ability to count the number of vehicles but can only 

report number over a broader time scale (i.e. an hour) 

Emergency Vehicle Pullouts

The facility is equipped with multiple vehicle pullouts in 

accordance with accepted standards and leading 

industry practices and or has sufficient shoulder to 

enable drivers to safely pull to the side of the roadway

System accurately and actively differentiates between 

the number of passenger vehicles and the number of 

trucks in the tunnel at any given time and represents 

leading industry practice.  

The facility is equipped with one vehicle pullouts in 

accordance with accepted standards and or has 

sufficient shoulder to enable drivers to safely pull to 

the side of the roadway

The facility is not equipped with a vehicle pullout but has 

sufficient shoulder to enable drivers to safely pull to the side of 

the roadway

The facility is not equipped with a vehicle pullout but has a 

marginal shoulder to enable drivers to pull to the side of the 

roadway but still represent a hazard in normal traffic.

The facility is not equipped with any vehicle pullouts

 inside the tunnel and does not have a shoulder to 

enable a vehicle to safely pull from normal traffic

System does not differentiate between vehicle types

System differentiates between the number of 

passenger vehicles and the number of trucks in the 

tunnel and can report on number over a time range  

which approximates the time it takes a vehicle to 

traverse the tunnel at posted speed limits (i.e. 2-5 min) 

System differentiates between the number of passenger 

vehicles and the number of trucks in the tunnel and can report 

on number over a narrow time scale (i.e. quarter hour)

System differentiates between the number of passenger vehicles 

and the number of trucks in the tunnel but can only report over a 

broader time scale (i.e. an hour)

The facility does not allow lane changes inside the 

tunnel. This is indicated by a combination of signage and 

road surface markings (i.e. double line) and is enforced 

and represents leading industry practice.

NA

The facility discourages lane changes inside the tunnel. This is 

indicated by a combination of signage and road surface 

markings (i.e. double line). The facility does not actively enforce 

this. 

NA

The facility does not discourage lane changes inside the 

tunnel and does not actively enforce. Signage and road 

marking are not provided

Passing and Lane Changes



 

 60  

 
 

Figure 4.3 Event Descriptions 
 

• In the combined score discussed below, and 

• In the EPR-ECM Key, which is discussed in Section 4.8. 

 The research makes the following notes concerning the nature of the ECR scale: 

• The ECR scale does not represent a specific unit of measure and is for indication only,  

• The ECR scale does not represent any known quantitative probability, and 

• The ECR does not produce an absolute answer that is either inherently right or wrong. 

 Each FC’s performance relative to the six events is ranked on the ECR and could be either 

beneficial, or it could cause a jeopardy. The development of the ECR was like the development of the EPR 

in that it proved an excellent vehicle for debate and discussion among the research team. Unlike the EPR, 

which uses a discrete classification for each FC, all FCs use the ECR in common when analyzing them 

against the six events. The ECR is shown in Error! Reference source not found.. 
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Figure 4.4 Event Consequence Rubric 
 

 

Component has potential to 

significantly benefit tunnel 

emergency preparedness and 

management and/or reduce 

consequences of an event

Component has potential to 

moderately benefit tunnel 

emergency preparedness and 

management and or reduce 

consequences of an event

Component is considered to 

provide low or negligible benefit 

or to jeopardize tunnel 

emergency preparedness and 

management or consequences of 

an event

Component has potential to 

moderately jeopardize  tunnel 

emergency preparedness and 

management and/or increase 

consequences of an event

Component has potential to 

significantly jeopardize tunnel 

emergency preparedness and 

management and/or increase 

consequences of an event

Big Benefit Good Enough Neutral Could be a Problem It is a Problem

5 4 3 2 1

Event Consequence Rubric
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 The ECR is an integral part of the overall Event Consequence Matrix. In the context of the Event 

Consequence Rubric and subsequent Event Consequence Matrix, the author uses the non-statistically 

oriented Meriam Webster Dictionary (2016) definitions for the following terms: 

• Significant: having or likely to have influence or effect,  

• Moderate: limited in scope or effect,  

• Negligible: unimportant or of so little consequence as to warrant little or no attention, and 

• Likely: having a high reliability or credibility of being true. 

 Combining the EPR scale with the ECR scale creates the ECM shown in Figure 4.5. 

 The highest possible score of 25 and lowest possible score of 1. A score of 25 is considered “best” 

in terms of emergency preparedness, and that the FC significantly benefits the facility and the outcome of 

an event. A score of 1 is considered “deficient” in terms of emergency preparedness, and that the FC could 

significantly jeopardize the facility or the outcome of an event. The author used color-coding to group 

results together into categories of similar result. These align with the Event Consequence Matrix Key 

described in Section 4.7. Developing the ECM scale was iterative. The author considered different 

alternatives including some that did not have any overlap in the scale and used a NA qualifier for areas of 

the scale that did not seem to make logical sense. The author discounted these issues and ultimately adopted 

the scale as shown. 

The author notes that the ECM scale does create overlap. As an example, there is more than one way to 

achieve an ECM score “15.” An EPR ranking of 3 (OK) combined with a ECR ranking of 5 (Big Benefit) 

provides the same overall result as a EPR ranking of 5 (LIP) and a ECR ranking of 3 (Neutral). The author 

considered various alternatives and determined that: 

• There is no discernable difference between these two alternatives,  

• It is inconsequential for the ECMs intended purpose of providing a relative ranking 

method,  
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Figure 4.5 Event Consequence Matrix 
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• The process can create a score which in turn generates discussion, and therefore, 

• There is no reason not to allow them both to exist on the ECM at the same time. 

 Like both the EPR and ECR, the ECM ranking is not an absolute answer that is inherently right or 

wrong. Given that both of its constituent components are subjective, the result is similarly subjective, but 

it is of value. The author notes that there is no overlap on the highest or lowest end of the ECM scale. 

Functional Components that fall predominantly into either a high or a low combined score can be clearly 

identified. Functional Components that fall into the mid-range are more subjective. The research also notes 

there are some areas of the combined ECM scale that will not generate meaningful results. The author 

argues that a FC that ranks as a LIP is unlikely to simultaneously represent a significant jeopardy. It is 

neither credible that it ranks as deficient and generate a significant benefit. 

 The author combined the Emergency Preparedness Rubric, Event Consequence Rubric, and the 

Event Consequence Matrix onto a separate Microsoft Excel™ workbook tab. An example of a blank EPR-

ECR tab is presented in Appendix C. The user copies the EPR-ECR tab to create a tab specific to each FC. 

This tab is named accordingly the Component Identifier. As an example, the tab for the FC “Ability to Stop 

Traffic” is named “VTC-2.” This tab contains linked information from the Rubric Master - Data Input and 

Emergency Preparedness Rubric sections. This tab is used to analyze the Functional Component against 

the EPR, ECR, and ECM for each of the events. After the user completes the analysis, data is sent back to 

two sections of the Rubric Master tab. The Event Consequence Rubric section contains information on how 

each FC ranked against the ECR. The Event Consequence Matrix section contains information on the 

combined EPR-ECR rating. The research process determined that all FCs do not necessarily have an impact 

on the six events regardless of their fit for purposefulness. For example, Functional Component ETQ-2, 

“Conducts live fire tunnel training” does not have any impact on Event 6, “Vehicular Accident.” It is 

assigned a “Not Applicable for This Scenario” or NA, and, does not impact the ECM score either positively 

or negatively. Figure 4.6 and Figure 4.7 show the Event Consequence Rubric and Event Consequence 

Matrix sections for Vehicles and Traffic Control, VTC 1. These sections are typical for the other Functional 

Components and Functional Areas. 
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Figure 4.6 Event Consequence Rubric Section from Rubric Master for Vehicles and Traffic Control 
 

 
 

Figure 4.7 Event Consequence Matrix Section from Rubric Master for Vehicles and Traffic Control 
 

4.8 Task 7 – Development of the ECM Key 

 The author developed a key to interpret the results of the Event Consequence Matrix process. The 

color- coding corresponds to the colors used on the ECM. The key does not produce an absolute answer. It 

is used as a general guide for discussion purposes. The key has been adjusted compared to the ECM so that 

there is continuity. As an example, ECM rating for an individual FC can produce “possible deficiency” 

(yellow) numerical values of 4, 5, or 6. The ECM Average, or Composite value, as described below in 

Section 6.10, can produce a rounded value of 7 (rounded up from 6.6) depending on: 

• The number of the six events that contribute to the composite value, and 

• The individual ECM for each of those events. 

 Therefore, the ECM Key for the “possible deficiency” (yellow) category has been adjusted from 

4-6 to 4-7. Similar adjustments have been made to the key areas: 
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• Component represents a benefit to the tunnel FLS-EPM System but warrants attention from 

8-10 to 8-11, and 

• Component represents a benefit to the tunnel FLS-EPM System but could be improved 

with adjustment from 12-16 to 12-19. 

 The author’s intent of this adjustment is to allow for all numerical possibilities between 1and 25. 

The Event Consequence Matrix Key is presented in Figure 4.8. 

 

 
 

Figure 4.8 Event Consequence Matrix Key 
 

4.9 Task 8 – Development of Process Flow Logic 

 The research developed a process that gives the user several options concerning how to go about 

compiling and completing an EPR-ECM analysis for a tunnel. The first group of elements must be entered 

before an analysis can be completed, but as a group, can be completed in any order. The second group of 

elements must be completed after the first group is done, and must be done in a specific order. The first 

group includes: 



 

 67  

 

• Entering information about the tunnel,  

• Updating information on the Leading Industry Practices tab resulting from new standards 

or updates of those listed,  

• Adding new Functional Components, if appropriate,  

• Updating the Emergency Preparedness Rubric for any FC that requires it, and 

• Adding the Description of Facility Component that describes how the specific tunnel 

addresses each Functional Component. 

 The second group of information includes  

1. Determining the Emergency Preparedness Rubric rating for each Functional Component 

2. Entering the EPR rating onto the first event section of the Functional Component Tab (i.e., 

VTC-1). This information is auto-populated to the remaining 5 events and to the EPR 

Description column of the Rubric Master 

3. Determining how each Functional Component ranks on the Event Consequence Rubric 

given the EPR. This information is entered manually into each of the 6 event sections on 

the Functional Component Tab and auto populates back to the Event Consequence Rubric 

section of the Rubric Master 

4. Calculating the combined Event Consequence Matrix rating given the EPR and ECR. This 

information is manually entered into each of the 6 event sections of the Functional 

Component Tab and auto populates back the Event Consequence Matrix section of the 

Rubric Master 

5. Determining the Composite ECM Rating for each Functional Component. This 

information is entered directly into the ECM section of the Rubric Master 

6. Assigning a comment from the ECM Key. This information is entered directly into the 

ECM section of the Rubric Master 
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7. Entering any specific notes. This information is entered directly into the ECM section of 

the Rubric Master 

 Appendix D also presents an Example EPR-ECM Master Tab with notes on data entry and links. 

4.10 Task 9 – Determination of the Composite ECM Rating 

 EPR and ECM Method give the user two choices when assigning a composite ECM rating. The 

first and simplest is to take a numerical average of the ECM numerical ratings for the applicable events and 

rounding up or down to the closest whole number. If an FC generates a numerical rating for each of the six 

events, six numbers are averaged and rounded into the Composite ECM Rating. If fewer than six events 

generate a numerical rating, then fewer are used to generate a composite. Events for the FC that resulted in 

an NA are not counted and the average is generated over the remaining events. This process is most 

applicable when the Functional Component gets: 

• Consistently good ratings would imply the FLS-EPM is well-designed and implemented, 

or 

• Consistently poor ratings might imply it has flaws, potentially fatal flaws. 

 The second choice is for the user to “override” the process described above and assign a higher or 

lower value based on their judgment. The author determined that this is a necessary element of the research 

in the case where a Functional Component gets ratings that vary widely which might indicated hidden flaws 

or gaps, and where taking a numerical average would unfavorably skew the results. The research determined 

that this is important for some Functional Components that may have extenuating circumstances. 

4.11 Task 10 – Development of Questionnaire 

 The research developed a questionnaire to assist in gathering information on a tunnel. It is 

specifically designed to elicit the information required for the Functional Component description in the 

Rubric Master. It is presented in Appendix E. 
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CHAPTER 5  

EISENHOWER JOHNSON MEMORIAL TUNNELS ANALYSIS 

5.1 Introduction 

 The author applied the steps described in Chapter 4 to the EJMT as the focal case for this research. 

The EJMT represented a good source of information for this research as the author and research team had 

access to design and operational documents as well as the opportunity to visit the facility and interview key 

personnel. The EJMT provided the research team with a means of demonstrating the process by: 

• Using available data used to assist in building content,  

• Developing an indicative summary of analytical results,  

• Enabling discussion of results identifying both beneficial and problematic components an 

indication of how they correlate to the known factors that were critical to the success or 

failure of historical tunnel fires as partial validation of the process,  

• Filling in gaps between available case files, and 

• Presenting representative “recommendations” which might arise from analysis and 

interpretation of the results. 

 The author took the following steps toward completing this analysis: 

1. Data Gathering 

2. Developing descriptions for all EJMT FCs 

3. Input of EJMT information into the Rubric Master 

4. Development of one EPR-ECM worksheet tab for each EJMT Functional Component 

5. Determining the EPR rating for each FC 

6. Ranking the FC against the ECR for each of the events 

7. Calculating the ECM for each of the events 

8. Determining the composite ECM rating, key, and notes, as applicable 
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 All data, observations, analysis, and resulting recommendations reflect the information made 

available to the research as of December 1, 2016, and may not accurately reflect any current or planned 

design, procedural, training, or management modifications at the FLS-EPM systems at EJMT. 

Observations, results, or recommendations are not intended to reflect negatively on the intent, dedication, 

or professionalism of CDOT personnel. They are intended as constructive comment only, and as a means 

of advancing the knowledge and practices of FLS-EPM in vehicular tunnels. 

5.2 Data Gathering 

 The author obtained data and insight on the EJMT facility through various sources: 

• A review of reports on the installation of the FFSS at EMJT (Hatch Mott MacDonald and 

Parsons, Provided by CDOT 2011),  

• A review of the emergency response plan for the EJMT (Colorado Department of 

Transportation 2015),  

• A review of tunnel traffic data provided by CDOT (2016),  

 A review of limited as-built documentation including design drawings,  

• Interviews with EJMT Operations personnel (Hurst 2016) and (Wheatley 2016),  

• Interviews with CDOT Engineering personnel (Harelson 2015),  

• Interviews with third party consultants knowledgeable about the EJMT (Rondinelli 2016),  

• Author and Research Team observations during a January 2016 inspection visit, and 

• Follow-up communications via telephone, email, etc. 

