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ABSTRACT 

As a general approach, the required maximum spacing between the emergency exits in road tunnels 
is provided not to exceed 300 m, as stated in NFPA 502. It is also stated that there is not considered 
to be any minimum exit separation, while most typical exit separations are between 30 m – 200 m 
and appropriate exit separation distances can only be determined by engineering analysis of 
emergency egress requirements. 
This study focuses on the incident tunnel and aims to analyze the effects of spacing and clear widths 
of egress doors on evacuation time. To accomplish this, generic tunnel geometries with various length 
and varying number of lanes are modeled to accommodate different number of vehicles to be present 
along the tunnel. Egress pathways leading directly to an exit are also modeled for the tunnels with 
various clear widths exceeding 1.12 m as per NFPA 502. Four types of vehicles are modeled with 
varying numbers in the tunnels and their initial locations are provided to demonstrate a highly 
congested (almost stopped) condition with different spacings between each other. The number of 
motorists is calculated based on the total number of vehicles and additionally increased to provide 
varying numbers for each scenario. Hence, four variables, i.e., exit door spacing, exit door clear width, 
egress pathway clear width, total number of motorists are considered to be varying for each scenario. 
Emergency evacuation simulations are then performed using Pathfinder, to obtain the total 
evacuation time, i.e. RSET (Required Safe Egress Time), for the incident tunnel. Finally, a supervised 
machine learning algorithm is developed to evaluate the effects of each variable on evacuation time, 
and the possibility of optimizing the egress doors. 

BACKGROUND STUDY AND MOTIVATION 

In our previous study, we analyzed to evaluate whether it is possible to extend the distances between 
cross-passages along metro tunnels [1]. NFPA 130 states the maximum distance between the cross-
passages, when they are used in lieu of exits along metro tunnels, to not exceed 244 m. In 2020 
Edition, it is also stated that the distance between exits can be increased where supported by 
engineering analysis [2].  
 
Based on this statement, we performed more than 1000 emergency egress analyses with varying 
parameters, which are the distance between cross-passages, walkway width, door widths of the 
rolling stocks, and number of passengers. Our aim was first to analyze the effect of each variable on 
the total evacuation time, as shown in Figure 1. 
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Figure 1: Importance Analysis of Variables on Evacuation Time Along Metro Tunnels. 
 
The results yield that the effect of the number of passengers on evacuation time is 67.49%, while the 
effect of the distance between cross-passages is 16.84%. If we compare these two variables, it can be 
stated that the number of passengers has 4 times more effect on the evacuation time than the distance 
between cross-passages. 
 
Assuming all the other variables are constant, increasing the distance between cross-passages will 
increase the evacuation time. However, as per the results obtained, the walkway width has 9.25% 
effect on the evacuation time, which can possibly reduce the evacuation time if increased. Therefore, 
we focused on increasing the walkway width to increase the flow of the passengers along the 
walkway, which would eventually reduce the total evacuation time.  
 
The results of this previous study showed that considering the total evacuation time, the distances 
between cross-passages can be optimized by adjusting the walkway widths which makes it possible 
to increase the distances between the cross-passages along the metro tunnels, while ensuring that 
the evacuation time is not exceeded. The conclusion of previous study forms the basis motivation for 
this study.  

INTRODUCTION 

NFPA 502 is one of the most used standards worldwide in road tunnels. Regarding means of egress, 
briefly the following requirements are stated [3]: 
 

• the distance between the exit spacings, which is subject to emergency egress analysis, is 
stated not to exceed 300 m. 

• the egress pathway leading to an emergency exit is stated to have a minimum clear width of 
1.12 m.  

• the doors in the path of egress are to comply with NFPA 101. 
 
This study aims to understand the effects of each variable on the evacuation time along a road tunnel, 
where cross-passages are used as emergency exits. Walkways, leading to cross-passages are 
provided with varying widths, and the cross-passage doors are also modeled with varying clear 
widths. To accommodate various number of motorists in the tunnel, generic road tunnel models 
having 2-lanes, 3-lanes and 4-lanes are used in the analysis. Finally, the portals at both ends of the 
road tunnel are also modeled to be used as an emergency exit depending on the traffic condition.  
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Two different traffic conditions are studied. The first scenario is the emergency condition outside the 
portal exit of the tunnel. The tunnels are modeled to be occupied by vehicles to reflect an almost 
stopped (highly congested) condition, and motorists are allowed to use all the emergency exits, i.e., 
the cross-passages and both portals regardless of the direction of traffic. The second scenario is the 
emergency condition at the exit portal of the tunnels. The tunnels are modeled to have as many 
vehicles as possible, as in the first scenario, but the exit portal of the tunnel is assumed to be blocked, 
hence is not usable as an exit. This scenario is provided to reflect a flowing traffic condition to analyze 
the case when one of the emergency exits is not usable.  
 
