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Abstract

The main purpose of this study was to investigate the impact of merging conditions during
evacuation process in rail tunnels. The experiment was carried out in a mock-up of a rail car with
a single exit towards a lateral corridor. Fight exit configurations were tested involving 77
participants with a reasonable proportion of ageing subjects (age mean 48; standard deviation 15;
range 18-74). New measurements and data processing methods were proposed and used.
Observations from video recordings complemented the quantitative analysis revealing
behavioural patterns of participants. As confirmed by results, the occurrence of merging had a
negative effect during evacuation. The rail car exit flow and the walkway flow decreased when
merge. The relationship between both flows varied considerably during the merging period.
However, we found that the higher the height differential of the rail car exit the more dominance
of the walkway flow. The bias in the evacuation was slightly in favour of the walkway when there
was not height differential of the rail car exit. Contrary to expectations, we found a moderate
dominance of walkway flow with a height differential of the rail car exit of 0.8 m. However, there
was a clear dominance of the walkway flow over the rail car exit flow when the rail car exit was
1.2 m in height. We also found no gender playing a role in deference behaviour (male helping
female).
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1. Introduction

Safety of rail passengers is such a relevant research issue for emergency response planners, safety
managers, transport engineers, rail operators and policy makers. One of the main concerns of rail
safety is that high capacity trains operate in tunnels and underground spaces. As long as “hot”
incidents occur inside the tunnel (fire, explosion followed by fire, emission of toxic smoke or
gasses), the priority is to reach an external place for the evacuation (i.e. the closest station).
However, this is not always possible and passengers may be required to leave the train and then
evacuate the tunnel (e.g. by a cross passage or the tunnel portal) away from the threat as fast as
possible. This is bound to be problematic since train exit flows and walkway flow are likely to be
constrained due to merging conditions, increasing the required time for evacuees to reach a safe
place (Fridolf et al. 2014a). In such conditions, an appropriate design and an effective evacuation
strategy can save lives (Alvear et al. 2013). As far as rail tunnel design concerned, national
guidelines, regulations and standards provide parameters to get a safety evacuation. Although on
the whole, there is a lack of homogeneity in evacuation design requirements. In addition, many
accident reports have described a lack of training and preparedness in emergency procedures
(Train door Emergency Egress, 2004). To address this, rail companies, authorities and
stakeholders usually perform full-scale drills. These tests have various problems, such as their
lack of realism and their economic cost. Furthermore, it is well known that single trials produce
limited information of the variety of potential outcomes seen in evacuation processes.

On the other hand, computer modelling analysis has advantages such as the reduction of the actual
trials and the increase of the number of scenarios in the analysis. Simulation models can provide
consistent and accurate results when reliable inputs are used (Capote et al., 2012a; 2012b). While
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the potential of such approach is clear (Cuesta et al., 2014; 2016; Wang and Lo, 2014;
Weyenberge and Deckers, 2014), computer modelling analyses are not always supported by
empirical data, since there is a slight availability of sufficiently detailed, comprehensive and
relevant data for supporting design requirements and/or computer modelling analyses. There are
a limited number of data-sets in the literature describing the performances of evacuees in rail
tunnels including train exit flow rates (Fridolf et al., 2014a; 2016; Marlos and Pollar, 2013: Kim
et al., 2012; Oswald et al., 2008; 2011; Norén and Winér, 2003), walking speeds in smoky
conditions (Seike, et al., 2016; Fridolf et al., 2014b; Frantzich and Nilsson, 2004), walking speeds
on a tunnel walkway (Lundstrom et al., 2014) and exit strategies to overcome the height of train
exits (Oswald et al., 2008). Moreover, even though many authors have reported distinct issues
regarding safety in rail tunnels, there has been little research on evacuation. The purpose of the
present study is therefore to analyze the potential impact of merging conditions during evacuation
in rail tunnels by collecting empirical data that are analysed using mathematically based methods,
in particular statistics. The paper is organized as follows. Section 2 briefly discusses the relevant
empirical studies on pedestrian dynamics on merging configurations. While Section 3 describes
the controlled laboratory experiments for different train exit configurations and the measurement
methods used, Section 4 presents results mainly focused on the reciprocal influence of the
merging flows and the behaviour of participants. Finally, Section 5 discusses related work and
concludes the paper with some indications for future work.

2. Empirical studies on pedestrian merging configurations

Nowadays, there are a limited number of empirical studies which have specifically investigated
pedestrian merging flows. These studies can be divided into 1) staircase merging studies and 2)
horizontal merging studies.