 The information obtained during the research process provided the author with input from different 

perspectives including: tunnel operations, tunnel design, tunnel management, and emergency responders 

(as a sub-set of operations at EJMT). It was complete, and represented all FAs and FC. This was critical to 

the completion of the EPR-ECM development process, and an invaluable source of knowledge and insight. 
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5.3 EJMT Background Information 

5.3.1 EJMT Facility Infrastructure 

 CDOT maintains and operates the EJMT facility and provided the following specifications on the 

facility: 

• Each tunnel consists of two lanes and carries one-way traffic under normal operations 

• Both tunnels are around 9,000 feet long 

• The elevation at the portals is approximately 11,000 feet above sea level 

• The grade is approximately 1.5% down in the westbound direction 

• The EJMT uses a transverse ventilation system (Duckworth and McDaniel 2014)  

• There are three cross-passages between the northbound or westbound and southbound or 

eastbound tunnels at approximately 2,100 feet, 4,100 feet, and 6,300 feet from the west 

portals 

5.3.2 Tunnel Traffic 

 The EJMT facility accommodates approximately 12 million vehicles annually (Colorado 

Department of Transportation 2016). Figure 5.1 shows the distribution of average traffic for year 2015 for 

the eastbound lanes. Figure 5.2 shows similar data for the westbound lanes. During any given day, traffic 

typically starts to build early, and then maintains a fairly consistent level until late afternoon when it starts 

to decline. There is minimal traffic during the evening and night hours. Heavier traffic occurs on weekends 

due in part to tourist traffic in both directions. This suggests that traffic in the EJMT facility is consistent 

over a typical month, over the course of the year, and not subject to large seasonal fluctuations. 
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Figure 5.1 EJMT Vehicle Traffic Patterns – Eastbound – 2015 
(Colorado Department of Transportation 2016) 

 

 
 

Figure 5.2 EJMT Vehicle Traffic Patterns – Westbound – 2015 
(Colorado Department of Transportation 2016) 

 

 HGVs have unlimited access to the EJMT. Buses also represent a risk. While they do not carry the 

calorific content of a HVG, their HRR can be significant, and they do carry many potential victims in a 

small, confined space. An average of almost 33,000 vehicles use the EJMT daily, and CDOT is not clear 
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on the number of HGVs in that total. At EJMT, 10% would represent almost 3,300 HGVs per day. A review 

of Table 2.1 suggests that one truck can contribute to a major tunnel fire. 

 It is important to note that CDOT cannot provide information as to the types of vehicles in the 

tunnels. This includes the distribution of the types of vehicles, such as the number of cars versus the number 

of trucks. Observations and discussions with CDOT personnel at the EJMT facility in January 2016 

confirmed this (Hurst 2016). In addition, CDOT currently has no means of keeping an accurate count of 

the numbers and types of vehicles in the tunnel at any given time (Hurst and Wheatley 2016). A review of 

the available case studies suggests that this type of information can be important in FLS-EPM and has 

played an important part in other tunnel events (Luchian 1999). 

5.3.3 EJMT Ventilation System and Cross-passages 

 The EJMT transverse ventilation system has two zones for both the north and south tunnels. Each 

intake and exhaust duct, which are located above the roadway ceiling, is divided into two at approximately 

the halfway point in the tunnel. Figure 5.3 provides a graphical representation of the tunnel cross-section 

and air plenums at EJMT. Independent intake and exhaust fans located in the fan housing at the east and 

west portals ventilate each tunnel half, respectively. The construction and commissioning of the EJMT pre-

dates the development of the first version of the NFPA Standard 502 for Road Tunnels, Bridges, and Other 

Limited Access Highways as well as tunnel fire test work done in this area at the Memorial Tunnel in West 

Virginia. Hurst (2016) explained that the primary function of the ventilation system was reducing 

concentrations of toxic fumes produced by automobiles without catalytic converter exhaust systems, 

common at that time. The ventilation system was not necessarily designed to combat a major fire. Due to 

the reduction of automobile emissions, via the use of unleaded fuel and the installation of catalytic 

converters, the EJMT ventilation system rarely operates at full capacity anymore (Wheatley 2016). It is 

routine at EJMT to operate only one fan in exhaust mode on low speed primarily to facilitate air movement 

in the tunnel rather than reduce emissions. 
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Figure 5.3 Eisenhower and Johnson Tunnels Ventilation Plenum Configurations 
(D. Reeves 2015) 

 

 The cross-passages between the north and south tunnels allow quick access for operational and 

maintenance purposes and they facilitate evacuation of tunnel users in the event of a fire. This concept has 

become widely implemented in tunnel facilities and presumes that cross-passage into the non-event tunnel 

represents a safe escape route. The cross-passages at EJMT are not independently ventilated. They receive 

air from the tunnel proper. They are also not positively pressurized to keep out smoke and contaminants. 

Hence, smoke and fire gases may contaminate them depending on the location of the fire event. A review 

of the case studies suggest that this can be problematic. Firefighters responding to the 1999 Mont Blanc fire 

became trapped and had to be rescued from cross-passages under similar circumstances (Luchian 1999). 

During an EJMT inspection trip in January 2016, the author noted that, although they are marked, the 

locations of the cross-passages are not easily identified to the untrained tunnel user. In the event of a fire 

with smoke and confusion, this might be a fatal hazard. 

5.3.4 EJMT Observations 

 The research team noted a number of observations concerning EJMT in terms of operations, policy, 

and practices. They help in part to form the basis of the EJMT as the test case, and provided valuable insight 
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beyond the information provided by CDOT or that obtained through interviews. It is presented in this 

section for information. 

• Interviews with CDOT personnel (Wheatley 2016) indicate that the State of Colorado, and 

by default CDOT, chooses not to comply with NFPA 502 

• CDOT does not include local agencies, such as the Clear Creek Fire and Dillon Fire 

Departments, in the active planning and emergency preparation at the EJMT facility 

(Wheatley and Hurst, 2016) 

• Discussions with CDOT personnel (Wheatley 2016) and BCER (Rondinelli 2016) suggest 

that EJMT’s FLS-EPM oversight and evaluation is primarily an internal process 

• There is concern that the EJMT exists in isolation and that the FLS-EPM for this facility 

has evolved over time in a somewhat ad-hoc manner 

• It is questionable if the EJMT ventilation system and related power supply is adequate and 

capable of providing emergency ventilation in a timely manner (Harelson 2015)  

• Discussion with the BCER Group suggest that it may take 15-20 minutes to bring the 

ventilation system to full capacity (Rondinelli 2016)  

• Inspection of the EJMT facility identified an additional concern that the cross-passages 

may not be adequately designed to protect people who self-rescue in these passages 

• The FFSS installed at EJMT in 2014 is not immune to the issue of indecision concerning 

when to initiate it. Although it is intended to operate automatically, operators can override 

it (Hatch Mott MacDonald and Parsons, Provided by CDOT 2011) 

• In discussions with BCER personnel, there appears to be an issue as to whether CDOT will 

allow the FFSS to respond automatically to a fire as opposed to waiting until tunnel 

operators decide to turn it on (Rondinelli 2016) 

• According to input from CDOT, DGVs are routinely routed over Loveland Pass via U.S. 6. 

They are only permitted through the EJMT when U.S. 6 is closed (Hurst, 2016). When this 
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happens, the EJMT operation stops DGVs in a queue near the tunnel entrance and then 

allows them through the tunnel approximately every hour 

• Interviews with the BCER (Rondinelli 2016) and EJMT (Wheatley and Hurst 2016) 

personnel, along with documentation received from CDOT on the emergency response at 

EJMT (Colorado Department of Transportation 2015) suggest that fire control strategy, 

including ventilation and signaling, and to control smoke propagation may be insufficient 

at EJMT 

 During the January 2016 inspection visit to the EJMT facility, the author and other researchers 

witnessed an emergency event in the north tunnel. A vehicle traveling west stopped in the left-hand lane 

approximately 1,000 feet inside the east portal and turned its emergency flashers on. The vehicle emitted a 

cloud of what looked like smoke. CDOT informed the author, after the emergency equipment was 

dispatched to assist it, that the vehicle reportedly had an overheated and leaking radiator. From the 

observation point several hundred feed down the tunnel, it was difficult for the author to differentiate if the 

cloud was indeed steam or smoke. The author observed that the EJMT operations allowed traffic to continue 

to enter the tunnel and cars had to stop directly behind the disabled vehicle. Several vehicles tried to drive 

around the disabled vehicle and the emergency response vehicle dispatched to recover the disabled vehicle. 

While it was not a fire, it could have been a fire emergency. Allowing drivers to continue to enter the tunnel 

until after the situation was accessed and resolved seemed both an unwarranted risk and complicated the 

emergency response. Cheong, et al. study (2009) concluded that a minimum spacing of 55 meters between 

stopped trucks in a tunnel prevented the spread of fire. The author does not believe that regimenting the 

reaction on the part of the tunnel users is possible to the extent Cheong, et al. (2009) would suggest, but 

some level of education and training would help to benefit tunnel safety in concert with good operation 

practices. 

5.3.5 EJMT Fire History 

 By comparison, EJMT does not appear in Table 2.1. Actual fire events at EJMT have been limited. 

Diesel pickup trucks are common in this region due to the popularity of camping and outdoor activities and 
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the use of recreational vehicles (RV). Per EJMT operations manager John Wheatley (2016), a defective or 

“blown” diesel turbocharger is the most common fire event at EJMT. Such turbocharger failures occur 

frequently due to the 6% and 7% uphill grades on the approaches to the east and west portals, respectively. 

For example, a typical RV fire is not comparable to other major tunnel fires in terms of fire load and 

potential loss of life and property. EJMT does not have heat or fire detection equipment installed outside 

the portals to identify distressed vehicles approaching the tunnels. Wheatley (2016) described that tunnel 

monitoring personnel use visual observation only, and indicated that a cloud of white smoke is usually 

indicative of this event. This practice is of concern to the author as it is inaccurate, presumes that smoke is 

visible, and does not account for other types of fires that may have different characteristics. Further 

discussions with Wheatley (2016) suggests that CDOT does not anticipate a heavy goods vehicle (HGV) 

or other truck fire inside as they will identify and stop it prior to entering. While the traffic data provided 

(Colorado Department of Transportation 2016) does not differentiate how many trucks use the EJMT 

facility daily, the January 2015 inspection trip indicated that they are frequent. A review of the published 

literature indicated that 10% truck usage is not unreasonable (Voeltzel and Dix 2004). 

5.3.6 A Near Miss at EJMT? 

 A major HGV fire occurred on September 4, 2016 approximately four miles west of the EJMT 

facility in the westbound, downhill lanes. The author interviewed Corporal Greg Manning (2016) of the 

Colorado State Patrol (CSP) who was the responding law enforcement officer. He arrived on site less than 

10 minutes after the emergency call was received. Per Corporal Manning, the truck was fully engulfed in 

flames when he arrived on site. He described that a HGV pulling two trailers in tandem experienced a 

catastrophic engine failure. This resulted in an engine oil fire, which subsequently spread to the truck cab, 

the saddle fuel tanks, and eventually to the cargo trailers. The trailers were carrying household moving 

goods including furniture, boxes, padding material, etc. The Lake Dillon Fire Rescue (LDFR) Department 

from Dillon, Colorado responded to the event, and eventually were successful in extinguishing the fire. 

LDFR rescue had a difficult time fighting the fire once it had spread to the containers as the fire was inside, 

and efforts to suppress it from the exterior were ineffective. This a typical problem of an FFSS system, as 
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discussed in Section 3.3.3. LDFR was forced to try to cut holes in the sides of the containers to apply water. 

Corporal Manning took the photograph in Figure 5.4 showing the intensity of the fire. Per Corporal 

Manning, the aftermath of the fire indicated that it had gotten hot enough to melt metal, as there was a 

“stream” of molten metal solidified along the side of Interstate 70 (Manning, I-70 Truck Fire West of EJMT 

Facility 2016). 

 

 

Figure 5.4 I-70 Truck Fire West of EJMT 
(Manning, 2016) 

 

 The exact cause of the truck fire is unknown to the author based on reports received from the CSP 

and LDFR. Communications with CDOT operations manager John Wheatley, after the event, indicate that 

they did not have any video or personal record of the truck passing through the north tunnel only minutes 

before and no way to determine if it was in distress at that time. It is possible that it was not in distress and 

did not develop problems until after it exited the EJMT. It is also possible that it was in distress, but nobody 

noticed. Based on those communications (Wheatley 2016), the author’s perspective is that CDOT did not 

consider this event a threat, and did not consider it meaningful, given that it did not occur in their facility. 

The author argues that this is a myopic viewpoint. Had this fire occurred inside the EJMT, the author attests 
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that the results could have been catastrophic and resulted in loss of life and property damage. Figure 5.4 

shows that the LDFR personnel could access the fire from the sides, but at a safe distance. In the confines 

of the EJMT, this is unlikely, and greatly increases the challenge and danger to firefighters. 

5.4 Input into EPR Rubric Master, EPR-ECM Tabs, and Ranking 

 The author developed an EMJT description for each Functional Component and entered it into the 

Rubric Master. The Rubric Master for EJMT is presented in Appendix F as a Supplemental File. The author 

subsequently created an EPR-ECM worksheet tab for each EJMT Functional Component. The author paid 

special attention to the electronic links to ensure that the data was properly transferred from the Rubric 

Master FC tabs, and back again. Appendix G presents the Functional Component tabs for the EJMT as 

56 separate files. The author performed the following steps for each EJMT Functional Component: 

• Ranked it against the Emergency Preparedness Rubric specific to that Functional 

Component (i.e., VTC-1),  

• Ranked the Functional Component against the Event Consequence Rubric for each of the 

events,  

• Calculated the Event Consequence Matrix rating for the Functional Component for each of 

the events,  

• Determined the Composite ECM rating for each EJMT Functional Component, and 

• Assigned an appropriate comment from the ECM Key. 

5.5 Discussion of EJMT ECM Results, Comments, and Observations 

 The author created the following figures as summaries of the data generated for each of the nine 

FLS-EPM Functional Area for the EJMT: 

• Figure 5.5 Vehicles and Traffic Control Summary for EJMT 

• Figure 5.6 Tunnel Monitoring and Control Summary for EJMT 

• Figure 5.7 Ventilation Capacity and Equipment Summary for EJMT, Part 1 

• Figure 5.8 Ventilation Capacity and Equipment Summary for EJMT, Part 2 
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• Figure 5.9 Tunnel Communications and Signage Summary for EJMT 

• Figure 5.10 Safety Facilities and Equipment Summary for EJMT, Part 1 

• Figure 5.11 Safety Facilities and Equipment Summary for EJMT, Part 2 

• Figure 5.12 Emergency Response Capability Summary for EJMT, Part 1 

• Figure 5.13 Emergency Response Capability Summary for EJMT, Part 2 

• Figure 5.14 Emergency Training Qualification Summary for EJMT 

• Figure 5.15 Operational Policies and Procedures Summary for EJMT, Part 1 

• Figure 5.16 Operational Policies and Procedures Summary for EJMT, Part 2 

• Figure 5.17 Facility Users and Education Summary for EJMT 

 Each figure contains the following information specific to the EJMT: 

• The Functional Component 

• The Component Identifier 

• The Description of the (EJMT) Facility Component 

• The EPR Description 

• The Composite ECM Rating 

 Numerical analysis of the EPR-ECM process, beyond generating the Composite ECM Rating, is 

not included as part of this research. It may be included in extensions or adaptations of this work. The 

author manually generated a summary for each Functional Area as well as an overall summary for the 

EJMT in this document as a means of: 

• Interpreting and discussing the results, and 

• As a segue to identification and development of best practices and recommendations. 