A total of 1080 simulations are performed with varying values of four variables, i.e., the distance 
between cross-passages, walkway widths, door clear-width, and the number of motorists, using 
Pathfinder. The evacuation times obtained for each scenario and variable are then used in machine-
learning model to analyze the effects of these variables on total evacuation time. Finally, regression 
analysis is provided using Excel Data Analysis and supervised machine-learning model. 

ASSUMPTIONS AND MODEL SETUP 

The length of the tunnels is assumed to be 1200 m, from portal to portal and the width of the lanes is 
assumed to be 3.7 m. The simulations are performed to obtain the total evacuation time, which are 
gathered to be analyzed with these variables. 

Variables 

Different generic 2-lane, 3-lane, and 4-lane road tunnels are modeled using Pathfinder, to simulate 
varying number of vehicles, hence various number of motorists. The number of lanes are not 
considered as a variable affecting the evacuation time, but rather is modeled to ensure that motorists 
have enough space to be initialized in the models.  
 
Cross-passages are modeled separately for each model such that: 
 

• For the first set of scenarios, tunnels are modeled with 3 cross-passages, separated by 300 m 
distance. 

• For the second set of scenarios, tunnels are modeled with 4 cross-passages, separated by 240 
m distance. 

• For the third set of scenarios, tunnels are modeled with 5 cross-passages, separated by 200 
m distance. 

• For the fourth set of scenarios, tunnels are modeled with 7 cross-passages, separated by 150 
m distance. 

• For the fifth, and final set of scenarios, tunnels are modeled with 9 cross-passages, separated 
by 120 m distance. 

 
Therefore, to account for various cross-passage distances, five different variables are modeled and 
analyzed. 
 
The width of the walkway is modeled to be varying as 1.2 m, 1.4 m, and 1.6 m. These three variables 
are analyzed in the studies. Moreover, the width of the tunnels and consequently the width of the 
portals vary with walkway widths, as follows: 
 

• The width of the 2-lane road tunnel, hence the width of the entrance and exit portals, are 
modeled to be 8.6 m, 8.8 m, and 9 m. 

• The width of the 3-lane tunnel, hence the width of the entrance and exit portals, are modeled 
to be 12.3 m, 12.5 m, and 12.7 m. 
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• The width of the 4-lane tunnel, hence the width of the entrance and exit portals, are modeled 
to be 16 m, 16.2 m, and 16.4 m. 

 
The width of the emergency exit doors, leading to the cross-passage is modeled to be 1 m, 1.1 m, and 
1.2 m. Hence these three variables are used to analyze the effect of exit door width on total evacuation 
time. Finally, the width of the cross-passage is modeled to be 2.2 m. 

Total Number of Motorists 

Four different vehicles are modeled throughout the tunnel: 
 

• Passenger vehicles with 4.5 m in length, 1.8 m in width. 
• SUVs with 5.5 m in length, 2 m in width. 
• HGVs with 15.5 m in length, 2.4 m in width. 
• Busses with 13 m in length, 2.6 m in width. 

 
The rightmost side lane is modeled to be occupied mainly by heavy vehicles and busses and their 
number is intentionally kept the same for each tunnel. Passenger vehicles and SUVs are also 
distributed on this lane to make it fully occupied and are distributed along the other lanes. The 
stopping distance between the vehicles longitudinally is modeled to be between 0.5 – 1 m to provide 
as many vehicles as possible, and to be considered as possible egress route between the lanes. 
Motorists are then initialized in the model to be placed at either side of the vehicles, either between 
the lanes, or towards the tunnel wall. For this, occupant sources are used in the models. 
 
The total number of motorists is directly proportional with the total number of vehicles. As this value 
is considered one of the variables in the analysis an approximate minimum and maximum values are 
determined such that, each passenger car and SUV are assumed to have 1.4 person, each HGV to have 
1 person, and each bus to have 40 persons [4]. The total number of each vehicle that is modeled along 
the tunnels is shown in Table 1.  
 
Table 1: Total number of motorists 

   
 
By applying approximately 10% margin to the calculated minimum and maximum numbers, total 
number of motorists is assumed to vary between 1750 – 3250, hence numbers within this range are 
used to populate motorists for each scenario. Travel speed of motorists is assumed to not exceed 0.62 
m/s (37.7 m/s). 

Scenarios and Data Collection 

As explained in the previous sections, simulations are performed with varying distances between 
cross-passages, walkway widths, exit door widths, and number of motorists; hence in total four 
different variables are considered. Error! Reference source not found. summarizes the number of 
variables considered in the simulations, for one set of simulations a total of 135 scenarios are 
performed. In total, eight sets of simulations, i.e., 1080 number of simulations are studied, four for 
highly congested traffic, and four for flowing traffic conditions. 
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Table 2: Total Number of Variables 

 
 
Total number of motorists is randomized for each scenario to vary within the range as explained 
previously. Therefore, prior to the regression analysis, four independent variables are the distance 
between the cross-passages, walkway width, exit door width, and the number of motorists.  