On the one hand, the former studies are focused on the way in which people from the stair and
the floor merge in the stair landings during evacuation. Data are often collected with different
methods, background conditions (controlled experiments and evacuation drills), stair
configurations and considering different behavioural factors. This leads to disagreements on the
findings (Sano et al, 2017). For instance, in (Pauls, 2004) it was claimed that people already in
the stair allowed people entering the stair from lower floors to proceed first in congested situations
whereas other studies claimed an approximate merging ratio of 50:50 (Hukugo et al., 1985; Boyce
etal., 2012; Sano et al., 2015). Some other research works paid attention to the stair configuration
(i.e the position of the door in the landing) and its impact on the evacuation time of a floor (Boyce
et al., 2012; Melly et al., 2009; Takeichi et al., 2005). The use of simulation tools could provide
insights into this aspect (Galea, et al. 2008; Hamacher, et al. 2011).

On the other hand, horizontal merging studies have been traditionally conducted on a single right-
angle merging setup (also referred as T-junction). Although several measurement methods have
been applied to the study of merging in corridors (Zhang et al., 2011; Craesmeyer et al., 2014)
the Voronoi method was found to be the most used (Boltes et al., 2011; Zhang et al., 2011; Zhang
et al., 2013) as it is able to resolve the fine structure of the fundamental diagram (Zhang et al.,
2011). One finding was that fundamental diagrams of a T-junction flow were different before and
after merging because merging process led to a flow restriction (Boltes et al., 2011). Furthermore,
the study of (Zhang et al., 2011) showed that fundamental diagrams from different facilities (T-
junction vs straight corridor) were not comparable. When the outflow and the inflow were not
equal, a transition between low and high densities appeared in the pedestrian flow. Recent
empirical researches explored additional configurations to assess the impact of different merging
angles. These studies demonstrated that the merging angle and flow direction had impact on the
overall outflow. For instance, one of the main findings was that the higher the merging angle the
lower the pedestrian flow (Shiwatoki et al., 2015; Shi et al., 2016). Other finding was that the
visual access was likely to produce better throughput than a blocked view of pedestrians while
merging (Aghabayk et al., 2014).



To sum up, while considerable research has been devoted to merging flows, no research has
looked into merging during evacuation in rail tunnels. There is a need to determine the cause and
effect relationship between the population inside the tunnel and the flow rate capacity of a train
exit, as this is expected to have a significant influence on the total evacuation time (Fridolf et al.
2014a). Therefore, the primary objective of our paper is to provide how merging behaviour affects
in a right-angle configuration that represents the train exit (with “height differential”) and the
lateral walkway inside a rail tunnel, providing data collection, processing methods and the data-
sets for further research so as to better understand the merging process and the impact of
interactions among passengers during evacuation.

3. Experiment set up

Field experiments in a real-world setting require significant economic cost and organization effort
(e.g. a train inside a rail tunnel). Since this study was focused on a primary performance factor,
we conducted laboratory experiments at the University of Cantabria (Spain) on the 13th of August
2014. The experiment was carried out in a mock-up of a rail car with a single exit towards a lateral
corridor. Different geometry configurations were used to study merging flows. In this section the
layout, participants, scenarios, experiment procedure and measurement methods are described.

3.1. Layout

Figure 1 shows the experiment setup. The mock-up of the rail car (made of wood) consisted of
two ramps leading access to a vestibule adjustable at different heights (0.20, 0.40, 0.60, 0.80, 1.00
and 1.20 m). The vestibule had an exit with a sliding door able to adjust to different widths (0.80
and 1.20 m). The walking corridor (12 m in length) was attached to the rail car model to meet the
right-angle configuration. The boundary material of the walking corridor was opaque canvas (3
m in height) solid enough to represent the walls (e.g. blocked vision conditions to participants).
Note that the width of the walking corridor could be modified as well. In other words, the
experiment setup was flexible enough to easy manipulate the geometry and explore different exit
configurations (see Fig. 2).
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Fig. 1. Experiment setup.
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Fig. 2. Independent variables manipulated for testing different exit configurations:1) W, = the width of
the train exit, 2) W), = the width of the lateral walkway and 3) h = the height differential of the train exit.

