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Abstract
In this paper, we have developed a new methodology to predict evacuation times in rail tunnels depending on the design characteristics of the tunnel. We have looked at influences of vehicle load, calamity location, escape path width, escape door capacity, distance between escape doors and passenger walking speed on total evacuation time. Using the microscopic simulation tool Nomad, we have calculated evacuation times for the mentioned tunnel characteristics. These evacuation times have been compared to the reference tunnel evacuation to derive relations between tunnel characteristics and evacuation time. These relations may be used by designers of rail tunnels to predict evacuation times, as is shown with an example. 
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Introduction 

Passenger safety becomes more and more important in the design of railway tunnels. In the Netherlands, regulations require quantitative risk analyses and deterministic scenario analyses for each tunnel. A scenario analysis is an instrument to objectively consider a limited number of accident scenarios. Guidelines to perform such scenario analyses are provided in the ‘Guiding principles for scenario analyses for rail tunnels’, which is currently under development. Apart from the formulation of test criteria for safety in rail tunnels, scenarios are defined, describing probable calamities in rail tunnels. These scenarios consist of a sequence of events in a tunnel, describing course, development and handling of incidents by all involved parties. In a scenario, assumptions are made on:

· Fire characteristics and smoke diffusion.

· Procedures and standardization of train evacuation.

· Human behavior during evacuation.

· Procedures to raise the alarm.

· Appearance of injuries.

· Strategies for ventilation. 

Before such scenarios can be designed, knowledge on the involved processes is essential. This contribution describes a study of factors influencing passenger flows during evacuation. To increase insights into the evacuation process from rail vehicles in tunnels, a simulation study has been performed, in which tunnel designs are assessed using the microscopic pedestrian simulation tool NOMAD (Hoogendoorn and Bovy, 2003), developed at the Delft University of Technology. NOMAD has been validated for normal walking conditions, among other things using data of laboratory walking experiments (Daamen and Hoogendoorn, 2003, Hoogendoorn and Daamen, 2006, Hoogendoorn et al., 2004, Hoogendoorn and Bovy, 2002). Several parameters in the model (such as composition of the passenger flow, time required for alighting and tunnel layout) are varied. Using these simulation results, evacuation times may be derived for rail tunnels in design. These predicted evacuation times are then compared to the time available to egress depending on the type of calamity. In case of a large fire, the available evacuation time will be much smaller than in case of a small fire, due to heavy smoke production. In the simulation, the presence of smoke is therefore not included.

This paper starts with a closer look at the evacuation process, followed by the identification of relevant parameters in the evacuation process. The process can be divided into the evacuation of the rail vehicle and the evacuation of the tunnel. The results of the two simulation models are shown in the two subsequent sections, followed by an application of the simulation results for a rail tunnel in design. We will end with conclusions.

Evacuation process description

Starting point of the evacuation process is a rail vehicle standing still in the tunnel. Passengers will alight and walk to a place of safety. Places of safety can be the end of the tunnel, a station in the tunnel or the other tube. The evacuation process is divided into four phases: pre-evacuation, alighting, walking to a place of safety and entering this place.

The time period between detection of the calamity and the moment of the actual start of the evacuation is called pre-evacuation. The duration of this time period depends among other things on the type and severity of the calamity, the alert system and the availability of staff to initiate and support evacuation. Pre-evacuation in rail tunnels differs considerably from pre-evacuation in road tunnels, since drivers take individual decisions, while in rail vehicles several passengers are present, thus relating their behavior to others. Also, passengers will not have to leave some of their personal belongings (i.e. large suitcases, their car), as they have to do when evacuating from their cars.

Alighting mainly concerns bridging height differences between rail vehicle and escape path. Also, movements inside the rail vehicle are considered in order to see whether the alighting process is indeed the bottleneck. The layout of the vehicle interior is an important factor, which may lead to stumbling and high pressures. The passenger flow composition indicates the physical possibilities for each passenger, the assistance to other passengers and the formation of groups. Commuters e.g. have larger physical abilities than seniors or children. Since commuters often travel by themselves, they will assist others, but if need arises they will first take themselves to a place of safety. Parents will first guide their children to safety, even at the expense of their own lives. The disabled will need a considerably longer alighting time than other passengers and they will usually need help for alighting.