 Each summary lists the number of occurrences and the percentage of the total occurrences in each 

of the ECM Composite Rating categories as described in the ECM Key. The information is presented in 

Table 5.1 through Table 5.10 as follows: 

• Table 5.1: Analysis of EJMT Results for All Functional Areas 
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• Table 5.2: Analysis of EJMT Results for Vehicles and Traffic Control 

• Table 5.3: Analysis of EJMT Results for Tunnel Monitoring and Control 

• Table 5.4: Analysis of EJMT Results for Ventilation Capacity and Equipment 

• Table 5.5: Analysis of EJMT Results for Tunnel Communications and Signage 

• Table 5.6: Analysis of EJMT Results for Safety Facilities and Equipment 

• Table 5.7: Analysis of EJMT Results for Emergency Response Capability 

• Table 5.8: Analysis of EJMT Results for Emergency Training Qualifications 

• Table 5.9: Analysis of EJMT Results for Operational Policies and Procedures 

• Table 5.10: Analysis of EJMT Results for Facility Users and Education 

 The tables demonstrate that there are clear differences in how the 9 Functional Areas at EJMT rate 

in terms of FLS-EPM. Those differences range from overall beneficial to overall deficient. The author 

provides a summary, observation, and possible recommendation for each. Discussion of the overall results 

for EJMT and for each Functional Area is presented in the following sections. 

5.5.1 EJMT Summary and Conclusions 

 The overall results from the analysis of the EJMT is presented in Table 5.1. They are predominantly 

deficient. Over a full half of the facility’s Functional Components rated as deficient, while only a quarter 

rated as beneficial, as defined by the bottom two and top two categories in the ECM Key respectively. This 

expected and provides partial validation of the EPR-ECM process given: 

• The facility’s age. Some of the facility’s deficiencies are related directly to the fact that 

the tunnels were built in 1973 and 1979, respectively,  

• Some of the problematic areas are an inherent part of the design,  

• The facility was designed and built prior to the development of NFPA 202 combined with 

advancements in the science and understanding of tunnel fires, and 
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• Some modifications may require modifications to the tunnel infrastructure or support 

facilities to correct, which may be both cost ineffective and politically difficult to 

achieve. 

 

Table 5.1 Summary and Analysis of EJMT Results for All Functional Areas 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit 
to the tunnel FLS-EPM System 

10 18% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved 
with adjustment 

4 7% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

3 5% 

5-7 Component represents a possible deficiency 
to the overall tunnel FLS-EPM System and 

should be addressed 

7 13% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 

be addressed 

12 21% 

1-2 Component represents a significant 
deficiency to the overall tunnel FLS-EPM 

System and should be addressed on an 
urgent basis 

20 36% 

Total 56 100% 
 

 These results are also influenced by factors supported by the research including observations from 

EJMT in that: 

• The culture of the EJMT operations appears to have a tendency toward myopic self-

evaluation,  

• They appear to be overly confident concerning their level of preparedness,  

• The profess not to comply with NFPA 202 by choice and consider themselves to be the 

AHJ,  

• They do not have known active partnerships with external agencies, and/or 

• They do not expect to have a significant event. 
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 Other problematic areas may require additional research to resolve. Those discussions are beyond 

the scope of this research. 

 The author overrode 10 of the 56 Composite ECM Ratings due to extenuating circumstances and 

the determination that an average value would give a misleading reading and recommendation. Of those 10 

Functional Components: 

• Nine were downgraded to receive a lower composite ECM rating than an average 

calculation would have provided,  

• Six of the nine were downgraded by only one level on the ECM Key (i.e., from Deficient 

(3-4) to Significant Deficiency (1-2),  

• Three of the nine were downgraded by two levels on the ECM Key,  

• One was upgraded to receive a higher composite ECM rating score than an average 

calculation would have provided. It was upgraded by one level from an ECM Key of 8-10 

to 12-16, and 

• No Functional Component’s Composite ECM Rating was changed, such the component 

went from Beneficial to Deficient, or visa-a-verse. 

 The research also notes that of the nine Functional Areas: 

• Six are predominantly deficient,  

• Of those that are predominantly deficient, the Functional Areas that rated the lowest overall 

include: 

• Vehicles and Traffic Control 

• Emergency Response Capability 

• Emergency Qualifications and Training 

• Tunnel Monitoring and Control is the only Functional Area that is predominantly 

beneficial, and 

• Two Functional Areas are split evenly with an equal percentage in beneficial and deficient. 
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Note: Functional Area Facility Users and Education rated the lowest overall with 100% as Significantly 

Deficient. The author considers this an anomaly give that the Functional Area only had one Functional 

Component. 

 A detailed discussion of each Functional Area, along with input from the author on those areas that 

are deficient and warrant attention, is presented in the following sections. 

5.5.2 EJMT Vehicles and Traffic Control Summary and Conclusion 

 The research process rated this area of the facility as overall deficient, Three of the five FCs (80%) 

warranted urgent attention: Figure 5.5 shows the summary data for this Functional Area. Table 5.2 shows 

the distribution of results based on the ECM Key. Functional Components that the research identified as 

having an ECM Composite Rating of 1-2 and representing a deficiency included: 

• Active Vehicle Differentiation (VTC-3) 

• Emergency Vehicle Pullouts (VTC-4) 

• Passing and Lane Changes (VTC-5) 

• Ability to Stop Traffic (VTC-2) 

 Active Vehicle Count in Tunnel (VTC-1) received an ECM Rating of 4. 

 The author noted during the process that the approach to managing the Functional Area relies 

predominantly on EJMT’s operator judgment as opposed to prescriptive procedures. Interviews with EJMT 

operations personnel, Wheatley and Hurst (2016), indicated that traffic management inside the tunnel can 

be problematic. In addition to congested slowdowns and stops inside the tunnel, due to mechanical failures 

or traffic accidents, tunnel users have been known to stop inside the tunnel: 

• To escape inclement weather outside the tunnel,  

• To perform routine car maintenance,  

• To walk the dog, or 

• To take photographs at the Continental Divide which is mid-way through the tunnel and is 

marked by signs. 
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Figure 5.5 Vehicles and Traffic Control Summary for EJMT 
 

Table 5.2 Analysis of EJMT Results for Vehicles and Traffic Control 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of Total 
Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

0 0% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

0 0% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

0 0% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

1 20% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

4 80% 

Total 5 100% 
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 The research team’s opinion is that allowing cars to stop inside the tunnel for any reason besides 

an emergency is dangerous and promotes the opportunity for an accident or another event. Allowing traffic 

to enter the tunnel after an emergency has been identified and queue up behind a stopped or distressed 

vehicle is equally dangerous. The Mont Blanc tunnel fire is a good example where this practice lead to 

39 deaths and major structural damage to the tunnel (Luchian 1999). This situation is complicated by the 

issues that: 

• EJMT does not have an active traffic barrier at the entrance to the tunnels and cannot 

actively stop traffic,  

• The design of the road surface does not provide sufficient room for a wide shoulder or 

vehicle pullouts, and 

• Widening the tunnels to enable a wide shoulder or provide for vehicle pullout is not 

credible. 

 Knowing when and where a vehicle has stopped may be critical to preventing an accident. EJMT 

relies on operator awareness to spot when a vehicle as stopped, and then uses installed video equipment to 

monitor the situation. Research indicated that technology exists that can automatically identify when a 

vehicle is stopped, and such a feature was incorporated into the design of the Caldecott Bore 4 (Ochoa 

2016). 

 The author showed that EJMT does not actively accumulate traffic data beyond that presented in 

Chapter 4 (Colorado Department of Transportation 2016). That data is based on cars-per-hour, and is of 

little value when determining more precise numbers of cars in the tunnel at any given time. The author’s 

discussions with CDOT personnel (Wheatley 2016) indicate that EJMT personnel do not believe that 

accumulating data at any greater frequency would be of any benefit to the operation. Aside from that, the 

research indicated that: 

• Knowing how many vehicles are in the tunnel at any given time can be crucial in an 

emergency, (Borchiellini, et al. 2003) and (National Transportation Safety Board 1983),  
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• Technology exists to accomplish this, and 

• The SR99 tunnel project in Seattle is implementing this feature (Al-Zeer 2016) and (Lentz 

2016). 

 The last element addressed is the EJMT practice of allowing lane changes in the tunnel. Although 

it is not addressed specifically in the standards, the author’s judgment is that this is problematic, and it 

should be avoided, if possible. 

 It was assumed that improvements could be made to this area. The Functional Components that 

could be addressed as a priority are: 

• Installation of technology to actively manage the vehicle count in the tunnel (VTC-1)  

• Installation of an active traffic management barrier at the entrances to the tunnels (VTC-2)  

• Installation of technology to enable active differentiation between cars and trucks (VTC-3)  

• Implementation of policies and equipment to prohibit lane changes inside the tunnel 

(VTC-5) 

5.5.3 EJMT Tunnel Monitoring and Control Summary and Conclusions 

 The research process rated this area of the facility as overall beneficial. It has the highest overall 

percentage of FCs rated as significantly beneficial at 71%. Figure 5.6 shows the summary data for this 

Functional Area. Table 5.3 shows the distribution of results based on the ECM Key. Functional 

Components that the research identified as having an ECM Composite Rating of 20-25 and representing 

LIP or Best practices included: 

• Tunnel Monitoring Center (TMC-1) 

• Fire Detection Tunnel Interior (TMC-2) 

• Visual Monitoring of Tunnel Approach (TMC-5) 
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Figure 5.6 Tunnel Monitoring and Control Summary for EJMT 
 

Table 5.3 Analysis of EJMT Results for Tunnel Monitoring and Control 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of Total 
Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

5 71.4% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

0 0% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

0 0% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

1 14.3% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

1 14.3% 

Total 7 100% 
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 The research also identified the Functional Components as having an ECM Composite Rating of 

20-25 and representing Good practices include: 

• Visual Monitoring Tunnel Interior (TMC-4) 

• Over-height or Dangerous Vehicle Detection (TMC-6) 

 The author notes that TMC-4 is well designed, and provided a good visual coverage of the tunnel’s 

interior and does not appear to have blind spots. It was not rated as LIP or Best based on the requirement 

in the Emergency Preparedness Rubric that cameras be installed and be spaced no greater than 500 feet 

(150 meters) compared to the 700-foot interval at EJMT. 

 The research rated two of the seven Functional Components in the area as having an ECM 

Composite Rating of 1-2 and 3-4, respectively suggesting that they are deficient: 

• Tunnel Monitoring Center Emergency Support (TMC-7) 

• Fire Detection Tunnel Approach (TMC-3) 

 Interviews with CDOT personnel Hurst 2016 and Wheatley (2016), along with an inspection of the 

facility in January 2015, showed that EJMT uses visual observation to detect a vehicle in distress upon 

approach to the tunnel. EJMT personnel indicated that the most common type of vehicle in distress is a 

diesel truck with a malfunctioning turbo charger, and that type of event exhibits a characteristic cloud of 

white smoke. The author’s perception is that EJMT is confident in their ability to detect these vehicles, and 

that they are prepared to take corrective action, if needed to prevent the vehicle to enter the tunnel. The 

author’s opinion is that the EJMT personnel relies too heavily on this process and that they are myopic to 

the potential of other types of vehicles approaching the tunnel that are over heated, or already on fire, but 

do not exhibit some overt outward symptoms. 

 In the cases of the Mont Blanc fire, the credible evidence suggests that an HGV that started the fire 

was in distress when it entered the tunnel from the French side (Luchian 1999). Lives could have been 

saved and property damage avoided if that truck’s distress had been detected and it had stopped outside the 

tunnel. The author understands that heat detectors were installed on the exterior approaches to Mont Blanc 
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as part of the reconstruction. That information could not be substantiated in any authoritative source. The 

research further shows that TMC-3 warrants a corrective action based on the close call described in 

Section 5.3.6. The author discussed the event with EJMT employee John Wheatley (2016), and he indicated 

that they did not have any record or recollection of this HGV being in distress when it entered the westbound 

tunnel approximately 8-10 minutes before it caught fire. On the contrary, there is also no evidence that 

shows that it was not. Discussions on this event with Chief Gary English (2016) suggests that from an 

emergency responder’s perspective, the prudent argument is to assume it was. 

 The author notes that there is a dichotomy between the Tunnel Monitoring Center (TMC-1) and 

the Tunnel Monitoring Center Emergency Support (TMC-7). The author was impressed with the overall 

state of the art of the Tunnel Monitoring Center itself. The author’s concern centers on its location, lack of 

redundancy, and apparent lack of dedicated emergency systems. The EJMT’s Tunnel Monitoring Center is 

in the tunnel facility structure directly above the east portals and adjacent to the ventilation fans. The 

author’s understanding is that it gets its air from the outside. This could be problematic if  the fans are 

exhausting smoke from a fire. If the fire occurred in either of the east portals, it could jeopardize the 

tenability of the center. The author noted that the EJMT Tunnel Monitoring Center did not have: 

• Dedicated sprinkler systems,  

• Isolated environmental controls, or 

• An equally equipped alternative location. 

 The research indicated that the Leading Industry Practice for the FA is that it be isolated from the 

other tunnel components and systems (National Fire Protection Association 502 2014) and (Standards 

Australia 2011). The author had the opportunity to visit the Tom Lomas (Devils Slide) Tunnels in August 

2016 as part of the research validation process (Chapter 6). In both of those cases, the Tunnel Monitoring 

Center is physically separate and isolated from the tunnel proper, and represent LIP or Best practices for 

TMC-7. 

 It was assumed that improvements could be made to this area. The Functional Components that 

could be addressed as a priority are: 
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• Installation of technology to enable detection of vehicles in distress upon approach 

(TMC-3) 

• Relocate the Tunnel Monitoring Center (TMC-7) 

5.5.4 EJMT Ventilation Capacity and Equipment Summary and Conclusions 

 The research process rated this area of the facility as overall deficient, but only marginally. There 

were no functional components that rated as either significantly beneficial, or significantly deficient. The 

author reasons that the results for this FA are not unexpected given the fact that the tunnel ventilation system 

was designed and installed prior to the 1980 implementation of NFPA 502. Figure 5.7 and Figure 5.8 show 

the summary data for this Functional Area. Table 5.4 shows the distribution of results based on the ECM 

Key. The FC Ventilation Control System (VCE-7) rated as having an ECM Composite Rating of 12-19 and 

is beneficial. It received high marks on the ECM even through it rated only OK on the EPR. 