3.2. Participants

A deliberate effort was made to recruit a reasonable proportion of ageing subjects to test a sample
representative of future rail transport users. Demographic information derived from Eurostat
population projections! was used as a reference to recruit the participants. The population
demographics are shown in Figure 3. In total 77 participants took part in experiment, 37 women
(48 %) and 40 men (52 %). The age of participants varied from 18 to 74 years, with an average
of 48 years and a standard deviation 15 years. Due to ethical reasons, no children were used.
Participants were volunteers recruited by a company and covered with casualty insurance. They
received information and signed an informed consent form beforehand the experiments. As
reward, participants were given a raffle ticket for a laptop, a dinner and a spa for two persons.
Since the experiments were performed in summer, the participants did not wear jackets, jumpers,
coats, etc. However, by 21% of participants carried backpacks and by 62 % of female participants
had their handbags with them during the experiment.
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Fig. 3. Age and gender of participants.
3.3. Experiment procedure

Table 1 displays the basic information of the tests conducted. The height differential (%) and the
width of the train exits (W,) were based on high speed trains and regional trainsets which operate
in Spain. Similarly, the walkway widths (W),) were taken from (European Commission, 2014).
The flexibility of the mock-up allowed us to arrange different exit configurations. In total 16 tests
were conducted considering eight exit configurations (see Table 1).

! Eurostat population projections: http://ec.europa.eu/eurostat/statistics-
explained/index.php/People_in_the EU_%E2%80%93 _population_projections
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The alphabetical order of participant surnames was used as a random sampling method to form
the two experimental groups, namely Red group (39 participants) and Yellow group (38
participants). Each participant wore a coloured vest (red or yellow) with a number to be identified
during experiment. Two tests were carried out for each exit configuration switching the starting
location of the groups (see Table 1). One group was located on the mock-up of the rail car and
another group formed a queue to access the walkway (see Figure 3). When both groups were at
their respective positions, a whistle signal was used to initiate the movement of participants. The
test finished when all participants left the walkway. Then, participants were asked to go to another
starting position for the next test (i.e. those who started from the walkway were asked to go to the
rail car and vice versa). We took care to ensure that the position of the individuals within the
group was randomly located (e.g. participants who were at front/back in one test in the walkway
or in the rail car were randomly located to middle/front in next test). This was intended to
minimise the cumulative learning behaviour of participants by introducing the randomness in their
location. There were breaks every two tests to modify the rail car exit configurations (see Table
2). Therefore, participants had enough time to rest. Given this, learning and fatigue did not appear
to be significant factors in any of the tests conducted. During the breaks participants were asked
to take part in next tests. Some participants refused to take part in some tests as they felt unable
to overcome height differentials of the rail car exit (0.8 m and 1.2 m). This is discussed in section
4.4 of this paper.

Starting location of groups Independent variables (exit configuration)
Test Red Yellow
(#participants) | (#participants) Wi (m) W, (m) h (m)
1 Rail car Walkway 1.2 0.8 0
2 Walkway Rail car 1.2 0.8 0
3 Rail car Walkway 1.2 1.2 0
4 Walkway Rail car 1.2 1.2 0
5 Walkway Rail car 0.8 0.8 0
6 Rail car Walkway 0.8 0.8 0
7 Walkway Rail car 0.8 1.2 0
8 Rail car Walkway 0.8 1.2 0
9 Rail car Walkway 0.8 0.8 0.8
10 Walkway Rail car 0.8 0.8 0.8
11 Rail car Walkway 1.2 0.8 0.8
12 Walkway Rail car 1.2 0.8 0.8
13 Walkway Rail car 1.2 1.2 1.2
14 Rail car Walkway 1.2 1.2 1.2
15 Walkway Rail car 0.8 1.2 1.2
16 Rail car Walkway 0.8 1.2 1.2

Table 1. Tests conducted and values of the manipulated independent variables.

Break Description Time (min:s)
1 After Test 2 to change the width of the rail car exit 4:32
2 After Test 4 to change the widths of the rail car exit and the walkway 22:37
3 After Test 6 to change the width of the rail car exit 2:31
4 After Test 8 to change the width and height of the rail car exit and 32:30
ask participants if they were willing to take part in the next test

5 After Test 10 to change width of the walkway and ask participants 13:24
if they were willing to participate

6 After test 12 to change the width and height of the rail car exit and 36:30
ask participants if they were willing to take part in the next test

7 After Test 14 to change the walkway width ask participants if they 13:18
were willing to take part in the next test

Table 2. Breaks during the experiment.



3.4. Measurement methods

For the data collection 6 video-cameras were placed to obtain an overhead view of the rail car
exit and the walkway. But only recordings from one video-camera were used for the data
collection presented here. Video images were collected at a frequency of 29.97 frames/s. Video
recordings were analysed manually frame by frame using the Avidemux 2.5.2 software. Two
reference lines were previously defined to measure the merging flows (see Figure 1). The first
reference line was the rail car exit and the second reference line was marked on the floor of the
walkway 0.6 m before the rail car exit (see Figure 1). The merge area was a square/rectangle
based on these reference lines. As Figure 4 shows, the software allows selecting/excluding regions
to avoid “noise” in the manual measurements. The frame when all parts of individual's bodies
had crossed the reference lines was noted and then transcribed into a spreadsheet.
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Fig.4. Specific region used for data processing.