Passengers will walk through the tunnel using a so-called escape path, situated at the side of the tunnel, with at regular distances escape doors to a neighboring (safe) tunnel. This facility prevents passengers from walking through the ballast bed, which would delay them considerably. Their walking speed does not only depend on the surface type of the escape path, but also on the presence and composition of smoke and the composition of the passengers flow (men versus women, seniors versus adults, tourists versus commuters).

The final part of the evacuation process concerns entering the place of safety. When accessing a platform of a station in the tunnel, the height difference between the platform and the escape path will need to be bridged. When passengers enter the neighboring tube, which is usually the case in tunnels, they need to open a door and step over a sometimes high threshold. An additional requirement is that this escape door needs to be clearly visible, even in situations with bad lighting.

Evacuation is in general associated with panic. However, real situations indicate that in at most 5% of the evacuations real panic arose. Since the influence of panic on passenger behavior is hard to predict, we will model rational behavior of passengers. In future research, we will study the influence of panic in different situations.

Deriving simulation scenarios

In this section we will determine the parameters having the largest effects on the evacuation time. The parameters are divided into four categories, describing calamity, infrastructure, rail vehicles and passenger characteristics.

Calamity

A calamity can be described using three parameters, namely its type, its location and the alert system.

Holland Railconsult (2005) describes three planning stages in which eight calamity types are distinguished (fire, collision, derailment, spontaneous evacuation, release of toxic gases, explosion, maintenance and flooding). Each of these scenarios has specific effects on passenger behavior during evacuation and even within a scenario different degrees are likely. The simulation study presented here models passenger behavior in normal conditions, to come up with a minimal evacuation time. Depending on type and severity of the calamity the available evacuation time is estimated. Comparing the minimal time required for evacuation with the available time given the calamity characteristics gives an indication of safety and number of casualties to be expected.

The location of the calamity influences the accessibility of the escape path. Although we do not include the calamity, we assume it affects only a single door in the vehicle or tunnel, so calamities where multiple carriages are affected at once are not considered. In that case, no matter which prevention measures have been taken, casualties cannot be prevented. 

Usually, passengers cannot pass the calamity location, thus influencing the distribution of passengers over different escape doors (see Figure 1). We will distinguish between a calamity in between two escape doors (best location) and in front of an escape door (worst location). Also, the number of doors available in the vehicle may be influenced by the location of the calamity: when the calamity is located in front of a door, the passengers cannot use this door to alight the vehicle. Simulations will be performed with vehicles with all doors available and vehicles with one of the doors blocked.

The reaction time (or pre-evacuation time) of passengers depends on by whom and how the calamity is detected, as well as on the activated alert system (if any). Although the specific relation is unknown, some general remarks can be made. A personal message will lead to a more efficient start of the evacuation than an automatic message. Furthermore, the more detail a message gives, the quicker and more efficient the start of an evacuation will be. Reaction time also depends on the number of passengers present: when someone decides to leave the vehicle, others will follow. Since an accurate estimation of each individual’s pre-evacuation time is impossible, we assume a uniform distribution between 0 and 120 seconds. An exception occurs when a passenger with a long pre-evacuation time is located in the way of a passenger on its way outside. The already evacuating passenger will then push this passive passenger aside in order to alight. When no room is available for the passive passenger, this passenger will alight as well, thus reducing his pre-evacuation time.

Infrastructure

The infrastructure may be divided into escape paths and escape doors. Simulations are based on a worst case scenario, where only a single escape path is present or available in the tunnel. Parameters describing the escape path are its width and the height difference with the rail vehicle, influencing alighting times. Instead of using this height difference, we will combine this parameter with the width of the vehicle doors and define a vehicle door capacity state. We will use values of 1 s/P (height difference smaller than 20 cm), 2 s/P (20-80 cm) and 5 s/P (> 80 cm). The escape path width determines its capacity, where passengers may pass at when the width is larger than 1.2 m. In the simulation, we will apply widths of 80 cm, 100 cm, 120 cm and 150 cm.