 

 
 

Figure 5.7 Ventilation Capacity and Equipment Summary for EJMT, Part 1 
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Figure 5.8 Ventilation Capacity and Equipment Summary for EJMT, Part 2 
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Table 5.4 Analysis of EJMT Results for Ventilation Capacity and Equipment 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of Total 
Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

0 0% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

1 12.5% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

4 50% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

3 37.5% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

0 0% 

Total 8 100% 
 

 The research rated four additional FCs in the area as having an ECM Composite Rating of 5-7 

including: 

• Ventilation Capacity – Supply (VCE-1) 

• Ventilation Capacity – Exhaust (VCE-2) 

• Ventilation Duct Design (VCE-6) 

• System Redundancy (VCE-8) 

 These FCs did not rank as high as VCE-7 on the ECM primarily due to the limits of their design 

and the possible consequences in a fire event involving any HGV or DGV. The author notes that the ECM 

rating for each of these is borderline, and that a different result could result from either a different user or 

consensus of a group of users. The performance and rating associated with VCE-1 and VCE-2 could be 

upgraded, if the fans were replaced with a more modern design. Improving the performance of VCE-6 

would require significant structural modifications. 

 The FCs that were rated as having a ECM Composite Rating of 3-4 or 1-2 and rated as deficient or 

significantly deficient, respectively, include: 
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• Ventilation Zone Control – Supply (VCE-3) 

• Ventilation Zone Control – Exhaust (VCE-4) 

• Ventilation Ramp-Up Power System (VCE-5) 

 The research shows that these elements are more likely to have a detrimental effect on: 

• Maintaining a tenable environment in the event of a fire,  

• Enabling emergency responders to effectively rescue persons trapped in the tunnel, and/or 

• Enabling persons to self-rescue. 

 The research shows that maintaining an effective and efficient zone control is crucial in maintaining 

a tenable environment. Loss of zone control and violation of procedures associated with it contributed 

significantly to loss of life at Mont Blanc (Luchian 1999). By comparison, maintaining good zone control 

and enabling rapid response of the ventilation system is credited with saving lives at the Gotthard fire 

(Henke and Gagliardi 2003). Effective zone control is one of the cornerstones of maintaining critical 

velocity, which is a fundamental of NFPA 502 (2014). The author’s opinion is that EJMT does not have an 

effective zone control given that both the intake and exhaust ducts cover half the tunnel (approximately 

4,500 feet) and that finer resolution is not possible. Discussion with CDOT employee Wheatley (2016) 

indicated that EJMT’s approach to this issue is in configuring different ventilation fans in supply and 

exhaust to deliver different quantities of air to different parts of the tunnel. The author has no direct 

knowledge of the effectiveness of this process. It does not adhere to the LIP or Best practice of having 

individual dampers that are controlled either individually or in groups, as mandated by the European Union 

(2004). 

 The research showed that the ventilation system fans, as a system, are the single largest power 

consumer at the EJMT facility. Visits to the EJMT facility and discussions with Wheatley and Hurst (2016) 

indicated that powering up the ventilation system to full capacity is a process that must be handled carefully 

so as not to over tax the electrical distribution system. They indicated that doing so could cause the system 
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to fail, and thus, make bringing the ventilation system on line difficult, if not impossible. The research also 

showed that: 

• Bringing the ventilation system up to capacity can take between 5 and 15 minutes,  

• The facility does not have an emergency electrical supply sufficient to start the fans, and 

• This does not comply with LIP or Best practices of starting the ventilation system and 

bringing it to full capacity in 180 seconds (1.5 minutes) per NFPA 502 (2014). 

 The last FC in this area that the research showed as being problematic is system redundancy. In the 

context of tunnel fire safety, Duckworth and McDaniel (2014) and NFPA 502 (2014) indicate that 

redundancy is associated with having sufficient additional fans to account for a critical fan out of service at 

the time of a fire event. Facilities do not plan to have critical components out of service at the time of an 

event, but they do. A critical alarm was purposefully taken out of service by an Italian operator just before 

the Mont Blanc fire because they were reportedly annoyed by the alarm tone (Luchian 1999). The author 

surmised that they intended to have it serviced the next day. They did not get the chance. The Precautionary 

Principal suggest that redundancy is a prudent thing to do. The author’s experience is that a typical rule-of-

thumb is to assume that the critical fan out of service is on the exhaust side nearest the fire. In the case of 

EJMT, this would be any of the exhaust fans at either the east or west portals. It is important to note that 

there is a difference between having sufficient ventilation capacity and having system redundancy. It is also 

important to note that EJMT has sufficient ventilation capacity, but no system redundancy, by design that 

complies with the LIP or Best practices (National Fire Protection Association 502 2014). 

 It was assumed that improvements could be made to this area. The Functional Components that 

could be addressed as a priority are: 

• Install equipment to enable Ventilation Zone Control in both supply and exhaust (VCE-3 

and VCE-4) 

• Install equipment to provide emergency power sufficient to start the fans (VCE-5) 

• Install equipment to enable more rapid start-up of the ventilation fans (VCE-5) 
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• Investigate alternatives to enable system redundancy (VCE-8) 

5.5.5 EJMT Tunnel Communication and Signage Summary and Conclusions 

 The research process rated this area of the facility as evenly divided between beneficial and 

deficient. It is one of the simplest of Functional Area with only four FCs. Figure 5.9 shows the summary 

data for this Functional Area. Table 5.5 shows the distribution of results based on the ECM Key. The 

components that the research rated as having an ECM Composite Rating 20-25 and representing either 

Good or LIP or Best practices are: 

• Signage upon approach (TCS-1) 

• In-tunnel Signage (TCS-2) 

 

 
 

Figure 5.9 Tunnel Communications and Signage Summary for EJMT 
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Table 5.5 Analysis of EJMT Results for Tunnel Communications and Signage 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of Total 
Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

2 50% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

0 0% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

0 0% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

0 0% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

2 50% 

Total 4 100% 
 

 In this category, EJMT does well. The author noted that TCS-1 was only limited to a good rating 

based on the availability of Variable Message Boards near the tunnel approaches. EJMT and CDOT may 

well have access to others in the local vicinity of the tunnel that the author is unaware. 

 The remaining FCs in this area both received ECM Composite Ratings of 1-2 and are Significantly 

Deficient: 

• In-Tunnel Public Address System (TCS-3) 

• Emergency Broadcast System (TCS-4) 

 The reason for this rating is simple. The research noted that EJMT does not have either a public-

address system or any type of Emergency Broadcast System installed in the tunnels. Discussions with EJMT 

personnel (Wheatley 2016) suggests that they did not think it would add value to their system or enhance 

safety. 

 The research shows that effective communication with tunnel users are critical in the event of an 

emergency. The author recognizes that communicating with tunnel users and getting them to follow 

instructions are different things. Some victims at Mont Blanc (Luchian 1999) and Caldecott (National 
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Transportation Safety Board 1983) may have died because of the inability of tunnel operators and 

emergency responders to communicate effectively with users to give effective instructions on self-rescue. 

The research also suggests that tunnel users at the Gotthard fire were saved in part by this very reason 

(Henke and Gagliardi 2003). 

 This is a good example of where practices associated with an FC transcends the current version of 

some of the internationally recognized standards. PIARC (2007), Germany (2006), and Australia (2011) all 

recommend loud speakers. All the other standards reviews had no recommendation of any sort, including 

NFPA 502 (2014). The research shows that tunnels are incorporating additional features into the design 

regardless of the mandates of a standard like NFPA 502. The author believes it is because: 

• They recognize that it is important to safety,  

• Their design process has interacted with emergency responders, and 

• Tunnel stakeholders demand the implementing of LIPs regardless of the standard. 

 It was assumed that improvements could be made to this area. The Functional Components that 

could be addressed as a priority are: 

• Install a public-address system (TCS-3),  

• Install an emergency broadcast system (TCS-4), or 

• Install both. 

5.5.6 EJMT Safety Facilities and Equipment Summary and Conclusions 

 The research process rated this area of the facility as more-or-less uniformly distributed between 

beneficial and deficient. Five of the eight FCs ranked as beneficial. One was significantly beneficial and 

one was significantly deficient. Figure 5.10 and Figure 5.11 show the summary data for this Functional 

Area. Table 5.6 shows the distribution of results based on the ECM Key. The research identified the 

Functional Component Fire Extinguishers (SFE – 6) as having an ECM Composite Rating of 20-25 and 

representing LIP or Best practices. 
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Figure 5.10 Safety Facilities and Equipment Summary for EJMT, Part 1 
 

 
 

Figure 5.11 Safety Facilities and Equipment Summary for EJMT, Part 2 
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Table 5.6 Analysis of EJMT Results for Safety Facilities and Equipment 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

1 12.5% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

2 25% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

2 25% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

1 12.5% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

1 12.5% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

1 12.5% 

Total 8 100% 
 

 Other FCs that identified as having an ECM Composite Rating of 12-19 and being beneficial 

included: 

• Cross-passages or Emergency Evacuation Routes Identification (SFE-2) 

• Cross-passages or Emergency Evacuation Routes Installation (SFE-1) 

• Emergency Call Stations (SFE-5)  

• Emergency Backup Power (SFE-7) 

 The remaining FCs in this area received ECM Composite Ratings of either 5-7, 3-4 or 1-2 and were 

considered Deficient or Significantly Deficient: 

• Cross-passages or Emergency Evacuation Route Door Design (SFE-4) 

• Cross-passages or Emergency Evacuation Route Design (SFE-3)  

• Emergency Walkway (SFE-8) 

 The research determined that the design and spacing of the cross passage is critical to effective 

evacuation in the event of an emergency. The LIP or Best practice (National Fire Protection Association 
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502 2014) indicates that cross-passages must be pressurized to create an isolated point-of-safety 

environment, and that they must be separated from the tunnel by a fire rated door. The author’s inspection 

of the EJMT facility showed that the cross-passages are not positively pressurized from the tunnel 

environment, and cannot be considered a point of safety per NFPA 502 (2014). The research showed that 

lives could be saved, or lost, depending on the design of the cross-passage. The Gotthard fire was considered 

less costly in terms of life because the cross-passage was properly designed and offered a safe refuge (Henke 

and Gagliardi 2003). The Mont Blanc fire was the opposite, and revealed the fallacy of a poorly designed 

cross-passage in that it provides a false sense of security. Firefighters responding to the Mont Blanc fire 

were forced to seek refuge inside a cross-passage and then had to be rescued when it failed to provide a 

tenable environment. One of those responders died (Luchian 1999). 

 Discussions with EJMT personnel Wheatley and Hurst (2016) indicate that EJMT considers the 

adjacent bore a point of safety and that the cross-passages do not necessarily need to be. The author could 

not verify through CDOT what the fire rating of the cross-passage doors are. The author recognized the 

design of the EJMT facility pre-dates NFPA 502, and that there was minimal guidance into this issue at the 

time the tunnels were constructed. The author’s visit to the Tom Lomas (Devils Slide) Tunnels showed that 

while the adjacent bore can be used as an alternate point of safety, the cross-passage is considered primary. 

That tunnel is approximately 4,000 feet long. During the tunnel inspection, CalTrans Supervisor Kevin Lam 

(2016) indicated that there are 10 cross-passages approximately 400 feet apart. In addition, each cross 

passage is equipped with independent ventilation, power, and communications systems along with entry 

and exit doors that are fire rated and enable ease of access and egress. When a person enters the cross-

passage: 

• Cameras installed inside automatically pan to the door,  

• The lights turn on,  

• The dedicated ventilation system starts, and 

• The tunnel operator is notified that someone has entered the area. 
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 This design exceeds the LIP or Best practices and demonstrates that the design can exceed the 

standards. 

 The author’s determination is that the emergency walkway installed in EJMT is deficient in that: 

• It is not wide enough to be LIP or Best practices compliant,  

• It must be access via a short ladder, which would be a challenge to persons with disabilities 

and the elderly, and 

• The foot recesses for access were found to be obscured by dirt, snow, and rubbish. 

 The research did not locate any specific case studies that showed that design of the emergency 

walkway either benefited in the egress during an emergency or made it worse. 

 It was assumed that improvements could be made to this area. The Functional Components that 

could be addressed as a priority are: 

• Equip Cross-passages with dedicated ventilation, power, and communication systems to 

create a point-of-safety (SFE-3) 

• Verify that the door design complies with LIP or Best practices and upgrade if necessary 

(SFE-4) 

• Upgrade the Emergency Walkway (SFE-8) 

5.5.7 EJMT Emergency Response Capability Summary and Conclusions 

 The research process rated this area of the facility as overall deficient. Eight of the 11 FCs ranked 

as either significantly deficient, or one step up as deficient. Three were considered beneficial with one of 

those being ranked as LIP or Best practice. Figure 5.12 and Figure 5.13 show the summary data for this 

Functional Area. Table 5.7 shows the distribution of results based on the ECM Key. The research identified 

the FC Emergency Response Support Equipment – Water Delivery (ERC-9) as having an ECM Composite 

Rating of 20-25 and represents LIP or Best practices. 
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Figure 5.12 Emergency Response Capability Summary for EJMT, Part 1 
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Figure 5.13 Emergency Response Capability Summary for EJMT, Part 2 
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Table 5.7 Analysis of EJMT Results for Emergency Response Capability 

Composite ECM 
Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit 
to the tunnel FLS-EPM System 

1 9.1% 

12-19 Component represents a benefit to the 
tunnel FLS-EPM System but could be 
improved with adjustment 

0 0% 

8-11 Component represents a benefit to the 
tunnel FLS-EPM System but warrants 
attention 

2 18.2% 

5-7 Component represents a possible deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed 

0 0% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

2 18.2% 

1-2 Component represents a significant 
deficiency to the overall tunnel FLS-EPM 
System and should be addressed on an 
urgent basis 

6 54.5% 

Total 11 100% 
 

 Other Functional Components that were identified as having an ECM Composite Rating of 8 or 

greater and being beneficial included: 

• Emergency Response Support Equipment – Communications (ERC-6) 

• Emergency Response Support Equipment – Refresh Air (ERC-7) 

 The remaining FCs in this area received ECM Composite Ratings of either 1-2, or 3 and are 

considered Significantly Deficient or Deficient: 

• Mobile Firefighting Equipment (ERC-3) 

• Emergency Response Plan (ERC-4) 

• Agreements with External Fire Agencies (ERC-5) 

• Emergency Response Support Equipment – Water Supply (ERC-8) 

• Emergency Responders (ERC-10) 

• Incident Command System (ERC-11) 

• Fixed Fire Suppression System (ERC-1) 
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• Automatic Initiation of FFSS (ERC-2) 

Note: The discussion on this Functional Area will be combined with that of Emergency Response 

Capability in Section 5.5.8, as they are closely related and there is significant overlap. 

5.5.8 Emergency Training Qualifications, Summary, and Conclusions 

 The research process rated this area of the facility as overall deficient. There were no Functional 

Components that rated as beneficial on the ECM Composite Rating Key. Three of the five FCs ranked as 

significantly deficient, one was deficient, and the other possibly deficient. Figure 5.14 shows the summary 

data for this Functional Area. Table 5.8 shows the distribution of results based on the ECM Key. 