To date various methods have been developed and introduced to measure the flow rates of
evacuating persons. However, the use of a simple flow rate to represent exit performance tends
to average personal hesitations and limitations in exiting performance, producing a simple
representation of the actual passenger rail car exit flow (Galea et al. 2014). Although most of
building evacuation models do not use stochastic variables to implement the flows, current rail
car evacuation models consider exit time probability distributions rather than simple flow rates
(Capote et al. 2012b; Galea et al. 2014). That is why the measurements were made according to
the definition of a new random variable, namely the instantaneous specific flow (F_) defined as

the inverse of the time interval between two subjects that consecutively cross a point of reference
(At;; _,), divided by the effective width (w ef).

~ 1
Fo=—r (1)

s AL Wy
As the specific flow (F ), the instantaneous specific flow (1:" o) is the flow of evacuating persons

past a point per unit of time per unit of effective width (Gwynne and Rosenbaum, 2015). Equation
(1) shows how to measure the flow of evacuating persons without using the original expression F

=SD where S is the speed of movement and D the density (Nelson and Mowrer, 2002). In other
words, we uAsed a different measurement method to obtain the flows. However, it should be note
that F_and F_ have the same units (in per/s m) as shown in Figure 5.
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Fig. 5. Equality ofﬁ's and F _ units.

Note that the instantaneous specific flow can be easily defined by the proposed measurement
method (i.e. the time intervals (At;; _, ) are just the difference between the frame of a participant

and the frame of the next one who crosses the reference line). The advantage of using the
instantaneous specific flow is the possibility to produce probability distributions instead of using
constant/average values. The disadvantage is the very high values produced when time intervals
between two subjects are too small. This problem may be addressed by excluding the extreme
values (outliers) from data samples. The proposed methods for fences definition and elimination
of outliers can be found in (Maronna and Yohai, 1995; Hubert and Vandervieren, 2008; Brys et
al., 2004), because data samples of instantaneous flow often are skewed. In the present paper, we
used the calculus of the medcouple, which is a robust measure of skewness introducing a
correction to Tukey test (Turkey, 1977), based on the first and third quartiles and the IQR
(interquartile range).

The data processing was focused on the occurrence of flows under different conditions. Therefore,
we made a classification of the observed flows as follows:

FPS

Form = )
XTR), (F r(X,T,h)l, -F T(X,T,h)i_ 1) Wy
Where:
F X, - instantaneous specific flow of the i-th participant;
X=H, V - subscript to define the walkway flow (H- horizontal) or the rail car flow (V-
vertical)
T=C, U - subscript to define the flow under merging (C- constrained) or no merging
conditions (U- unconstrained);
h - subscript to define the height differential of the rail car exit (in this study 0, 0.8
or 1.2 m);
Fry - frame when the body of the i-th participant crosses the reference line;
F Tx, , - frame when the body of the previous participant crosses the reference line;
Wy - total width (in m). It can be W) (rail car exit width) or Wy (walkway width);
FPS - video frame rate (in this study 29.97 frames/s).

Table 3 shows the different categories of flows considered.

Flow Class Type h (m)*

F nuo | Horizontal (from the walkway) Unconstrained (no merging) 0

F nco | Horizontal (from the walkway) Constrained (merging) 0
F ncos | Horizontal (from the walkway) Constrained (merging) 0.8
F nc12 | Horizontal (from the walkway) Constrained (merging) 1.2

F vwo | Vertical (from the rail car exit) Unconstrained (no merging)

F vco | Vertical (from the rail car exit) Constrained (merging)
F vuos | Vertical (from the rail car exit) Unconstrained (no merging) 0.8
F v.cos | Vertical (from the rail car exit) Constrained (merging) 0.8
F vu12 | Vertical (from the rail car exit) Unconstrained (no merging) 1.2
Fy, 012 | Vertical (from the rail car exit) Constrained (merging) 1.2
*Height differential of rail car exit

Table 3. Flow categories for the analysis.

According to this classification, the data for the repeated tests were combined, producing a set of
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Where:
N, — The set of flow samples in different conditions;

Nyrp — sample of flows X-th (H- horizontal or V- vertical), 7-th (C - Constrained or U -
unconstrained) and / (heights differences of the rail car exit of 0, 0.8 or 1.2 m).