Escape doors are characterized by the distance between them and a capacity, depending on the door width, the height of the threshold and the way the doors are opened. The walking distance is at maximum equal to the distance between two doors, when the nearest door cannot be reached due to the calamity (see Figure 1c). The distance between two escape doors are 75 m, 100 m, 150 m and 300 m, occurring for different rail systems. According to (Dutch) design guidelines, the width of the escape door is 1.5 times the width of the escape path, a relation also adopted in our simulations. Capacities simulated are 1.2 P/m/s (large hindrance), 1.5 P/m/s (design guideline) and 2.4 P/m/s (hardly any hindrance).

Rail vehicle

Influencing parameters of a rail vehicle are its composition, the number of passengers in a vehicle and their distribution over the vehicle.

The vehicle composition relates to the number of carriages and their types. Each vehicle type has its own door characteristics and layout (single or double deck, seat configuration, amount of walking space), thus influencing passenger behavior. We will distinguish four vehicle types, namely single deck trains, double deck trains, metros and trams.

The number of passengers in a vehicle depends on its capacity (number of seats). The vehicle load is expressed as a percentage of this capacity (60%, 100% and a peak hour load of 150%). Although the number of passengers may vary for different cars in a train, we will assume a uniform distribution, which is frequently used in case of metro and tram traffic. For trains, the choice for such a distribution is supported by the fact that a train will stop at stations with different platform layouts, causing at a single station a non-uniform distribution of boarding passengers, but after a number of stops this will level out over the train.

Passenger characteristics

Passengers have many characteristics influencing their physical condition, such as age, gender, trip motive and amount of carried luggage. Most important for walking behavior is a passenger’s walking speed. Since this walking speed is different for each individual passenger, we will describe these speeds with a normal distribution with average speeds of 1.0 m/s, 1.1 m/s, 1.15 m/s, 1.25 m/s, 1.34 m/s and 1.5 m/s. Higher average speeds correspond to higher variance in walking speeds, where we take a variance of 0.26 m2/s2 at a walking speed of 1.34 m/s (Weidmann, 1993), which is in proportion assigned to the other speed distributions. 

Since we assume the principle that passengers are able to manage for themselves, we do not include passengers with limited mobility in our simulations. These passengers (e.g. wheel-chair bound or having other walking aids) will need much more time to evacuate (Daamen et al., 2007) and should therefore be considered separately.
Chosen scenarios

The total evacuation process can be split into two parts. First, the passengers will alight from the vehicle and secondly they walk through the tunnel to a place of safety. For both processes a separate simulation model will be set up. The simulations of rail vehicles will result in outflows of passengers, which are input parameters for the tunnel simulations. Scenarios are defined for both the vehicle and the tunnel simulations, where parameters values are varied. In order to limit the number of scenarios and to isolate the influence of a single parameter, only this parameter value is changed, while all other parameters have a reference value. An overview of all scenarios is shown in Table 1, where the underlined numbers indicate the reference value for each parameter.
[INSERT TABLE 1]
Vehicle evacuation results

The rail vehicle evacuation simulation starts with the detection of the calamity. At that moment, the vehicle has already come to a standstill in the tunnel and the passengers remain seated. When the number of passengers is smaller than or equal to the number of seats, the passengers are randomly distributed over the areas between the seats, leaving free the vestibules and the corridor. When modeling the peak hour load, passengers also occupy the vestibules and the corridor (see Figure 2). A pre-evacuation time is then drawn for each passenger. During this pre-evacuation time the passenger decides to evacuate, depending on the conditions and his individual characteristics, but he remains at his seat and after the pre-evacuation time has elapsed, the pedestrian starts his evacuation by looking for the fastest way to safety. The passenger will choose a vehicle door, minimizing the total time needed to alight. When other passengers block the nearest door, the passenger will choose another door with less waiting time. 

[INSERT FIGURE 2]

Four types of rail vehicles have been simulated, namely a single deck train, a double deck train, a metro and a tram (see Figure 3). The seats have been modeled as obstacles (grey areas), while the dark blue area identifies the walking area. At the bottom part of each vehicle the doors are visible as blue notches in the surrounding grey box.