 The FCs in this area that the research identified as having a ECM Composite Ratings of either 1-2, 

or 3-4 and are considered Significantly Deficient or Deficient are: 

• Conducts tunnel emergency response training (ETQ-1), (Override) 

• Conducts live tunnel fire training (ETQ-2) 

• Conducts joint agency exercises (ETQ-3) 

• Certifies Employees in Tunnel Fire Emergency Response (ETQ-4) 

• Conducts Tunnel Emergency Training for Management and Incident Command Personnel 

(ETQ-5) 

 This Functional Area combined with the preceding Section 5.5.7 (Emergency Response Capability) 

represented the two single most significant dichotomies in the research between: 

• The author’s perception or expectation of the capabilities at EJMT prior to the research,  

• The researchers’ realization of the capabilities at EJMT after commencing the research, 

and 

• Confirmation of that realization based on discussions with Subject Matter Experts in 

Tunnel Fire Safety (English, 2016) and (Tedesco, 2016) and (Brennan 2016),  
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Figure 5.14 Emergency Training Qualification Summary for EJMT 
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Table 5.8 Analysis of EJMT Results for Emergency Training Qualifications 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

0 0% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

0 0% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

1 20% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

1 20% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

3 60% 

Total 5 100% 
 

versus: 

• The capabilities at EJMT from the point of view of the EJMT employees (Wheatley 2016) 

and (Hurst 2016). 

 The research demonstrates that effective and realistic emergency response capability and training 

are the cornerstones of success in a tunnel fire emergency. The work performed by the Norfolk Fire Rescue 

District (Sergi 2015) demonstrates this point. Case studies, such as Mont Blanc (Luchian 1999), clearly 

demonstrate that emergency responders who are ill equipped to deal with a tunnel fire can meet with 

disastrous ends. The firefighters that responded to that event were untrained and reported to be unprepared 

to deal with what they found. 

 The author discussed this issue with Chief Gary English of the SFD Fire Marshall’s Office (English, 

2016). He indicated this situation is not unique in that tunnel operators typically do not comprehend the 

unique and challenging aspects of tunnel fires, and that they are under the false assumption that the fire 

department will “simply show up and put the fire out.” In Chief English’s expert opinion (2016), there is 

often a: 



 

 109  

• Naive and ill-informed view point on behalf of tunnel operators regarding the special needs 

and limits of emergency responders, and that 

• Emergency responders must proactively work with tunnel operations personnel to ensure 

that they understand the risks and limitations. 

 The research represents a unique situation in relation to this topic given that in EJMT’s case, the 

tunnel operator and the emergency responder are the same. The research had the opportunity to discuss this 

topic with EJMT personnel Wheatley and Hurst (2016) as well as review the EJMT Emergency Response 

Plan (Colorado Department of Transportation 2015). The author was surprised that this important document 

was limited to four pages. By comparison, the author reviewed the Tom Lomas Tunnels at Devils Slide 

Emergency Response Plan (California Department Transporation District 4 2013) and noted that it is 

comprehensive, detailed, and are approximately 100 pages in length. 

 The research showed that there are significant issues with the emergency response capability and 

training at EJMT. It is fortunate that EJMT has not had a significant event at the tunnels or the need to 

challenge fully these capabilities. The author does recognize that EJMT does pose unique challenges due 

to its location and the fact that outside emergency response capability is located some distance away, and 

would require time to respond. The author and other members of the research team noted that these 

Functional Areas at EJMT are characterized by: 

• Their opinion that they can fight and extinguish any fire that could occur in the tunnels,  

• The expectation that their training is sufficient,  

• The assumption that their equipment is sufficient, and 

• The tendency to avoid involving others from outside EJMT in the process, including local 

fire districts that might be able to assist. 

 It was assumed that improvements could be made to both Functional Areas Emergency Response 

Capability and the Emergency Training Qualifications. The Functional Components that could be addressed 

as a priority are: 
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• Build, equip, and train a full-time fire brigade stations at or near the tunnels 

• Discontinue use of current Type 2 pumper and replace (ERC-3) 

• Develop a detailed Emergency Response Plan (ERC-4) 

• Develop Agreements with External Fire Agencies (ERC-5) 

• Discontinue use of in-house EJMT personnel Emergency Responders unless it is their sole 

function (ERC-10) 

• Implement an Incident Command System consistent with the National Incident 

Management System (Federal Emergency Management Association, 2016), (ERC-11) 

• Conduct tunnel emergency response training (ETQ-1) 

• Conduct live tunnel fire training (ETQ-2) 

• Conduct joint agency exercises (ETQ-3) 

• Certify employees in Tunnel Fire Emergency Response in compliance with NFPA 1670 

(2014), (ETQ-4) 

• Conduct Tunnel Emergency Training for Management and Incident Command Personnel 

(ETQ-5) 

5.5.9 EJMT Operational Policies and Procedures, Summary, and Conclusions 

 The research process rated this area of the facility as predominantly deficient with one notable 

exception. Four of the seven FCs ranked as either significantly deficient or one step up as deficient. Two 

were considered beneficial with one of those being ranked as LIP or Best practice. Figure 5.15 and 

Figure 5.16 show the summary data for this Functional Area. Table 5.9 shows the distribution of results 

based on the ECM Key. The research identified the FC of Traffic Management Policy – Managing 

Dangerous Goods Vehicles (OPP-4) as having an ECM Composite Rating of 20-25 and representing LIP 

or Best practices. 
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Figure 5.15 Operational Policies and Procedures Summary for EJMT, Part 1 
 

 
 

Figure 5.16 Operational Policies and Procedures Summary for EJMT, Part 2 
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Table 5.9 Analysis of EJMT Results for Operational Policies and Procedures 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

1 14.3% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment 

1 14.3% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

1 14.3% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

1 14.3% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

3 42.9% 

Total 7 100% 
 

 The component Traffic Management Policy – Stopping Traffic (OPP-3) was identified as having 

an ECM Composite Rating of 8 or greater and being beneficial. 

 Most the remaining FCs in this area received ECM Composite Ratings of either 2 or 3 and are 

considered Significantly Deficient or Deficient: 

• Initial Emergency Response (OPP-1) 

• Extended Duration Response (OPP-2) 

• Traffic Management Policy – Managing Heavy Goods Vehicles (OPP-5) 

• Traffic Safety Violation Enforcement (OPP-7) 

 In this Functional Area, the research showed that: 

• Tunnels with longer approaches on incline are likely to have an increase in the number of 

breakdowns and fires (Day 2003),  

• That pre-planning and evaluation of emergency scenarios is critical to effective response 

(National Fire Protection Association 502 2014),  
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• That risks and consequences should be evaluated including input from Subject Matter 

Experts (PIARC Technical Committee 3.3 2008),  

• That this activity should include a cross mix of personnel, including design personnel, 

operations, and emergency responders (Brennan 2016) and (English, 2016) and (Sergi 

2015), and 

• That failure to plan may have deadly consequences, such as at Mont Blanc (Luchian 1999). 

 The author recognizes that Functional Components in the area are, to an extent, differ than FCs in 

the other Functional Areas. They are more subjective. Functional Components in other FAs are more 

prescriptive and can be tied directly back to specific criteria and standards. The FCs in this area are, at their 

core, a matter of choice on behalf of the tunnel operator. The author opines that some choices are better 

than others. The author is concerned over EJMT’s intent to deploy a first response vehicle into the fire zone 

with limited personnel, if necessary (depending on time of day). Most of the other members of the research 

team are trained firefighters, and specially note that: 

• This practice seems ill advised,  

• It is contrary to proper ICS protocol, and 

• May have unintended consequences from which there is no recovery, such as if the sole 

first responder is injured or suffers a medical emergency. 

 The author recognized EJMT’s personnel desire to protect tunnel users and the facility. That said, 

the SMEs interviewed (Brennan 2016) and (English, 2016) and (Tedesco, 2016). They all agree that the 

first-priority for emergency responders is to protect themselves so that they can affect the rescue of others. 

 The author is concerned about the Extended Duration Response for EJMT. The author has been 

told throughout the course of the project that the FFSS installation at EJMT is the solution for this FC. The 

FFSS can deliver the design volume of water to two fire zones for one hour (Hatch Mott MacDonald and 

Parsons, Provided by CDOT 2011). Interviews with EJMT personnel Wheatley and Hurst (2016) 
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demonstrates that they expect that it is fully capable of suppressing any fire inside the tunnel until they can 

bring additional resources to bear. The research determined contradictions to this assumption in that: 

• FFSS are not effective for fires inside containers (PIARC Technical Committee 3 2008),  

• Hatch Mott MacDonald and Parson (2011) did not recommend the installation of the deluge 

FFSS at EJMT,  

• The selection of the FFSS was described as the best choice given budgetary restrictions 

(Harelson 2015),  

• The LIP or Best practice calls for duration of up to 48 hours (National Fire Protection 

Association 502 2014), and 

• EJMT has no known formal agreements with any external agencies to provide extended 

duration response (ERC – 5). 

 The last area of concern is the policy related to HGV traffic in the tunnels. EJMT does an excellent 

job of managing DGV per OPP-4. The research shows that, other than the LIP or Best practice from the 

European Union Directive (2004) that requires a risk assessment and adoption of a policy that incorporates 

that risk, this topic is ignored by the remainder of the standards reviewed including NFPA 502 (2014). HGV 

traffic through the EJMT is unrestricted other than that for vehicle height. The author contends this is ill-

advised, given: 

• Many HVG carry non-dangerous and un-placarded goods,  

• The fact that most major tunnel fires involve an HGV (Duckworth and McDaniel 2014),  

• The limitations described previously are related to Emergency Response Capability (ERC) 

and Emergency Training Qualifications (ETQ),  

• Input from SMEs that HGV fires can be the most difficult to fight given their mixed goods 

load (Brennan 2016) and (English, 2016), and  
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• Two of the worst-case studies in history, Mont Blanc and Gotthard, involved materials that 

were considered non-dangerous, were not placarded, and yet burned intensely (Henke and 

Gagliardi 2003) and (Luchian 1999). 

 It was assumed that improvements could be made to this Functional Area. The Functional 

Components that could be addressed as a priority are: 

• Explore and implement alternatives to augment the Initial Emergency Response (OPP-1) 

• Explore and implement alternatives to augment the Extended Duration Response (OPP-2) 

• Implement a policy to restrict HGV through the EJMT (OPP-5) 

5.5.10 EJMT Facility Users and Education Summary and Conclusions 

 The research process rated this area of the facility as deficient. It is somewhat miss leading as it 

only has one Functional Component. Figure 5.17 shows the summary data for this Functional Area. 

Table 5.10 shows the distribution of results based on the ECM Key. 

 

 
 

Figure 5.17 Facility Users and Education Summary for EJMT 
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Table 5.10 Analysis of EJMT Results for Facility Users and Education 

Composite 
ECM Rating 

ECM Key Description Number of 
Occurrences 

Percentage of 
Total Occurrences 

20-25 Component represents a significant benefit to 
the tunnel FLS-EPM System 

0 0% 

12-19 Component represents a benefit to the tunnel 
FLS-EPM System but could be improved with 
adjustment  

0 0% 

8-11 Component represents a benefit to the tunnel 
FLS-EPM System but warrants attention 

0 0% 

5-7 Component represents a possible deficiency to 
the overall tunnel FLS-EPM System and 
should be addressed 

0 0% 

3-4 Component represents a deficiency to the 
overall tunnel FLS-EPM System and should 
be addressed 

0 0% 

1-2 Component represents a significant deficiency 
to the overall tunnel FLS-EPM System and 
should be addressed on an urgent basis 

1 100% 

Total 7 100% 
 

 The author went through several iterations in the process of identifying FCs in this area. At one 

point in that process, there were five. After discussion and vetting by the author and the research team 

members, only one remained. The author considered whether this needed to be its own FA, or if it needed 

to be incorporated into another. The conclusion is that: 

• It is an important FLS-EMP area that deserves recognition although it has only one FC,  

• It does not fit well in any other FAs already described, and 

• Forcing it into another FA for sake of brevity might result in the FC and the resulting 

message being lost. 

 The research showed this FC is under represented in the reviewed standards and that only 

NFPA 502 (2014) and the European Directive (2004) call for an educational campaign. The European 

Union is requiring it be conducted on a “regular basis.” NFPA also provided a sample. Discussion with 

SME English (2016) reinforcing the concept that public education saves lives. A prudent person who is 

unfamiliar with vehicular tunnels might be tempted to say that they would know how to react in the event 

of a fire. The research shows that this is false. Case studies reviewed, as part of this research including Mont 
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Blanc (Luchian 1999), Caldecott (National Transportation Safety Board 1983), and Gotthard (Henke and 

Gagliardi 2003), support various aspects of the ideas that: 

• Tunnel users do not react as expected, and that they typically do not realize how much 

danger they are in until it is too late,  

• Tunnel users typically are not aware of the safety systems installed in the tunnel or what to 

do in the event of an emergency, particularly one involving a fire,  

• People who are not aware of the dangers or the need to self-rescue are more likely to perish, 

and/or 

• People who are educated can be more effective in self-rescue. 

 Discussions with SMEs who, in the field of tunnel fire emergency response, including English 

(2016) and Brennan (2016), and Tedesco (2016), also support this notion. 

 It was assumed that improvements could be made to this Functional Area. The Functional 

Component that could be addressed as a priority are: 

• Implement and maintain a public education campaign on the dangers of tunnel fires and 

the need to effect self-rescue (FUE-1). 
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CHAPTER 6  

VALIDATION OF THE EPR AND ECM METHOD 

6.1 The Challenge of Validation 

 A perfect scenario for validation of the EPR-ECM method would be one in which the user possess 

perfect knowledge of how a tunnel is prepared to deal with a fire event while also having the ability to know 

when that same tunnel will have a fire, and then being able to know the consequences and contributing 

factors to that fire in order to corroborate cause and effect. This is impossible, as it would require 

simultaneous prior and future knowledge of an event. However, the author can validate the EPR method by 

examining it through different lenses, which examine its development, and its application to different tunnel 

fire events, and different types of tunnels at various stages in their design and operational lives, and making 

reasonable assumptions concerning what those different approaches are likely to produce.  

6.2 Validation During EPR-ECM Process Development 

 The EPR-ECM process development to this point has provided several key validation points that 

have set the foundation for post-development validation, which will be discussed in Section 6.3. To review: 

• From a review of select historical tunnel fire case studies the research shows that there 

are recurring themes of FCs that were not sufficient (low on EPR scale) and did 

contribute negatively to the severity of the event (low on ECR and ECM scales). The 

research also showed that in some cases the opposite was true in that they were sufficient 

and ranked high on all three,  

• The research showed that systematically identifying those elements could improve the 

understanding of causal factors and possibly the outcome of future events,  

• From a comparison of the Leading Industry Practices compared to the independently 

developed list of FCs the author confirmed that the FAs and FCs in the method are 

representative of critical FLS-EPM system,  
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• From a review of the list of FAs and FCs by independent SMEs in the area of vehicular 

tunnel FLS-EPM, the author further validated that the content is relevant to the critical 

components of FLS-EPM,  

• The research implies that by bracketing the contributing factors between LIP and 

Deficient, and by developing reasonable discrete steps be those two points, a given FC 

must fall somewhere on that continuum, and 

• From application of the method to EJMT as a representative case of an existing older 

facility, the research confirmed that a higher percentage of FCs rank low on the EPR 

scale, and likewise rank low on the ECR and ECM scales, and that it is influenced by 

both physical and cultural issues.  