4. Results
4.1. Flow distributions and hypothesis testing

Table 4 shows the statistical parameters of the instantaneous specific flow distributions. The data
are presented independently, given the different possible uses of this data. Mean values in table 4
could be assumed as the specific flows. The observed flows varied depending on the occurrence
of merging and the height differential of the rail car exit. This leads to formulate the following
hypotheses:

Hypothesis 1: People in the tunnel walkway affected the train exit flow.
Hypothesis 2: People exiting the rail car affected the tunnel walkway flow.
Hypothesis 3: Height differential affected the rail car exit flow.

These hypotheses were tested using the Mann—Whitney—Wilcoxon (MWW) (Mann and Whitney,
1947; Fay et al, 2010), the Two-sample Kolmogorov—Smirnov (K-S) test (Stephens, 1974) and
the Welch's ¢-test (Welch) (Ruxton, 2006).

% half
Flow # [pl:ij:?n] [pi.r?s.:n] - c?)fli/":dence Skewness | Kurtosis
interval [per/s m]
Fruo 87 1.51 0.10 0.46 0.238 20.444
Fyco 228 1.44 0.15 1.15 2.398 6.303
Fycos 126 1.09 0.11 0.62 2.117 6.082
Fyciz 104 0.95 0.10 0.52 1.084 1.304
Fuuo 55 2.59 0.50 1.84 2.185 4.066
Fyco 217 1.71 0.21 1.59 2.366 5.895
Fyuos 30 1.17 0.11 0.29 0.206 -0.732
Fycos 100 0.78 0.05 0.26 1.154 2.352
Fyuiz 13 0.90 0.19 0.32 1.248 0.501
Fyci2 87 0.51 0.04 0.21 1.145 1.371
AStandard Deviation

Table 4. Main parameters of instantaneous specific flow distributions.

Tables 5-7 show the results of the statistical hypotheses (level of significance 0=0.05). As
expected, the presence of people in the walkway affected the rail car exit flow (H, rejected using
MWW, K-S and Welch statistical tests). In addition, rail car exit flow affected the walkway flow
(Hy rejected using MWW, K-S and Welch tests). Furthermore, results in Table 7 show that the
height differential of the rail car exit affected the exiting process (H, rejected using MWW, K-S
and Welch tests).

MWW K-S Welch
Statistics | Hp Statistics | Hy Statistics | Hp

Pair of samples




comparison comparison comparison
Ny uo Ny co 5.91>1.96 Rejected 0.57>0.21 Rejected 3.23>1.99 Rejected
nyuos | Mcos 5.21>1.96 Rejected 0.53>0.28 Rejected 6.31>2.02 Rejected
N1z | etz 4.51>1.96 Rejected 0.67>0.40 Rejected 4.13>2.16 Rejected

Table 5. Statistical tests results when comparing constrained and unconstrained flows from the rail car
exit. Hypothesis 1.

MWW K-S Welch
Pair of samples Statistics Statistics Statistics
comparison Ho comparison Ho comparison Ho
Ny uo Ny co 4.15>1.96 Rejected 0.32>0.17 Rejected 6.25>1.96 Rejected
Mpuo | "Hco8 6.87>1.96 Rejected 0.47>0.19 Rejected 8.59>1.96 Rejected
Npuo | Muciz 7.42>1.96 Rejected 0.50>0.20 Rejected 7.65>1.96 Rejected
Table 6. Statistical tests results when comparing constrained and unconstrained walkway flows.
Hypothesis 2.
MWW K-S Welch
Pair of samples Statistics Statistics Statistics
comparison Ho comparison Ho comparison Ho
Ny co Ny cos 7.32>1.96 Rejected 0.40>0.16 Rejected 8.29>1.96 Rejected
Nyco | etz 11.71>21.96 | Rejected 0.69>0.17 Rejected | 10.82>1.96 | Rejected
Nycos | ez 7.40>1.96 Rejected 0.50>0.20 Rejected 7.81>1.96 Rejected
Nyuo | ™08 5.98>1.96 Rejected 0.65>0.31 Rejected 5.54>2.00 Rejected
Nyuo | Moz 5.01>1.96 Rejected 0.79>0.42 Rejected 6.32>2.00 Rejected
Nyuos | "otz 2.63>1.96 Rejected 0.49>0.45 Rejected 2.47>2.08 Rejected
Table 7. Statistical tests results when comparing flows of different height differentials of the rail car exit.
Hypothesis 3.