[INSERT FIGURE 3]
The evacuation time of a vehicle is the time elapsed from the start of the simulation until the moment the last passenger leaves the vehicle. Figure 4 shows the evacuation time for each vehicle type (depending on number of available doors and passenger load).

The total evacuation time for metros and trams is lower than that for the single deck and double deck trains, while the evacuation time for a single deck vehicle is lower than that for a double deck vehicle. At higher loads, evacuation times become smaller, since more passengers are located nearby doors, being ‘pushed out’ of the vehicle by passengers with a smaller pre-evacuation time. When just a single door is available (for trains) the evacuation time increases with larger loads, since passengers on the vestibule with the blocked door will have to pass the total vehicle. In this case, these passengers will have their originally drawn pre-evacuation time. For both metro and tram, a reduction of the number of doors has less influence, since a sufficient number of doors remain available.

The outflows of the vehicle are compared to the capacity of the doors, using three different capacities 1 s/P, 2 s/P and 5 s/P. Only the latter capacity (corresponding to a large height difference between rail vehicles and escape path) is exceeded at a 150% load, and in some cases at a 100% load. The flows into the tunnel, input for the tunnel simulations, are 0.4 P/m/s, 0.5 P/m/s, 0.6 P/m/s, 0.8 P/m/s and 0.9 P/m/s. The latter is the reference value.

[INSERT FIGURE 4]

The final step is to determine the bottleneck in the evacuation process from the vehicle: is the unrestricted outflow of the vehicle (caused by the pre-evacuation time distribution, the vehicle layout and the vehicle load) higher than the vehicle door capacity? When it is, the door capacity is the bottleneck; otherwise it is due to the process inside the vehicle. In the first case, the door capacity is input in the tunnel simulations, otherwise the outflows are. Table 2 shows for each scenario the maximum value of the outflow out of the vehicle and the door capacity. From this table we can derive the values of the inflows into the tunnel, which are simulated in the tunnel simulation, namely 0.4 P/s, 0.5 P/s, 0.6 P/s, 0.8 P/s and 1.0 P/s, which will be the reference value.

[INSERT TABLE 2]
For all vehicle types, the evacuation time and the outflow are mainly determined by the pre-evacuation time, and neither the capacity of the vehicle doors nor the configuration of the vehicle have a considerable influence.

Tunnel evacuation results

The tunnel simulation also starts with the detection of the calamity and a vehicle standing still in the tunnel. Passengers are generated from the vehicle doors with the (time) headways calculated in the vehicle simulations. Passengers step on the escape path, where they choose the nearest escape door. They will walk towards the escape door, probably joining the queue in front. When passengers pass the escape door, they leave the model. The total evacuation time is the time elapsed until the last passenger exits the tunnel. For the reference scenario, the average evacuation time is 600 seconds, which is the evacuation time all other scenarios are compared to.

The length of the simulated tunnel is chosen as short as possible due to the required calculation time. Starting point is a maximum load of an escape door, occurring when the calamity is located in front of an escape door (see Figure 1). The length of the tunnel is then 1.5 times the distance between the escape doors. Along this length a rail vehicle is placed, with two doors each 25 meters. The escape door is located at two third of the simulated tunnel length, with a distance to the door blocked by the calamity on the left-hand side equal to the distance between two escape doors and half this distance to the right-hand side (to an available neighboring door).

Contrary to the simulation of the vehicle, passengers are not present at the start of the simulation, but enter the tunnel with a given flow equal to the outflow of the vehicle doors (see previous section). The duration of this flow depends on the number of passengers in the vehicle (vehicle load). When passengers cannot enter the tunnel due to congestion upstream of the escape door, they will wait in the vehicle and enter the model when some space is available. This continues until all passengers have entered the tunnel. 

Figure 5 shows the evacuation times depending on various parameters. The evacuation times of the scenarios (on the vertical axes) are given as a percentage of the evacuation time of the reference scenario. For each parameter value, twenty simulation runs have been performed. As in the reference scenario, the average time of the last passenger leaving the tunnel in all simulation runs is taken as the evacuation time of this scenario. The percentages in Figure 5 are then calculated as the division of the evacuation time of the scenario and the reference evacuation time.