6.3 Post EPR-ECM Development Validation 

 In addition to those validation steps outlined above, the author incorporated four additional 

validation steps, as outlined below. 

1. A reviewer of historical tunnel fires researched during the development of the EPR - ECM 

process would: 

a. Confirm that they would rank low on the EPR scale (where information is 

available),  

b. Postulate that they could rank low on the ECR and ECM scales (if an analysis is 

performed), and  

c. Demonstrate that the resolution concerning the number of specific contributing 

FCs improves compared to the number of general issues, 

 Therefore, the author analyzes the Mont Blanc, Caldecott Bore 3 and Gotthard historical 

fire case studies to confirm this. 

2. A reviewer of historical tunnel fire case not researched during the development of the EPR-

ECM would: 

a. Expect that the case can be systematically analyzed via the EPR-ECM method, 
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b. Expect to identify similar recurring themes and FCs, 

c. Expect that some FCs were insufficient and would rank low on the EPR and ECM 

scales, and that would correlate to how they reportedly contributed the outcome of 

the event, or 

d. Expect that some FCs were sufficient and would rank high on the EPR and ECM 

scales, and that would correlate to how the reportedly contributed to the outcome 

of the event,  

 Therefore, the author analyzes the 2007 Burnley Tunnel Fire historical fire case study to 

confirm this. 

3. A reviewer of a tunnel newly constructed (and operational) which was not reviewed during 

the EPR-ECM development process, and which is known to have utilized an appropriate 

FLS standards, would: 

a. Expect that a majority of FCs would rank high on the EPR scale (where 

information is available), and  

b. Expect that they would likewise rank high on the ECR scale if an analysis were 

performed, 

 Therefore, the author analyzed the Caldecott Bore 4 Tunnel to confirm this: 

4. A reviewer of a tunnel project still under construction that is known to have worked 

progressively in the area of FLS-EPM would: 

a. Expect that the project has incorporated a high standard of care and LIPs,  

b. Expect that a majority of FCs would rank high on the EPR scale, and 

c. That they would likewise rank high on the ECR if an analysis were performed, 

 Therefore, the author analyzed the State Route 99 (SR- 99) Tunnel Project to confirm this. 

6.3.1 Application of EPR-ECM Method to Historical Tunnel Fires Cases Previously Reviewed 

 The author compared the EPR-ECM Method against three historical tunnel fires previously 

outlined in Section 2.2. Caldecott Bore 3, Mont Blanc, and Gotthard. The research showed that in each of 
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these cases, there were contributing factors that either increased the consequences of the event or mitigated 

them. The validation applied here focuses on whether known factors associated with each fire might have 

been identified by this method.  

 The author develops a EPR-ECM rubric for each case, and makes the determination on where 

identified FCs for each case rank on the EPR scale. The author postulates how each would likely rank on 

the ECR and ECM scales (an analysis is not performed). Lastly, the author determines if the resolution 

associated with known factors is improved by listing the contributing general factors that the research 

identified along with the corresponding number specific Function Component Identifier(s) that might have 

played a part. The contributing factors are presented in the format: 

• Contributing Factor (Identified Functional Component Identifier(s) that contributed to the 

severity or mitigated it as appropriate) 

 The author notes that these contributing factors are only a representative of the conditions that 

existed at the time of the fire(s), and based on the information obtainable from the published literature, they 

may not reflect any design or procedural modifications that have been installed or implemented since then. 

6.3.1.1 Caldecott Bore 3 Tunnel Fire 

 The author generated information on the Caldecott Bore 3 fire from a review of available case 

literature, primarily the National Transportation Safety Board report on the event (1983). The author 

compiled the information into an unpopulated copy of the Excel file Emergency Preparedness Rubric and 

Event Consequence Matrix Master file and save as a separate “Caldecott Bore 3” file. The known factor 

that the research identified was listed under facility component. The author subsequently ranked those 

contributing factors against the EPR scale, and noted how well they correlated to the information known 

about the event compared to the EPR-ECM Results. Lastly, the author postulates that, if an analysis was 

performed, how those results would rank on the ECR and ECM scales. This author noted this information 

on the spreadsheet, and presents a summary below. The same process was repeated for the Mont Blanc and 

Gotthard fires. 
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 There were limited factors that the research identified as contributing to the event. Contributing 

factors in the severity and consequences of the Caldecott Bore 3 tunnel fire include (National Transportation 

Safety Board 1983): 

• Factors that helped the situation: 

• The tunnel operator did receive positive input from a motorist via an installed 

emergency telephone system (SFE-5) 

• Factors that made it worse: 

• A DGV traversing the tunnel along with normal traffic (OPP-4) 

• Smoke quickly filled the tunnel resulting in trapped passengers being unable to see 

or breathe (VCE-3, VCE-4, VCE-5, VCE-7) 

• Tunnel operators did not know the exact location of the fire and there were no 

cameras installed in the tunnel interior (TMC-4, TCS-2) 

• Tunnel operators deviated from the prescribed emergency procedures because they 

were uncertain of the location, number of victims, and or the nature and severity 

of the fire (ERC-4, ERC-11, ETQ-5) 

• Tunnel Operators did not activate the ventilation fans, as required by the procedure 

(ETQ-5, VCE-7) 

• Tunnel operators delayed calling external emergency services from Oakland Fire 

Department and the Orinda Fire Department for 9 minutes after the start of the fire 

(ETQ-5, ERC-4, ERC-11) 

• Oakland Fire Department arrived 6 minutes after being called. At that point, they 

were unable to reach the fire (ERC-1, ERC-2) 

• The tunnel operators did not know how many vehicles were in the tunnel (VTC-1) 

• Tunnel Operators were unable to stop vehicles from entering the tunnel and 

becoming trapped behind the fire (VTC-2) 



 

 123  

• The tunnel operators were unable to communicate with other motorists except by 

direct use of the installed emergency phone system (TCS-2, TCS-3, TCS-4) 

• Seven people died in the fire including patrons who were unable to find their way 

out or did not understand the need to self-evacuate (SFE-2, FUE-1) 

 In this case, the number of general factors that the research identified was 12. The number of 

specific FCs that the process identified as contributing is 25 (with some contributing more than once to 

different issues). Hence, the resolution for this case has increased from 12 to 25 and significant improves 

the opportunity to identify and mitigate specific FLS-EPM issues. The percentage of FCs analyzed where 

the EPR correlated to the known information combined with how they would rank against the ECR-ECM 

scales was 81%. 

6.3.1.2 Mont Blanc Tunnel Fire 

 The author generated information on the Mont Blanc fire from a review of available case literature, 

primarily the report by Luchian (1999). There were limited factors that the research identified as 

contributing to the event, more than either for Caldecott Bore 3 or Gotthard. Contributing factors in the 

severity and consequences of the Mont Blanc tunnel fire include (Luchian 1999): 

• Factors that helped the situation: 

• Fire agencies from both the French and Italian side were called, and did respond 

(ERC-5) 

• Factors that made it worse: 

• The HGV that started the fire was carrying a load of margarine and flour, both 

considered non-hazardous materials (OPP-5) 

• The HGV that started the fire was reportedly in distress when it entered the tunnel 

(TMC-3) 
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• The French and Italian agencies who operated the tunnel did not have a good 

working relationship with each other and communications were poor (ETQ-5, 

ERC-4, ERC-11) 

• Persons became trapped inside the refuge chambers due to inadequate design 

(SFE-3, SFE-4) 

• Firefighters were not prepared to fight the fire when they entered the tunnel or, 

they did not understand the unique nature of tunnel fires (ETQ-1, ETQ-2, ETQ-3, 

ETQ-4) 

• Firefighters did not have sufficient air to both reach the fire and fight it once they 

got there (ERC-7) 

• A critical alarm system that was out of service the night before the fire due to a 

malfunction, which prevented earlier detection of the fire (TMC-2) 

• Most people perished either near or in their vehicles because they did not recognize 

the danger or did not understand the need to self-evacuate (FUE-1) 

• Tunnel Operators either did not, or were unable to stop traffic from entering the 

tunnel after the fire was detected and additional persons became unnecessarily 

trapped behind the burning vehicles (VTC-2) 

• Tunnel Operators were unable to communicate with patrons to give emergency 

instructions (TCS-3, TCS-4) 

• Firefighting teams reporting from both sides did not communicate with each other 

or were unable to communicate with each other (ERC-6) 

• Firefighting teams reporting from both sides did not communicate with each other 

or were unable to communicate with each other (ERC-4, ERC-11) 

• Operators on the Italian side reversed the airflow and did not communicate that 

change with the French side (ETQ-5, ERC-4, ERC-11) 
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• The resulting smoke plume traveled uncontrolled for almost 6 kilometers to the 

portal on the French side (VCE-3, VCE-4, VCE-7) 

• Twenty-one HGVs were destroyed, which greatly increased the consequences of 

the fire, including loss of life and property (OPP-5) 

 In this case, the number of general factors compared to specific FCs improved from 16 to 28, which 

likewise represents a significant improvement in understanding of the contributing factors to FLS-EPM. 

The percentage of FCs for Mont Blanc compared to known information correlated to 96%. 

6.3.1.3 Gotthard Tunnel Fire 

 The author generated information on the Gotthard primarily from work by Henke et al (2003). By 

comparison to either Caldecott Bore 3 or Mont Blanc, the author opines that the Gotthard was relatively 

successful in terms of limited loss of life, and good response of the FLS-EPM systems. Contributing factors 

in the severity and consequences of the Gotthard tunnel fire include (Henke and Gagliardi 2003): 

• Factors that helped the situation: 

• The ventilation system responded quickly and could isolate the smoke (VCE-1, 

VCE-2, VCE-3, VCE-4, VCE-5, VCE-6, VCE-7) 

• Refuge chambers were well design and provided a point of safety (SFE-2, SFE-3, 

SFE-4) 

• Tunnel operators followed emergency procedures (ERC-4, ERC-11) 

• Tunnel operators could effectively communicate with patrons and give instructions 

(TCS-3) 

• Tunnel users were able and willing to self-rescue because they were aware of the 

dangers of tunnel fires (FUE-1) 

• Emergency responders were prepared for the fire when they arrived (ETQ-1, 

ETQ-2, ETQ-3, ETQ-4) 

• Factors that made it worse: 
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• None Identified 

 This case produced a three-fold increase in the resolution of FCs compared to general issues, or 

from 6 to eighteen. It also showed a correlation of 96%. 

6.3.1.4 Conclusion of Historical Tunnel Fire Review 

 It is impossible to say, in hindsight, if foreknowledge of any of the contributing factors to these 

historical and devastating tunnel fires would have changed the outcome. The review of the cases: 

a. Confirmed that FCs that contributed to the fire ranked low on the EPR scale,  

b. Confirmed that they could rank low on the ECR scale (if an analysis is performed), and  

c. Determined that the resolution concerning the number of contributing FCs increased. 

 The validation for this step is confirmed. The author notes that there are challenges associated with 

this type of backward looking review as it is difficult if not impossible to second-guess the preparation prior 

to the event(s), or the intent of people involved. That said, the author believes that this review provides 

unique insight into some of the factors that effected these historic fires despite having limited and 

disconnected bits of data that required interpretation and judgement. A copy of each tunnel fire Rubric 

Master file is presented in Appendix G. 

6.4 Application of the EPR-ECM Method to a New Historical Tunnel Fire Case 

 Dix (A. Dix 2011) identifies the 2007 Burnley Tunnel fire as the turning point of regulatory 

awareness toward the use of the FFSS as an active emergency management tool. Dix suggests that the 

Burnley Tunnel fire has similar elements for a major fire, such as Mont Blanc or Frejus, but with less impact 

due to the use of the FFSS combined with other elements such as a timely and effective response by tunnel 

operators and Emergency Services. While three people did die, their deaths are attributed to be likely the 

result of the initial crash, and not necessarily the result of the resulting fire. 

 The following is a synopsis of the official report prepared by Arnold Dix for the Coroner of Victoria 

(Dix 2011) The fire occurred on the morning of March 2007 unidirectional three lane Burnley Tunnel, 

which is a part of three-bore Melbourne CityLink system. Per Dix, the incident started as a routine stopped 

vehicle, but it rapidly deteriorated into a full emergency, which could have further devolved into a 
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catastrophe. The accident occurred when a HGV stopped in the left of three lanes presumably for 

mechanical problems. Over the next several minutes, over 100 cars successfully passed it. The Tunnel 

Controller Room Operators (TCRO) are aware of it, and rapidly initiated emergency protocols to close 

lanes and reduce speeds. There is no indication in the Dix report that they took any action at that time to 

close the tunnel, nor it is clear if they possessed the capability of active close it. 

 Additional vehicles that are already inside the tunnel, including a mixture of passenger and HGVs, 

approach the area where the disabled truck sat in the lane. Observations from witnesses indicated that those 

vehicles were: 

• Traveling too fast,  

• Traveling too close to each other,  

• Stopping too close to the vehicle in front of them, but 

• Some vehicles were successfully negotiating lane changes and maneuvering around the 

disabled HGV.  

 At approximately the same time this series of events occurred, a single HGV entered the tunnel. It 

was speeding. As it approached the area of congested traffic (and presumably realized it was closing rapidly 

into stopped traffic), it attempted to evade but subsequently struck five passenger vehicles, two additional 

HGVs before crashing into the rear of another HGV that was queued up in line. The force of the impact 

propelled the struck HGV forward by “many meters” (Dix 2011). The struck HVG subsequently crushed 

several vehicles in front of it. Fire and explosions ensued while more approaching vehicles successfully 

braked to a stop behind the wreckage. 

 Per the detailed time line recreated by Dix (2011) as part of the official investigation, this situation 

had the great potential to go from bad to worse were it not for the rapid and effective, and to some extent 

the innovative response by a combination of 

• The Fire Life Safety systems, 

• The TCRO, and 
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• The Melbourne Fire Emergency Services Bureau. 

 The following steps were all taken in less than one minute (total) from the initial crash: 

• TCRO initiated an emergency response plans including closure of the Burnley Tunnel 

• CityLink initiated an emergency call to the Melbourne Fire Emergency Services 

• TCRO launches plan to close the Burnley Tunnel 

• TCRO initiated a full tunnel emergency response and enabled emergency mode in 

preparation for the smoke extraction, deluge operation and evacuation 

• TCRO initiated an optimized response to Burnley Tunnel’s ventilation and smoke 

extraction, active Fixed Fire Suppression System, and emergency cross passage 

evacuation systems 

• The various FLS systems activate in response to the event 

 In less than 5 minutes, Melbourne Fire Emergency Services arrived, and within additional 

10 minutes, firefighters entered the tunnel under apparatus with hoses to fight the fire. 