4.2. Unconstrained vs constrained flows

From the statistical tests of section 4.1, it is possible to say that walkway flow and rail car exit
flow decreased due to the occurrence of merging. To measure this, we introduced the coefficient
of constraint defined as the proportion of reduction of the mean of unconstrained flow (no
merging) when compared with the mean of constrained flow (merging):

M (ﬁ (X,C,h))

CXxh) - M (ﬁ (X,U,h))

k “)

Where:
k coxh) coefficient of constraint for flows X (H - horizontal or V - vertical) and with h (the height

differential of the rail car exit in m);
M(Z) — mean (expected) value of Z variable.

Subscripts were previously defined in equation (2).

The confidence interval for kC( X,y Can be calculated by:

P rkC(X'h)(kC(X,h)|mm <kcom < kC(X,h)|max) =Py ®)

Where:
Pk — confidence interval for kC(X'h).



M (f: (X,C,h)) -AM (ﬁ (X,C,h))
kc(X h)l = = (6)
M lnin ~ M(F (X,U,h)) +AM(F (X,U,h))
M (ﬁ (X,C,h)) +AM (f: (X,C,h)) B f M (ﬁ (X,C,h)) +AM (ﬁ (X,C,h))
= = l ~ = =
k | — M (F (X,U,h)) -AM (F (X,U,h)) M (FA (X,U,h)) -AM (F EX,U,h)) (7)
C(X,h) max 1 s f M (F (X,C.h)) +AM (F (X,C,h))
l = =
M (F (X,U,h)) -AM (F (X,U,h))
AM(Z) - half of confidence interval of the mean of Z; being the variable Z F x.CyOT F KU
P =P r(kC(X,h) > kC(X,h)|mm) X P r(kC(X,h) < kc(x,h)|max) ®)

) ) A P r(kC(X,h) > kc(x,f:)lmin) =P r(kcA(x,h) < kc(x,h)|,,£ax) =Pr
(M (F (X,C,h)) > (M (F (X,C,h)) -AM (F (X,C,h)))) X Pr (M (F (X,C,h)) < (M (F (X,C,h)) +AM (F (X,C,h))))
©)

As known:

Pr (M (ﬁ (X,C,h)) > (M (i: (X,C,h)) -AM (ﬁ (X,C,h)))) =
Pr(M(F iy ) < M(Foy ) + 8M(F e ) =1- %/, (10)

« - significance level of calculated mean confidence interval.
Then, from (8) — (10), if a = 0.05, P, = 0.9037

Table 8 shows the coefficients of constraint produced. It is apparent that the rail car exit flow was
more affected than the walkway flow when merged. What is interesting about the data in Table 8
is the impact produced by the height differential (h). While this had a slightly influence on the
rail car exit flow, the coefficients of constrain of the walkway flow decreased by 23 % when
comparing h=0 with h=0.8 and by 32% when comparing h=0 with h=1.2. This could be due to
deference behaviours of walkway participants.

k

Flow ha)* | Keoony | Keoml i | Keom|pay

0 0.66 0.48 0.92
Rail car exit 0.8 0.67 0.57 0.79
1.2 0.57 0.43 0.78
0 0.95 0.80 1.00
Walkway 0.8 0.72 0.61 0.85
1.2 0.63 0.53 0.74

*Height differential of rail car exit

Table 8. Coefficients of constraint and confidence bounds.
4.3. Interdependence of flows when merge

This section explores the interdependence of flows when merged. We assumed that the mean of
the rail car exit flow and the mean of the walkway flow were mutually dependent. The data
analysis consisted of transforming the independent flow samples into paired samples. Hence, we
explored a novel way of data clustering: 1) Clustering Type I where clusters are defined as groups
of participants who interact each other during the merging process and Clustering Type II where
clusters are defined as time intervals during the merging process.



Due to clustering is not an automatic task but an iterative process, we selected different groups of
participants for Clustering Type I (6, 8 and 10 participants) and time intervals for Clustering Type
IT (5, 7.5 and 10 s). This was based on a detailed analysis of video recordings (frame by frame).
Then, paired samples were plotted and analysed to estimate the relationship between the variables
(walkway flow and rail car exit flow). The ordinary less-square linear regression through the
origin was employed (Eisenhauer, 2003). When the walkway flow is zero the rail car exit flow
should be zero as well, due to the absence of merging.

Figures 6-11 show the interdependence of flows when merged. The straight line in figures, with
a slope equal to 1, was used as a reference of no reciprocal influence (i.e. both flows have the
same value). This reference line also represents a merging ratio of 50:50. The relationship
between the flows varied considerably during the merge period. Data points above the reference
line were rail car exit bias while data points below the reference line were walkway bias. As
expected, data clustering affected the results. Despite this, the slopes of the regression lines
(dashed lines) were below the reference line (straight line) in all cases. The lower the slope of the
regression line the higher the priority of the walkway flow.