In the reference scenario, the calamity is located in front of an escape door, making this door unavailable during the evacuation process (worst case scenario). To identify the influence of the calamity location, we also simulate a scenario in which the calamity takes place in between two escape doors (best case scenario). The results are shown in Figure 5a, where the evacuation time of the reference scenario is taken as 100%. The figure shows that evacuation time is about two third of the reference evacuation time, which is similar to the reduction of the number of passengers using the door (in stead of the distance between evacuation doors, a distance of 1.5 times this distance is served in the reference scenario). 

The escape path width is varied between 80 cm and 150 cm, with a reference value of 120 cm. The capacity of the escape door is varied as well, since this capacity is related to the escape path width according to the design guidelines (escape path door width = 1.5 * escape path width). Simulation results are shown in Figure 5b, with the evacuation time in the reference scenario set to 100%. The figure shows that evacuation time increases considerably (about 30%) when the escape path width is reduced (-33%). However, a further increase in width from 1.2 m to 1.5 m only saves 6% of the evacuation time. Congestion occurs in all scenarios, but the delay by the interaction between passengers is smaller since they have more space on the path. On narrow escape paths (80 cm) passengers are not able to pass, thus using space on the path less efficiently.

Escape door capacity is varied between 1.2 P/m/s and 2.4 P/m/s, with a reference value of 1.5 P/m/s. The results are shown in Figure 5c. Even a substantial increase in escape door capacity (60%) only leads to a limited reduction of evacuation time (<8%). Reason is that congestion still occurs upstream of the door, resulting in a less efficient flow of passengers. A capacity reduction of 20% leads to an increase in evacuation time of 6%, which is more than compared to the reduction when increasing the capacity.

The analysis of the calamity location already showed a substantial reduction of evacuation time when less passengers use an escape door. Similar effects are therefore expected when the distance between escape doors are varied (see Figure 5d). When the distance between the doors is halved, the evacuation time is reduced to 55% of the reference evacuation time; doubling the distance leads to an increase of 70% of the evacuation time. When the distance between the doors is already considerable, increasing this distance leads to a relatively small increase in evacuation time. Of course, maximum evacuation times are limited according to governmental guidelines.

The simulation of the rail vehicles showed different outflows of alighting passengers into the tunnel. The outflows have been varied between 0.4 P/s and 0.9 P/s (reference situation). The results are shown in Figure 5e. More than doubling the outflow from the vehicles only leads to an increase of 6% in the evacuation time. Reason for this is that congestion occurs in the tunnel, even in the case of a small outflow of 0.4 P/s. Passengers will not be able to enter the escape path due to the queuing and have to find a (rare) gap. At the beginning of the simulations, passengers are able to alight and walk in more or less free flow conditions to the escape door. However, after a few seconds, congestion starts building up, thus blocking more and more vehicle doors. Passengers will have to wait until the end of the queue has moved past their door and will then be able to join the queue and leave the tunnel. While more passengers want to exit the vehicle than there is space on the escape path, the outflow will have only a slight influence on the evacuation time. Only when the total outflow of the vehicles is smaller than the capacity of the escape door, the outflow will have a considerable influence on the evacuation process. However, these low outflows are not likely to occur.

Finally, the walking speed of passengers has been varied between 1.0 m/s and 1.5 m/s with a reference speed of 1.34 m/s. These different speeds represent different passenger flow compositions, since commuters usually have a high walking speed, whereas during off-peak hours more seniors, tourist and children will travel with lower walking speeds, even during evacuation. Results are shown in Figure 5f. In general, a lower walking speed leads to an increase in evacuation time, whereas a higher speed leads to a decrease in time. An increase of 12% leads to a decrease in walking time of only 3.5%, due to the occurring congestion. A reduction in walking speed of 25% leads to an increase in walking time of more than 30%. This higher effect is due to the fact that at the start of the evacuation it lasts longer until passengers from doors located further away reach the escape door, thus postponing the moment congestion sets in.

[INSERT FIGURE 5]
Predicting evacuation times for a rail tunnel in design

As indicated in the introduction, designers of rail tunnels have to give an indication of passenger safety in their tunnel. The simulation results presented in the previous section are a starting point to predict evacuation times, given the tunnel characteristics.