 The successful management of the Burnley Tunnel fire is a credit to the systems, personnel, culture, 

preparation, and training implemented by the organization. It is indicative of a high degree of emergency 

response planning, control and training combined with a similarly high degree of technology, automation, 

and flexibility to allow for the unexpected. Positive notes in Dix’s findings (2011) are that: 

• The Fixed Fire Suppression System activated effectively and is credited with saving 

lives, 

• There was no spread of the fire to vehicles not involved in the crash, 

• There are no documented serious injuries or deaths beyond those caused during the crash, 

• Ventilation system zone control and extraction capability maintained a tenable 

environment both upstream and downstream of the fire, 

• The importance of tunnel user education cannot be over stated, 

• Do not allow users to enter the tunnel after incident is initiated,  
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• Try to maintain vehicle separation in (both in traffic, and when stopped in congested 

areas), 

• The tunnel control operators displayed a high degree of competence, training and 

confidence necessary to prevent a disaster, and 

• The operator’s rapid and correct initiation of emergency systems combined with their 

ability to make informed decisions prevented the incident from escalating into a 

catastrophic event. 

 This event also demonstrated limitations (Dix 2011), including: 

• Evacuees declined to follow audible evacuation commands, 

• Evacuees chose not to use emergency cross passages,  

• Reinforces concept that people are unpredictable,  

• The current incident control system (as of 2008) did not allow the tunnel operator to 

rapidly select pre-configured automated secondary crash or fire emergency ventilation 

and deluge configurations, and 

• Oddly, had the TCRO simply closed the tunnel when the HGV stopped (or shortly 

thereafter), this event could have been completely avoided. 

 The Burnley Tunnel fire is an important element in validation of the EPR-ECM method. A review 

of the report documentation (Dix 2011) combined with an informed interpretation of material presented 

there indicate that there is a high degree of similarity between the contributing factors on this event, and 

the FCs that the author identified in developing it. 

 The author loaded the information from the research into a Burnley Emergency Preparedness 

Rubric and Event Consequence Matrix Master file. Each known factor that the research identified, or those 

that could be reasonably assumed, was listed under facility component. The author completed a full EPR-

ECM analysis including use of the Functional Tabs for specific FCs, and focused that on larger fires. The 

author generated an ECM rating and selected an appropriate comment from the ECM Key and for those 
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subsequently ranked those contributing factors against the EPR scale, ECR and ECM scales including 

generation of a composite score and recommendations per the ECM Key. The author then indicated known 

information about the case for that FC and how well the process correlated to it. That process indicated that 

for the Burnley Tunnel fire, the correlation is 97%. The author notes that this analysis required some 

reasonable assumptions concerning the tunnels systems, training, and policies. The results from the 

analysis: 

a. Confirms that case can be systematically analyzed via the EPR-ECM method,  

b. Confirms and identifies similar recurring themes and FCs, 

c. Confirms that some FCs were insufficient and ranked low on the EPR and ECM scales, 

and that correlates that they are known to have contributed negatively to the outcome of 

the event, or 

d. Confirms that some FCs were sufficient and ranked high on the EPR and ECM scales, 

and that correlates that they contributed positively to the outcome of the event.  

 The author notes that the detailed second-by-second account (Dix 2011) of the Burnley tunnel fire 

event and corresponding emergency response provided a unique and affirming opportunity to both 

understand how rapidly events develop as well as to validate the EPR-ECM method. A full copy of the 

Rubric Master for the Burnley fire is presented in Appendix H. 

6.5 Application of EPR-ECM Method to a New Tunnel in Operation 

 The author visited the Caldecott 4th Bore Tunnels in California in August 2016, as part of the 

validation process. The tunnel is recent construction and opened for operation in 2013 (Ochoa 2016). The 

author obtained this information independent of the research and EPR-ECM development phases of this 

body or work, and surmised that it can be used to partially validate the process. The author’s expectation 

was that this tunnel would represent an effective use of a FLS standard given that construction finished and 

it started operating in the past 5 years. The California Department of Transportation (CALTRANS) 

provided input verbally. The author learned information from: 

• Interviews with on-shift tunnel personnel,  
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• Reviewing available tunnel operations and emergency manuals (California Department of 

Transportation District 4 2013), and 

• Recording all information on the Questionnaire. 

 The author did note that: 

• In the EJMT analysis, the author had access to information that included all Functional 

Areas and most Functional Components,  

• That the author had the luxury of time to analyze, review, and ask questions of the EJMT 

and CDOT personnel,  

• The CALTRANS input was predominantly operational and from the perspective of the 

operations personnel. Reviewing available tunnel operations and emergency manuals, and 

• The author did not have the luxury of time to analyze, review, and ask additional questions. 

 The author created a Caldecott Bore 4 version of the spreadsheet. The author subsequently ranked 

those contributing factors against the EPR scale, indicated how those results correlated to the information, 

and speculated as to how the case would rank on the ECR and ECM scales. The results correlated to 88%. 

The author notes that this review enabled a more accurate selection of the appropriate EPR scale (i.e., LIP-5) 

due to the availability of more complete information. Application of the process to this new tunnel: 

a. Confirmed that a majority of FCs to rank high on the EPR scale (where information is 

available), and  

b. That they would likewise rank high on the ECR scale if an analysis were performed. 

 The validation for this step is confirmed. The author notes that this step represents the truest and 

most representative validation example of the primary intent of the EPR-ECM method. It affirms the ability 

to systematically and accurately evaluate critical FLS-EPM systems in advance of an event given complete 

and accurate data. A copy of the Rubric Master file for Caldecott Bore 4 is presented in Appendix I. 
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6.6 Application of the EPR-ECM Method to a Tunnel Project Under Construction 

 The author visited the SR99 Tunnel Project in Seattle, Washington in August 2016. This tunnel is 

still under construction, and although a significant portion of the design is fixed, the author’s perception is 

that there are still some design and operational decisions pending. The author obtained this information 

independent of the research and EPR-ECM development phases, and surmised that it can be used for partial 

validation. The author’s expectation was that this tunnel project would represent an effective use of a 

standard (i.e., NFPA 502) and incorporate Leading Industry Practices given that the project management 

team worked closely with the AHJ and is adopting progressive and proactive approach to FLS-EPM 

(English, 2016) (Al-Zeer 2016). The Washington Department of Transportation (WSDOT) allowed 

personnel to write down information for the author, and they transmitted that information electronically 

after the author’s visit. In these cases, the author obtained excellent information about the tunnel based on: 

• Interviews with project personnel (Al-Zeer 2016) and (Lentz 2016),  

• Concurrent input from the Fire Marshall’s Office of the SFD (English, 2016),  

• Reviewing limited tunnel project design information provided by WSDOT during the 

interviews, and 

• Allowing WSDOT personnel access to the Questionnaire and allowing them to complete 

it. 

 The author notes that: 

• This information received from WSDOT was predominantly design oriented, and lacked 

some operational input,  

• That the lack of operational input is both understandable and acceptable given the state of 

the project, and 

• That the input was influenced by the Fire Marshall’s Office, which reflects the proactive 

relationship between WSDOT and the Seattle Fire Department in planning for Fire Life 

Safety and Emergency Response. 
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 The author found that the engagement was valuable, and that good information could be obtained 

and recorded for future analysis via the EPR-ECM method.  

 The author compiled information into a SR-99 version of the spreadsheet. The author ranked this 

case in the same manner as the Caldecott Bore 4 case described previously. The results were likewise similar 

correlating at 89% for those FCs that resulted in either a “yes” or “no” answer. Of those with positive 

correlation, 100% represented LIPs. The author noted that this review also enabled accurate and consistent 

placement on the ERC scale because of the availability of good data. Application of the process to this new 

tunnel: 

• Confirmed that a majority of FCs to rank high on the EPR scale (where information is 

available), and  

• That they would likewise rank high on the ECR and ECM scales if an analysis were 

performed. 

 The validation for this step is confirmed. This step, like Caldecott Bore 4 provides an excellent 

representation of the method even though it was predominantly design oriented. A copy of the Rubric 

Master file for SR-99 is presented in Appendix J. 
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CHAPTER 7  

DEVELOPMENT OF FLS BEST PRACTICES, SUMMARY, AND CONCLUSIONS 

7.1 Identification of FLS Best Practices for Vehicular Tunnels 

 When the author began the research necessary to complete this body of work, it was assumed that 

the development of best practices might address specific recommendations for specific tunnel Functional 

Components. That information is ultimately contained in the development of LIPs. The research process 

has elected to differentiate between LIP and Best Practices. The author believes that this body of work will 

serve the tunneling community better by identifying Best Practices that are less prescriptive, and more 

holistic in nature. Some are “intuitively obvious,” but will be listed nonetheless. The research identified the 

following FLS Best Practices for Vehicular Tunnels: 

1. Plan, in detail, for each expected type and permutation of possible events 

2. Insure that all elements of the nine Functional Area of FLS-EPM are addressed along with 

their Functional Components, as applicable 

3. Make a conscious decision where a Functional Component should fall on in the range 

between LIP and Deficient 

4. Adopt a standard and follow it 

5. Exceed the requirements of the standard, if possible, or necessary to succeed 

6. Use elements of different standards, if appropriate 

7. Create Leading Industry Practices, if possible 

8. Conduct FLS-EPM analysis and review periodically 

9. Challenge the concept that everything is acceptable until proven 

10. Abandon the practice of assuming that, because something has not happened yet, means it 

will not happen 

11. Be realistic in the expectation of major events 

12. Understand the true consequences of an event should one occur 
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13. Take proactive steps to avoid or prevent an event from occurring in the first place 

14. Be prepared to mitigate the consequences of an event should one occur 

15. Engage a representative cross-section of expertise in conducting the analysis including 

operations, management, engineering, and emergency response 

16. Engage an outside neutral expertise to assist in the analysis and provide critical honesty 

17. Be open to self-evaluation and constructive criticism 

18. Develop a pro-active and effective working relationship with the Authority Having 

Jurisdiction (AHJ) early in the process of developing a vehicular tunnel 

19. Maintain that working relationship through the life of the project 

20. Avoid self-evaluation in the absence of representative cross-section of expertise, 

independent expertise, and the AHJ 

21. Be honest and realistic in the evaluation of in-house expertise, skills, and equipment, 

particularly in emergency response 

22. Recognize that people, process, and technology can fail at the worst possible moment 

23. Use technology as a supplement for good training and judgment, not necessarily as a 

substitute 

24. Train, practice, and then train some more 

25. Be prepared to ask for assistance 

26. Communicate, communicate, communicate 

7.2 Summary of Research Outcomes 

 The author satisfied the Research Objectives and Specific Aims through a variety of means in the 

body of work. Each objective is outlined below along with a brief summary of how it was accomplished. 

The first objective was to provide a means to improve the overall Fire Life Safety, Emergency Preparedness, 

and Management capability. The author accomplished this through the creation of the EPR-ECM process, 

which enables the systematic identification and evaluation of discrete components of the FLS-EMP 
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systems. The author further accomplished this by creating a compendium of Leading Industry Practices 

from international standards, which enables Functional Components to be compared.  

 The second objective of the research was to evaluate the fit-for-purpose of the various areas and 

components that make up the Fire Life Safe and Emergency Preparation and Emergency Preparation and 

Management systems of vehicular road tunnels. The author accomplished this by creating a unique 

Emergency Preparedness Rubric for each Functional Component comprised of up to five discrete categories 

ranging from Leading Industry Practices to functionally deficient. Each Rubric was tied back to a LIP, if 

possible. It enables the user to reasonably identify how a specific component satisfies its fit-for-purpose, be 

it good or bad. The author expanded on this development by creating a unique process to evaluate the 

potential benefit or impact of a functional component during up to six unique tunnel emergency events 

ranging from small fires, to major fires to multiple fires in different locations. Through this process, the fit 

for purposed of a Functional Component can be evaluated and hidden flaws or gaps identified.  

 The third objective of the research was to enable effective and constructive communications 

between various stakeholders including designers, operators, management, and emergency responders. The 

author accomplished this by creating a systematic approach that encompasses the full spectrum of FLS-

EPM issues designed for a wide range of stakeholders and SME. The author build the process in Microsoft 

Excel™, which is a widely used non-proprietary software platform that would facilitate industry use by 

virtue of familiarization. The author incorporated a unique process logic into the platform to facilitate ease 

of use. The author further discussed the process with SMEs from the tunnel industry and emergency 

response services to vet the applicability and usability of the process. 

 The last research objective was to enhance the understanding of the benefits and limitations of the 

FLS systems and its components along with the understanding of the possible consequences of fire events. 

The author accomplished this via the creation of the overall process outlined above and presented in detail 

in the body of this work. 
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7.3 Discussion of Identified or Perceived Benefits of the EPR-ECM Method 

 The research including all the various elements addressed in the body of this work has identified 

numerous benefits associated with the EPR-ECM Method. The author either: 

• Identified them directly through the development of the EPR-ECM process,  

• Identified them through analysis of the EJMT,  

• Identified them through the validation process, and/or 

• Perceived them throughout the overall process. 

 The benefits are that the EPR-ECM Method: 

1. Yields a thorough state of the tunnel for fire and life safety systems 

2. Creates a road map through which tunnel stakeholders, including management, operators, 

designers, and emergency responders can better communicate on FLS-EPM issues 

3. Is universally applicable to any road tunnel as it is easy to adapt to other tunnel facilities 

of different design, complexity, length, etc. 

4. Creates information that is of value to tunnel stakeholders 

5. It can capture all relevant Functional Areas and Functional Components of the FLS-EPM 

system, including design, policies, procedures, technology, and users 

6. Provides a gauge where a tunnel’s FLS-EPM systems falls in comparison to LIP and 

industry standards 

7. Provides an indication of gaps and fatal flaws in the FLS-EPM system, which can then be 

resolved 

8. Does not depend on the assumption of quantitative risk 

9. Incorporates scales that are straightforward and easy to understand 

10. Enables adapting the scales, if desired by the user 

11. Enables easy addition of Functional Areas and Functional Components, as science and 

practice of tunnel FLS-EPM evolves 
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12. Is easy to update as tunnel safety standards are updated or evolve 

13. Does not generate an answer that is inherently right or wrong, or tied to a specific unit of 

measure 

14. It can examine different size emergency events 

15. Can be used to review past events to identify fatal flaws and root causes 

16. Has potential as an investigative tool for examining current events 

17. Can be used to review tunnel projects still in the design, construction, and pre-operations 

phases 

18. Can be used to review tunnels in operation 

19. Does not require advanced computer skills beyond the use of Microsoft Excel™ 

20. Promotes evaluation involving a representative cross-section of tunnel stakeholders, 

including management, operations, engineering, emergency responders, the AHJ, and 

external SMEs, as appropriate 

21. Promotes more frequent examination of the FLS-EPM systems and applicable standards 

22. Assumes an event will occur, and then focuses on what to do about it 

23. Indicates specific and discrete information required to complete an evaluation 

7.4 Significant Original Contribution to the Body of Science 

 Completion of the research associated with this body of work required that the author conceptualize 

and create multiple unique elements that collectively result in the EPR-ECM method that are new to the 

body of science. To accomplish this, the author developed a management process to evaluate the FLS-EPM 

of vehicular tunnels, which involved creation of the Emergency Preparedness Rubric, the Event 

Consequence Rubric, and the Event Consequence Matrix. The author systematically identified the various 

Functional Areas and Functional Components that are important to FLS-EPM and created unique evaluation 

rubrics for each Functional Component.  

