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Abstract 

 
Sub-surface infrastructure enables multiple space-use. This is 
especially important in densely populated, urban areas where 
space use is at a premium. However, underground 
infrastructure increases the risk of casualties in case of fire. It 
is of extreme importance to assess the consequences of design 
decisions for the risk of casualties in an early stage of the 
design. A model is proposed for facilitating the design process 
in this respect. 

 
1  Introduction 
 
In densely populated areas, space use is at a premium. Therefore, the demand for 
multiple use of space in urban areas is increasing. Efficient space use is possible if 
more functions are combined in the same location. Sub-surface areas are generally 
used for activities where people are deprived of light only for short times. Transport 
is an example of such an activity. 

By placing routes for the transport of people underground, the valuable areas at 
the surface can be used for activities where the quality of the environment is more 
important. At the same time, efficient transport is possible because the transport 
routes are completely free of cross-traffic.  

However, extra attention is needed with respect to the safety of people in 
subsurface infrastructure. Firstly, in comparison to infrastructure above ground, the 
possibilities to flee the area in case of an emergency are seriously limited. Secondly, 
fires in confined spaces like tunnels have much more severe effects on the people 
involved. Thirdly, rescue teams are seriously hindered to reach the site of an accident 
if it takes place underground. It is for this reason that the safety of people, especially 
in case of fire, plays a major role in the design process right from the beginning of 
the project. Design decisions taken in an early stage generally have serious effects on 
the safety of people. The cost of correcting unforeseen negative effects in a later 
stage may be excessive.  

This paper will present a simple model for the estimation of the number of 
casualties in case of fire in sub-surface infrastructure. The model is specifically 
designed to rapidly assess the consequences of design choices on the number of 



casualties in case of fire. Thus, design alternatives can be compared and ranked with 
respect to their effects on the safety underground. 

 
2  Modelling the Consequences of Fire 
 
2.1 Description of the Effects of Fires in Tunnels 
 
In general, two important processes can be distinguished in case of tunnel fires: 
• The development of the fire and, consequently, the development of a smoke 

layer; 
• The process of people responding to the hazard, making way to available exits 

and leaving the dangerous area. 
 

Both processes influence the number of casualties in case of fire. The size of the 
fire and the development of it over time determine how the smoke layer develops 
over time. Smoke contains substances dangerous to human life and has a high 
temperature. Once the smoke layer reaches the areas where people are present, 
casualties can be the result. 

 
2.2 Models for Fire and Evacuation 

 
Computer models for the two processes introduced above have been available since 
the 1960's (see Jones, 2001 for an overview). Zone models for the development of 
smoke layers and flow models for the evacuation process were used at the time. 

The increase of computational power enabled the use of more complex models. 
Examples are fire/smoke models based on computational fluid dynamics (CFD) and 
advanced evacuation models (Thompson and Merchant, 1995). Only a few models 
combine the fire/smoke model with an evacuation model. Examples are Hazard I 
(Bukowski et al, 1989) and Exodus (Fire Safety Engineering Group). 

Despite the computational power of present-day computers, the calculation time 
of most models is excessive. Furthermore, complex models generally require input 
values for a large number of parameters, a lot of which are unknown in the early 
stages of design. Nevertheless, a design team generally likes to get a "feel" for the 
sensitivities in order to make proper design choices. A model that calculates the 
development of the smoke layer and the evacuation process simultaneously on the 
basis of limited input and in a short time is a useful tool in that case. 
 
2.3 AREVAC, Rapid Assessment of Casualties in case of Fire 
 
The AREVAC model is specifically developed for use in the early stages of design 
of sub-surface infrastructure. The model contains the following three modules: 
• A zone model for calculating the temporal and spatial development of the smoke 

layer; 
• A hazard model, calculating the lethality rate from the properties of the smoke 

layer; 



• A flow model for calculating the number of people in the endangered area at any 
point in time. 

 
The model is suited for calculating casualty numbers in spaces that can be 

modelled as rectangular. For the zone model to be applicable, the maximum heat 
release rate should be 5 MW or higher and the length of the area should be limited to 
a maximum of 200 m.  

The evacuation process assumes the space to be "simple", meaning that 
emergency exits are clearly visible and it is clear to people what to do to leave the 
area. It appears that properly designed evacuation facilities meet these requirements.  

A major uncertainty in any evacuation model is the time people need to respond 
to the danger. Recent events (Eberl, 2001 and Lacroix, 2001) tragically have shown 
the response time to be an important parameter. Assessment of the response time is 
not included in the model, but should be performed separately. The response time 
itself is an input parameter in the model. 
 