First of all, the designer decides on the location of the scenario. Depending on this location, the evacuation varies between 70% and 100% of the reference evacuation time of 600 seconds. Then, the designer compares the characteristics of his designed tunnel with each of the figures in Figure 5 and derives the influence (percentage) on the reference evacuation time. For each characteristic, a percentage of the reference evacuation time can be derived. In the end, the multiplication of these factors and the reference evacuation time indicates the predicted evacuation time:
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where Tpred is the predicted evacuation time, Tref the evacuation time simulated in the reference scenario and f1 ... fn the characteristics of the tunnel design such as escape path width (see Figure 5). In the following, we will elaborate an example.

Let us consider a train tunnel with double deck vehicles during peak hour periods (120% load). The calamity will take place in the vehicle vestibule (only a single door available) right in front of the escape door. All 164 passengers will have to leave through a single door during 125 seconds (see Figure 4). The outflow of the vehicle is then 1.3 P/s (164 / 125). 

For the other parameter values of the tunnel, local knowledge is usually available or taken from design documents. As an example, Weidmann (1993) gives walking speeds of pedestrians according to their trip motive. Knowing the trip motives of the passenger population then enables one to derive the average walking speed of the passenger population. For the Dutch situation, capacities of some escape doors are indicated in the Dutch building resolution (Ministry of Housing, Spatial Planning and the Environment, 2003), a design document for buildings. For non-specified combinations of door width and threshold height, assumptions should be taken and the influence of slight variances in the capacity should be investigated.

In the following, we will derive some parameter values for the example. The door capacity is influenced by the height difference with the escape path (in this case set to 50 cm, thus it takes 2 seconds per passenger to alight) and the door width (1.3 m, thus on average 1.5 passengers alighting at the same time). This leads to a door capacity of 0.75 P/s (= 1.5 / 2). The door capacity is lower than the unrestricted outflow, thus the inflow in the tunnel equals the door capacity of 0.75 P/s. The escape path width equals 1.0 m, while the escape doors have a rather high capacity of 2.0 P/m/s. The distance between the escape doors is high, due to the high construction costs of the tunnel, namely 200 m. Since we design the tunnel on peak hour load, the passenger population consists mainly of commuters, having a walking speed of 1.5 m/s. These values and the corresponding factors derived from Figure 5 are shown in Table 3. 

[INSERT TABLE 3]
This leads to an evacuation time of 776 seconds, about 13 minutes:
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Comparing this predicted evacuation time with the time conditions are favorable for evacuation, gives an indication of the safety of passengers in the tunnel and the probability of casualties.

Summary and conclusions

In the design of rail tunnels, passenger safety becomes more and more important. This paper describes a new methodology to predict evacuation times based on rail vehicle and rail tunnel characteristics. For this, two simulation models have been developed: one for the evacuation of a rail vehicle and one for the evacuation of the tunnel. 

The vehicle evacuation time (the moment the last passenger alights from the vehicle) appears to be mainly determined by the pre-evacuation time, while neither the door capacity nor the configuration of the vehicle interior has considerable effects. 

The evacuation time of the reference situation, with standard values applied for all parameters, is 600 seconds. The distance between the escape doors has the largest influence on the evacuation time (between 50% and 170% of the reference evacuation time). Location of the calamity, escape path width and walking speed appear to have a reasonable influence (between 90% and 135% of the reference evacuation time), while escape door capacity and outflow of the vehicle have only limited influence (90% - 110% of the reference evacuation time).

The relations found between evacuation time and the various tunnel characteristics can be used as guidelines to predict evacuation times for future rail tunnels (see the example in this paper). These times are minimal needed to evacuate all passengers from the rail vehicle and to walk to a place of safety. Given a specific calamity in the tunnel (with type, location and severity), the time a tunnel is available for evacuation can be calculated. Comparing this time to the minimal needed evacuation time gives an indication of the safety of passengers in the tunnel and the probability of casualties.
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Table 1: Overview of simulated scenarios

	Vehicle
	

	
Type
	Single deck train, double deck train, metro, tram

	
Passenger load
	60%, 100%, 150%

	
Available number of doors
	All doors, one door blocked

	
	