Tables 9 and 10 display the slopes of the regression lines, the correlation coefficients and the
merging ratios produced. The regression lines fit data well with values of the correlation
coefficients between 0.67 and 0.99. Thus, it is argued that the slopes of the lines are valid to
describe the relationship between flows. The bias in the evacuation was slightly in favour of the
walkway when there was not height differential. In this case, for h=0, the slopes of the regression
lines ranged from 0.87 to 0.97 in Clustering Type I and from 0.83 to 0.96 in Clustering Type II.
Contrary to expectations, we found a moderate dominance of walkway flow with a height
differential in the rail car exit of h=0.8. The higher variation was found in this case with slopes of
the regression lines ranged from 0.79 to 0.92 in Clustering Type I while Clustering Type II
produced slopes from 0.81 to 0.84. Less variation in the slopes of the regression lines was
observed for h=1.2 with lower values ranged from 0.53 to 0.65 and from 0.53 to 0.63 in Clustering
Type I and II respectively. Based on this, it is possible to say that, in this case, walkway
participants took a clear priority over the train participants.
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The merging ratios in Tables 9 and 10 also provide an overview of the merging patterns through
the quantitative measurement of the preference between the walkway flow over the rail car exit
flow. The average merging ratios (walkway/rail car exit) derived from this analysis were 53:47
for h=0, 58:42 for h=0.8 and 71:29 for h=1.2.



Clusterin Correlation Merging ratio
Typel ® # h (m)* Slope coefficient (R) walkwa?:ragil car exit
70 0 0.87 0.99 57:43
6 per 35 0.8 0.79 0.74 61:39
28 1.2 0.53 0.74 74:26
49 0 0.94 0.89 53:47
8 per 23 0.8 0.92 0.92 54:46
20 1.2 0.56 0.67 72:28
33 0 0.97 0.81 52:48
10 per 15 0.8 0.80 0.86 60:40
12 1.2 0.65 0.87 68:32
*Height differential of rail car exit

Table 9. Slopes, correlation coefficients and associates merging flows for Clustering Type I.

Clusterin Correlation Merging ratio
Type 11 ’ # h (m)* Slope coefficient (R) walkwa)gf:ragil car exit

47 0 0.93 0.91 54:46

5s 34 0.8 0.81 0.77 60:40

28 1.2 0.53 0.71 74:26

32 0 0.96 0.89 52:48

7.5s 22 0.8 0.83 0.68 59:41

18 1.2 0.63 0.74 69:31

25 0 0.96 0.86 52:48

10s 19 0.8 0.84 0.80 58:42

17 1.2 0.61 0.68 70:30

*Height differential of rail car exit

Table 10. Slopes, correlation coefficients and associates merging flows for Clustering Type II.
4.4. Behaviour of participants

A proportion of elder people was used in the experiment. Therefore, the major concern was the
height differential of the rail car exit. Participants were asked to participate before every change
in the exit configuration due to ethical issues. Table 11 shows the number of participants that quit
the experiment. What is interesting in the data is that participants gradually refused to take part
in the tests. Some felt unable to overcome height differential in advance while others gave up
before repeating. They were asked and they explained that they did their best (i.e. as if they were
in a real situation).

Test h, (m) Group Participants who refused
# %
Test 9 0.8 3 7.69
Test 11 0.8 4 10.26
R
Test 14 12 ed 9 23.08
Test 16 1.2 11 28.21
Test 10 0.8 1 2.63
Test 12 0.8 Yellow 3 7.89
Test 13 1.2 10 26.32
Test 15 1.2 12 31.58

Table 11. Number of participants who quit the experiment.
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Abstract

The main purpose of this study was to investigate the impact of merging conditions during
evacuation process in rail tunnels. The experiment was carried out in a mock-up of a rail car with
a single exit towards a lateral corridor. Fight exit configurations were tested involving 77
participants with a reasonable proportion of ageing subjects (age mean 48; standard deviation 15;
range 18-74). New measurements and data processing methods were proposed and used.
Observations from video recordings complemented the quantitative analysis revealing
behavioural patterns of participants. As confirmed by results, the occurrence of merging had a
negative effect during evacuation. The rail car exit flow and the walkway flow decreased when
merge. The relationship between both flows varied considerably during the merging period.
However, we found that the higher the height differential of the rail car exit the more dominance
of the walkway flow. The bias in the evacuation was slightly in favour of the walkway when there
was not height differential of the rail car exit. Contrary to expectations, we found a moderate
dominance of walkway flow with a height differential of the rail car exit of 0.8 m. However, there
was a clear dominance of the walkway flow over the rail car exit flow when the rail car exit was
1.2 m in height. We also found no gender playing a role in deference behaviour (male helping
female).