3 Case Study: Amsterdam, South Axis 
 
3.1 Description of the case study 
 
The South Axis is situated in the South of the city of Amsterdam. The area currently 
contains highway A10, a rail line for heavy rail and a rail line for light rail (metro). 
The area is an important centre for international business with the World Trade 
Centre and a number of internationally operating companies located in the area. 

Increase of traffic requires the current infrastructure to be expanded. The 
municipality of Amsterdam, in cooperation with the Dutch Government, currently 
studies a number of alternatives for expanding the infrastructure. One of the options 
considered is constructing the infrastructure underground and using the surface for 
the development of new offices. 
 

 
Figure 1: Conceptual design with infrastructure underground and new office buildings at the 

surface 
 

From the point of view of spatial development, the advantages of locating the 
infrastructure underground are obvious. However, the consequences for the number 



of casualties in case of calamities may be severe. The AREVAC model is used to 
assess the consequences of fire in the light rail tunnels. The number of casualties in 
case of fire is assessed for fires occurring in a metro train. 
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Figure 2: Burning metro train in a tunnel. The main direction of evacuation is indicated. 

 
3.2 Casualty Numbers in the Preliminary Tunnel Design 

 
A preliminary design for the light rail tunnel has been prepared by the project team. 
The AREVAC model is used to calculate the number of casualties in case of a fire 
according to a predefined scenario. Table 1 provides an overview of the most 
important input parameters. 
 

Parameter Value 
Population in metro train 1000 persons 
Population other areas 0 persons 
Maximum heat release rate of fire 15 MW 
Time to maximum heat release rate 10 min 
Distance between exits 150 m 
Width of exits 1 m 
Number of exits 2 
Response time 2 min 

Table 1: Input parameters for case study 
 
In the tunnel, a rescue path with emergency exits is present to the left side of the 
train. A more narrow inspection path without emergency exits is present to the right 
side. In case of emergency, the passengers are released to both sides of the train. 
From the inspection path, people need to cross the track in order to reach the exits. 
Furthermore, people may use the track as an alternative route to the second 
emergency exit. 
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Figure 3: Number of people in different locations in the tunnel as a function of time 

 
The results of the model show that the population of passengers is primarily released 
to the rescue path on the left side. The inspection path is less important for the 
evacuation process. The track is clearly used as an alternative route which increases 
the use of the second door and hence the efficiency of the evacuation. After 7 
minutes, the train is completely empty. Ultimately, 993 people out of the initial 1000 
reach the safe area. The remaining 7 perish in the incident. 
 
3.3 Sensitivity for the Availability of Emergency Exits 
 
At the South Axis, the space available is limited. There is virtually no room available 
for the construction of emergency exits in the form of staircases. It is therefore 
proposed to use adjacent metro tunnels as emergency exit. 

Emergency exits from one metro tunnel to the other should not be opened before 
the tunnel is free of traffic. Therefore, at the emergency exits an extra waiting time 
occurs. The AREVAC model is used to assess the effect of the waiting time on the 
number of casualties. It turns out that increasing the waiting time leads to a more 
than proportional increase of the number of casualties (figure 4). 
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Figure 4: Number of casualties as a function of time to release of exits 

 
4 Discussion and conclusions 
 
A model is proposed to quickly assess the number of casualties in case of fire in sub-
surface infrastructure. The calculation time of the model is extremely limited, which 
enables the investigation of a large number of design alternatives and sensitivities in 
an early stage of the design process.  

The AREVAC model has already proven its worth in several projects, one of 
which is presented in this paper. Design alternatives, in this case the use of metro 
tunnels as emergency exits, can rapidly be judged in terms of casualty numbers in 
case of fire. This information is extremely valuable in establishing the final design of 
the tunnel geometry and emergency facilities. 

Extension and improvement of the model is possible in a number of ways. The 
most important option appears to be the extension of the model to a version where 
the results can be compared to legal safety standards. To achieve this goal, three 
important steps need to be taken: 
• The model needs to be calibrated to observations, both of fire and smoke and of 

the evacuation; 
• Uncertainties in the input parameters need to be accounted for; 
• The probability of occurrence of the incident scenarios needs to be assessed. 

 
The first step involves a process of data collection and calibration of the model. 

Data of this kind of processes is scarce. Therefore, an explicit estimate of model 
uncertainties should be included in the calibration process (see Van Gelder, 1999 or 
Voortman, 2002 for examples). The second step involves data collection and 
establishing the statistical properties of the input data. The third step involves 
statistical analysis of incident scenarios. 



If the information sketched above is available, well-known methods for 
probabilistic analysis can be used to establish the probability distribution of casualty 
numbers in a form that allows comparison to legal safety standards. 
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