Generated Models 

Sample generic 2-lane and 4-lane tunnels, for both traffic conditions modeled in Pathfinder, are 
shown in Figure 2. The occupant sources are modeled along the tunnel to be at either side of the 
vehicles, and the whole tunnel roadway surface is considered as part of the egress route. In the 
simulations, to obtain consistent results, no pre-movement time is considered.  
 
 
 

 
 
 

      
 
 

Figure 2: Sample Generic 2-Lane and 4-Lane Models 

RESULTS AND DISCUSSION 

Simulations are performed with four different variables and total evacuation times for each scenario 
are obtained and tabulated, as shown in Table 3. The results for each traffic condition are split into 
train and test dataset for machine learning algorithm to analyze the effect of each variable on the 
evacuation time. Finally, to estimate the relationship between the variables and the evacuation time, 
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regression analysis is applied using Excel Data Analysis, and supervised machine learning algorithms 
for each traffic condition, separately. 
 
Table 3: Results of the Simulations 

         

Highly Congested (Almost Stopped) Traffic Model 

The tabulated results are introduced to a Machine Learning algorithm to analyze the effect of the 
independent variables on the evacuation time using gradient tree boosting model. The importance 
percentages of the variables are shown in Figure 3. 
 

 
Figure 3: Importance Percentage of Variables for Stopped Traffic Condition 
 
Based on the results obtained for highly congested traffic condition, the most effective variable is 
observed to be the distance between cross-passages, which has approximately 64.9 % effect on total 
evacuation time. The effect of the number of motorists on total evacuation time is observed to be 
approximately 26.2 %. Therefore, it can be stated based on the analyses that, the distance between 
cross-passages has 2.48 times more effect on the evacuation time than the number of motorists. 
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The effect of door width is observed to be 8.5 % and is about 13% of the effect of the distance between 
cross-passages when compared. Finally, the effect of walkway widths is observed to be 
approximately 0.3%, which can be considered as negligible.  
 
Tabulated data is then studied in linear regression data analysis, using ordinary least squares. The 
results of the analyses are shown in Table 4 and the equation generated using the intercept and 
coefficients is also shown as follows: 
 
Table 4: Summary of Linear Regression Analysis for Highly Congested Traffic Condition 

 
 
𝐸𝑇ℎ𝑐𝑡  = 365.36 + (2.94 ∙ 𝑑𝑖𝑠𝑡_𝐶𝑃) + (14.15 ∙ 𝑤𝑤) + (−860.19 ∙ 𝑑𝑤) + (0.25 ∙ 𝑛𝑜_𝑝𝑝𝑙)         (1) 

Flowing Traffic Model 

The effect of the variables on the evacuation time is shown in the figure. 
 

 
Figure 4: Importance Percentage of Variables for Flowing Traffic Condition 
 
Based on the results obtained for flowing traffic condition, the most effective variable is observed to 
be the distance between cross-passages, which has approximately 68.6 % effect on total evacuation 
time. The effect of the number of motorists on total evacuation time is observed to be approximately 
24.8 %. Therefore, it can be stated based on the analyses that, the distance between cross-passages 
has 2.77 times more effect on the evacuation time than the number of motorists. 
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The effect of door width is observed to be 6.1 % and is about 9% of the effect of the distance between 
cross-passages when compared. Finally, the effect of walkway widths is observed to be 
approximately 0.5%, which can be considered as negligible. 
 
Tabulated data is then studied in linear regression data analysis, using ordinary least squares. The 
results of the analyses are shown in Table 5 and the equation generated using the intercept and 
coefficients is also shown as follows: 
 
Table 5: Summary of Linear Regression Analysis for Flowing Traffic Condition 

 
 
𝐸𝑇𝑓𝑡  = 386.2 + (4.75 ∙ 𝑑𝑖𝑠𝑡_𝐶𝑃) + (37.08 ∙ 𝑤𝑤) + (−1266.01 ∙ 𝑑𝑤) + (0.38 ∙ 𝑛𝑜_𝑝𝑝𝑙)         (2) 

Discussion  

The results show that for road tunnels, the most effective variable on evacuation time is, by far the 
distance provided between the exits and the least effective variable is the walkway width, which can 
be considered almost negligible. Comparison of the results yield that the distance between cross-
passages affects the evacuation time, 2.48 and 2.77 times more than that of the number of motorists 
for highly congested and flowing traffic conditions, respectively. Although the number of motorists 
modeled in the simulations can be assumed to be within a considerable range, this result shows 
exactly the opposite of what we found in our previous study. However, using the Equations 1 and 2, 
and keeping the walkway width and the number of motorists constant, it is possible to obtain the 
same evacuation time by increasing the door width for extended exit distances. 
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