	Tunnel
	

	
Calamity location
	Between escape doors, in front of escape door

	
Escape path width
	80 cm, 100 cm, 120 cm, 150 cm

	
Outflow vehicle doors
	To be determined in the vehicle simulation

	
Escape door distance
	75 m, 100 m, 150 m, 300 m

	
Escape door capacity
	1.2 P/m/s, 1.5 P/m/s, 2.4 P/m/s

	
Walking speed
	1.0 m/s, 1.1 m/s, 1.15 m/s, 1.25 m/s, 1.34 m/s, 1.5 m/s


Table 2: Inflow in tunnel (in number of passengers per 10 seconds)

	a. Single deck train

	
	
	2 doors
	
	
	1 door
	

	
	1 s/P
	2 s/P
	5 s/P
	1 s/P
	2 s/P
	5 s/P

	60%
	3.7
	3.7
	3.7
	3.4
	3.4
	3.4

	100%
	6.1
	6.1
	6
	5.7
	5.7
	4

	150%
	9.2
	9.2
	6
	8
	8
	4

	
	
	
	
	
	
	

	b. Double deck train

	
	
	2 doors
	
	
	1 door
	

	
	1 s/P
	2 s/P
	5 s/P
	1 s/P
	2 s/P
	5 s/P

	60%
	5.5
	5.5
	5.5
	5.5
	5.5
	5.5

	100%
	9
	9
	6
	9.1
	9.1
	6

	150%
	14.7
	14.7
	6
	13.7
	13.7
	6

	
	
	
	
	
	
	

	c. Metro

	
	
	6 doors
	
	
	5 doors
	w

	
	1 s/P
	2 s/P
	5 s/P
	1 s/P
	2 s/P
	5 s/P

	60%
	3.4
	3.4
	3.4
	3.4
	3.4
	3.4

	100%
	5.5
	5.5
	5.5
	5.5
	5.5
	5.5

	150%
	8.3
	8.3
	8.3
	8.3
	8.3
	8.3

	
	
	
	
	
	
	

	d. Tram

	
	
	5 doors
	
	
	4 doors
	

	
	1 s/P
	2 s/P
	5 s/P
	1 s/P
	2 s/P
	5 s/P

	60%
	3.2
	3.2
	3.2
	3.2
	3.2
	3.2

	100%
	5.4
	5.4
	5.4
	5.4
	5.4
	5.4

	150%
	8.1
	8.1
	8.1
	8.1
	8.1
	8.1


Table 3: Example of tunnel design characteristics

	Characteristic
	Value
	Factor fn

	Calamity location
	In front of escape door
	1.0

	Escape path width
	1.0 m
	1.1

	Escape door capacity
	2.0 P/m/s
	0.96

	Distance between escape doors
	200 m
	1.25

	Outflow of vehicle
	0.75 P/s
	1.01

	Passenger speed
	1.5 m/s
	0.97
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26Figure 5: Evacuation times depending on various parameters




[image: image3.wmf]a. No calamity

L

0.25L

L

L

L

0.75L

b. Calamity between two escape doors

L

0.25L

L

L

L

L

0.75L

c. Calamity in front of escape door

L

0.25L

1.5L

0

1.5L

L

0.75L

Railvehicle

Escape path

Neighboring tube

Load per escape door

Load per escape door

Calamity


Figure 1: Distribution of passengers over escape doors depending on calamity location
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	a. Initial situation (t = 0 s) with a 100% load of a single deck train.
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	b. Initial situation (t = 0 s) with a 150% load of a single deck train.


Figure 2: Passenger distribution in the rail vehicle at the start of the simulation
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	a. Single deck train (capacity 80 seats).
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	b. Double deck train (capacity 137 seats).
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	c. Metro (capacity 72 seats).
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	d. Tram (capacity 70 seats).


Figure 3: Four types of rail vehicles
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Figure 4: Evacuation time depending on rail vehicle type, number of available doors and passenger load
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	a. Calamity location
	b. Escape path width
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	c. Capacity escape door
	d. Distance between escape doors
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	e. Outflow of vehicle
	f. Passenger speed


Figure 5: Evacuation times depending on various parameters
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