 Identifying the Functional Areas also required conceptualizing the structure and format of each 

element, how they interact with each other, and how the user would use the process to conduct an analysis. 
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The author selected a large number of likely emergency events and processed them for detailed analysis, 

identification, and evaluation from best practices to vulnerabilities. The author also generated additional 

Excel elements to enable each Functional Component to be analyzed across the different events. It 

subsequently involved generating the unique process flow logic necessary to maintain control of the 

information. 

 The author finally developed a compendium of Leading Industry Practices. This involved 

identifying select international standards associated with FLS-EPM and conducting a review to determine 

how each addressed the unique requirements of the Functional Component, if it was addressed at all. It 

ultimately required determining what constituted the Leading Industry Practice, and incorporating that 

knowledge back into the EPR-ECM Method as part of the Emergency Preparedness Rubric. 

 The author then demonstrated the EPR-ECM process to evaluate the Eisenhower-Johnson 

Memorial Tunnels as the focal case. This involved collecting, collaborating and compiling information 

about EJMT on how it addresses each Functional Component. The author made judgements and ranked 

each Functional Component against the Emergency Preparedness Rubric.  

 The research and development of the EPR-ECM Method, and this body of work is the author’s 

unique and significant original contribution to the body of science. It is not based on any identified 

published work. While the process did benefit from select and controlled input and collaboration from the 

research team and subject matter experts, the author attests that the concept, process development, final 

content and recommendations associated with all the above-mentioned elements is theirs alone. 

7.5 Discussion of Limitations of EPR-ECM Method 

 The author identified the following limitations of the EPR-ECM Method: 

1. It does not account for the age of a Functional Component 

2. It is not capable of capturing all permutations of events 

3. It does not account for costs necessary to fix deficiencies 

4. Those stakeholders may view non-statistical data in a less critical manner, thus, over-

shadowing important components 
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5. It does require an honest assessment of the FLS-EPM system of a tunnel 

6. It does not work as well when created in isolation or without the concerted input of a 

representative cross-section of stakeholders including management, operations, 

engineering, emergency responders, the AHJ, and SMEs, as appropriate 

7.6 Discussion of Future Work Not Covered by the Research 

 It is difficult to forecast where future developments in this area might lead. Given that this is an 

under represented area of FLS-EMP for vehicular tunnels, the author believes there is considerable potential 

to both increase the use along with expanding the focus areas. The creation of the EPR-ECM approach 

creates a strong foundation upon which additional work can be built. The author reasons that future work 

in this area might include, but is not limited to: 

• Development of a similar EPR-ECM approach for underground fixed guideway transit 

systems 

• Development of an expert system to enable a seamless interface to the user 

• Transfer of the method onto a different platform beyond Microsoft Excel™ 

• Implementation of an element that incorporates the age of the component 

• Development of a quantitative risk model, such as Monte Carlo, to analyze the 

interdependency of the Functional Areas, Functional Components and Events 

• Development of a quantitative model associated with identified gaps 

• Cost analysis benefit of the FLS associated with identified gaps or fatal flaws 

• Research associated with new technology and processes to address the deficiencies 

7.7 Summary and Conclusion 

 The research shows that it is possible to improve the FLS-EPM of vehicular tunnel by developing 

the EPR-ECM Method. Systematically identify and categorizing Functional Components against a discrete 

Emergency Preparedness Rubric them enables the user to identify possible deficiencies in structures, 

equipment, training and policies. Subsequently analyzing them against the Event Consequence Matrix for 
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different emergency events helps to identify gaps and flaws. Applying the method to the EJMT facility as 

a test case showed that the facility as a mix of both good and bad Functional Components, and allowed the 

author to identify specific FCs that warranted attention and make representative recommendations. An 

example of that is the recommendation to install active traffic barriers at the entrances to the tunnels to 

actively stop traffic from entering. The analysis of EJMT suggested this as a deficient. The research clearly 

shows that this can be a problem as evidenced in the Burnley tunnel fire where actively blocking traffic 

from entering the tunnel until the disabled HVG could be moved would have prevent the event from 

occurring at all. The research also recognizes that there are some deficiencies that cannot be credibly fixed 

at any reasonable cost. An example of that is the identification of the transverse ventilation ducts at EJMT 

being problematic, but not necessarily recommending that they be addressed due to the fact it would require 

major structural modification to the tunnel. 

 The author validated the process collectively through numerous means including: 

• Vetting the list of Functional Components against Leading Industry Practices,  

• Vetting of the list by internationally recognized SME,  

• Confirming expected results of the EPR-ECM method against the EJMT test case, 

• Analyzing historical tunnel fire case studies from Mont Blanc, Caldecott Bore 3, and 

Gotthard reviewed during the research against the Emergency Preparedness Rubric,  

• Independently analyzing the Burnley tunnel fire case study through the complete 

Emergency Preparedness Rubric and Event Consequence Matrix method,  

• Independently analyzing data from the new Caldecott Bore 4 Tunnel against the 

Emergency Preparedness Rubric, and 

• Independently analyzing data from the State Route 99 Tunnel Project against the 

Emergency Preparedness Rubric. 

 Regardless of the fate of the EJMT facility, the author attests that the overall understanding of the 

FLS-EPM of vehicular tunnels can be been improved through this research. The author is of the opinion 
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that it can applied ,in practice, to vehicular road tunnels in general, and hopes that it will benefit the people 

who operate them, emergency responders, and more importantly the people who use them. 
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APPENDIX A  

RUBRIC MASTER BLANK  

Rubric Master Blank.PDF File containing the unpopulated (blank) version of the Rubric Master File 
used as the primary repository of information for an EPR-ECM analysis of 
a tunnel. The file was generated in Microsoft Excel™ format, and is 
presented in *.PDF format. 
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APPENDIX B  

LIP SOURCES   

LIP Sources.PDF File containing source information on referenced international standards related to 
vehicular tunnel fire life safety. Contains an assessment of how each standard 
addresses the specific requirements associated with the identified Functional 
Components for an EPR-ECM analysis. The file was generated in Microsoft 
Excel™ format, and is presented in *.PDF format. 
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APPENDIX C  

EPR-ECM BLANK AND EPR-ECM MASTER   

EPR-ECM Blank.PDF File containing the unpopulated (blank) EPR-ECM tab for analysis of 
individual FLS Functional Components of a tunnel. The file was generated 
in Microsoft Excel™ format, and is presented in *.PDF format. 

EPR-ECM Master.PDF File containing the master EPR-ECM tab for analysis of individual FLS 
Functional Components of a tunnel. The file indicated the various external 
and internal links used to import information from the Rubric Master, 
manipulations within the tab, and links to export results back to the Rubric 
Master. The file was generated in Microsoft Excel™ format, and is presented 
in *.PDF format. 
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APPENDIX D  

QUESTIONNAIRE   

Questionnaire Blank.PDF File containing the unpopulated (blank) Questionnaire used to gather 
Functional Component data on a tunnel for analysis. The file was 
generated in Microsoft Excel™ format, and is presented in *.PDF format. 
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APPENDIX E  

RUBRIC MASTER FOR EJMT   

Rubric Master for EJMT.PDF File containing the populated (blank) version of the Rubric Master File 
used as the primary repository of information for an EPR-ECM analysis 
of a tunnel. This file is populated with information and analysis specific 
to the EJMT. The file was generated in Microsoft Excel™ format, and 
is presented in *.PDF format. 
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APPENDIX F  

FUNCTIONAL COMPONENT TABS FOR EJMT  

Functional 
Component Tab 
File Name: 

Files containing the EPR-ECM analysis of individual FLS Functional 
Components for the Eisenhower-Johnson Memorial Tunnels. All files were 
generated in Microsoft Excel format, and are presented in *.PDF format. 

VTC-1.PDF Functional Component Tab - Active Vehicle Count in Tunnel 
VTC-2.PDF Functional Component Tab - Ability to Stop Traffic 
VTC-3.PDF Functional Component Tab - Active Vehicle Differentiation 
VTC-4.PDF Functional Component Tab - Emergency Vehicle Pullouts 
VTC-5.PDF Functional Component Tab - Passing and Lane Changes 
TMC-1.PDF Functional Component Tab - Tunnel Monitoring Center 
TMC-2.PDF Functional Component Tab - Fire Detection Tunnel Interior 
TMC-3.PDF Functional Component Tab - Fire Detection Tunnel Approach 
TMC-4.PDF Functional Component Tab - Visual Monitoring of Tunnel Interior 
TMC-5.PDF Functional Component Tab - Visual Monitoring of Tunnel Approach 
TMC-6.PDF Functional Component Tab - Over height or Dangerous Vehicle Detection 
TMC-7.PDF Functional Component Tab - Tunnel Monitoring Center Emergency Support 
VCE-1.PDF Functional Component Tab - Ventilation Capacity - Supply 
VCE-2.PDF Functional Component Tab - Ventilation Capacity - Exhaust 
VCE-3.PDF Functional Component Tab - Ventilation Zone Control - Supply 
VCE-4.PDF Functional Component Tab - Ventilation Zone Control - Exhaust 
VCE-5.PDF Functional Component Tab - Ventilation Ramp Up/Power System 
VCE-6.PDF Functional Component Tab - Ventilation Duct Design (N/A for Longitudinal) 
VCE-7.PDF Functional Component Tab - Ventilation Control System 
VCE-8.PDF Functional Component Tab - System Redundancy 
TCS-1.PDF Functional Component Tab - Signage Upon approach 
TCS-2.PDF Functional Component Tab - In Tunnel Signage 
TCS-3.PDF Functional Component Tab - In Tunnel Public Address system 
TCS-4.PDF Functional Component Tab - Emergency Broadcast System 
SFE-1.PDF Functional Component Tab - Cross Passages or Emergency Evacuation Routes 

Installation 
SFE-2.PDF Functional Component Tab - Cross Passages or Emergency Evacuation Routes 

Identification  
SFE-3.PDF Functional Component Tab - Cross Passages or Emergency Evacuation Route 

Design 
SFE-4.PDF Functional Component Tab - Cross Passages or Emergency Evacuation Route 

Door Design 
SFE-5.PDF Functional Component Tab - Emergency Call Stations 
SFE-6.PDF Functional Component Tab - Fire Extinguishers 
SFE-7.PDF Functional Component Tab - Emergency Backup Power 
SFE-8.PDF Functional Component Tab - Emergency Walkway  
ERC-1.PDF Functional Component Tab - Fixed Fire Suppression System 
ERC-2.PDF Functional Component Tab - Automatic Initiation of FFSS 
ERC-3.PDF Functional Component Tab - Mobile Fire Fighting Equipment 
ERC-5.PDF Functional Component Tab - Agreements with External Fire Agencies 



 

 154  

 

APPENDIX F (continued) 

ERC-6.PDF Functional Component Tab - Emergency Response Support Equipment - 
Communications 

ERC-7.PDF Functional Component Tab - Emergency Response Support Equipment - Refresh 
Air 

ERC-8.PDF Functional Component Tab - Emergency Response Support Equipment - Water 
Supply 

ERC-9.PDF Functional Component Tab - Emergency Response Support Equipment - Water 
Delivery 

ERC-10.PDF Functional Component Tab - Emergency Responders 
ERC-11.PDF Functional Component Tab - Incident Command System 
ETQ-1.PDF Functional Component Tab - Conducts Tunnel Emergency Response Training 
ETQ-2.PDF Functional Component Tab - Conducts Live Tunnel Fire Training 
ETQ-3.PDF Functional Component Tab - Conducts Joint Agency Exercises 
ETQ-4.PDF Functional Component Tab - Certifies Employees in Tunnel Fire Emergency 

Response 
ETQ-5.PDF Functional Component Tab - Conducts Tunnel Emergency Training for 

Management and Incident Command Personnel 
OPP-1.PDF Functional Component Tab - Initial Emergency Response 
OPP-2.PDF Functional Component Tab - Extended Duration Response 
OPP-3.PDF Functional Component Tab - Traffic Management Policy - Stopping Traffic 
OPP-4.PDF Functional Component Tab - Traffic Management Policy - Managing Dangerous 

Goods Vehicles 
OPP-5.PDF Functional Component Tab - Traffic Management Policy - Managing Heavy 

Goods Vehicles 
OPP-6.PDF Functional Component Tab - Traffic Safety Violation Detection 
OPP-7.PDF Functional Component Tab - Traffic Safety Violation Enforcement 
FUE-1.PDF Functional Component Tab - Tunnel Users are Educated on Dangers of Tunnel 

Fires 
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APPENDIX G  

VALIDATION REVIEW: HISTORICAL TUNNEL FIRES PREVIOUSLY RESEARCHED 

Caldecott Bore 3 Rubric Master 
Validation March 17.PDF 

File containing the populated Rubric Master file for the Historic 
Caldecott Bore 3 Tunnel fire used as part of validation process. The 
file was generated in Microsoft Excel™ format, and is presented in 
*.PDF format. 

Mont Blanc Rubric Master 
Validation March 17.PDF 

File containing the populated Rubric Master file for the Historic 
Mont Blanc Tunnel fire used as part of validation process. The file 
was generated in Microsoft Excel™ format, and is presented in 
*.PDF format. 

Gotthard Rubric Master 
Validation March 17.PDF 

File containing the populated Rubric Master file for the Historic 
Gotthard Tunnel fire used as part of validation process. The file was 
generated in Microsoft Excel™ format, and is presented in *.PDF 
format. 
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APPENDIX H  

VALIDATION ANALYSIS: NEW HISTORICAL TUNNEL FIRE CASE 

Burnley Rubric Master Validation 
March 17.PDF 

File containing the populated Rubric Master file for the Historic 
Burnley Tunnel fire used as part of validation process. The file 
was generated in Microsoft Excel™ format, and is presented in 
*.PDF format. 
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APPENDIX I  

VALIDATION ANALYSIS: NEW TUNNEL IN OPERATION 

Caldecott Bore 4 Rubric Master 
Validation March 17.PDF 

File containing the populated Rubric Master file for the Caldecott 
Bore 4 Tunnel used as part of validation process. The file was 
generated in Microsoft Excel™ format, and is presented in *.PDF 
format. 
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APPENDIX J  

VALIDATION ANALYSIS: NEW TUNNEL PROJECT 

SR 99 Rubric Master Validation 
March 17.PDF 

File containing the populated Rubric Master file for the SR 99 
Tunnel Project used as part of validation process. The file was 
generated in Microsoft Excel™ format, and is presented in *.PDF 
format. 

 