Keywords: Rail tunnel evacuation, merging flows, experimental data-set, deference behaviour

1. Introduction

Safety of rail passengers is such a relevant research issue for emergency response planners, safety
managers, transport engineers, rail operators and policy makers. One of the main concerns of rail
safety is that high capacity trains operate in tunnels and underground spaces. As long as “hot”
incidents occur inside the tunnel (fire, explosion followed by fire, emission of toxic smoke or
gasses), the priority is to reach an external place for the evacuation (i.e. the closest station).
However, this is not always possible and passengers may be required to leave the train and then
evacuate the tunnel (e.g. by a cross passage or the tunnel portal) away from the threat as fast as
possible. This is bound to be problematic since train exit flows and walkway flow are likely to be
constrained due to merging conditions, increasing the required time for evacuees to reach a safe
place (Fridolf et al. 2014a). In such conditions, an appropriate design and an effective evacuation
strategy can save lives (Alvear et al. 2013). As far as rail tunnel design concerned, national
guidelines, regulations and standards provide parameters to get a safety evacuation. Although on
the whole, there is a lack of homogeneity in evacuation design requirements. In addition, many
accident reports have described a lack of training and preparedness in emergency procedures
(Train door Emergency Egress, 2004). To address this, rail companies, authorities and
stakeholders usually perform full-scale drills. These tests have various problems, such as their
lack of realism and their economic cost. Furthermore, it is well known that single trials produce
limited information of the variety of potential outcomes seen in evacuation processes.

On the other hand, computer modelling analysis has advantages such as the reduction of the actual
trials and the increase of the number of scenarios in the analysis. Simulation models can provide
consistent and accurate results when reliable inputs are used (Capote et al., 2012a; 2012b). While
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the potential of such approach is clear (Cuesta et al., 2014; 2016; Wang and Lo, 2014;
Weyenberge and Deckers, 2014), computer modelling analyses are not always supported by
empirical data, since there is a slight availability of sufficiently detailed, comprehensive and
relevant data for supporting design requirements and/or computer modelling analyses. There are
a limited number of data-sets in the literature describing the performances of evacuees in rail
tunnels including train exit flow rates (Fridolf et al., 2014a; 2016; Marlos and Pollar, 2013: Kim
et al., 2012; Oswald et al., 2008; 2011; Norén and Winér, 2003), walking speeds in smoky
conditions (Seike, et al., 2016; Fridolf et al., 2014b; Frantzich and Nilsson, 2004), walking speeds
on a tunnel walkway (Lundstrom et al., 2014) and exit strategies to overcome the height of train
exits (Oswald et al., 2008). Moreover, even though many authors have reported distinct issues
regarding safety in rail tunnels, there has been little research on evacuation. The purpose of the
present study is therefore to analyze the potential impact of merging conditions during evacuation
in rail tunnels by collecting empirical data that are analysed using mathematically based methods,
in particular statistics. The paper is organized as follows. Section 2 briefly discusses the relevant
empirical studies on pedestrian dynamics on merging configurations. While Section 3 describes
the controlled laboratory experiments for different train exit configurations and the measurement
methods used, Section 4 presents results mainly focused on the reciprocal influence of the
merging flows and the behaviour of participants. Finally, Section 5 discusses related work and
concludes the paper with some indications for future work.

2. Empirical studies on pedestrian merging configurations

Nowadays, there are a limited number of empirical studies which have specifically investigated
pedestrian merging flows. These studies can be divided into 1) staircase merging studies and 2)
horizontal merging studies.

On the one hand, the former studies are focused on the way in which people from the stair and
the floor merge in the stair landings during evacuation. Data are often collected with different
methods, background conditions (controlled experiments and evacuation drills), stair
configurations and considering different behavioural factors. This leads to disagreements on the
findings (Sano et al, 2017). For instance, in (Pauls, 2004) it was claimed that people already in
the stair allowed people entering the stair from lower floors to proceed first in congested situations
whereas other studies claimed an approximate merging ratio of 50:50 (Hukugo et al., 1985; Boyce
etal., 2012; Sano et al., 2015). Some other research works paid attention to the stair configuration
(i.e the position of the door in the landing) and its impact on the evacuation time of a floor (Boyce
et al., 2012; Melly et al., 2009; Takeichi et al., 2005). The use of simulation tools could provide
insights into this aspect (Galea, et al. 2008; Hamacher, et al. 2011).

On the other hand, horizontal merging studies have been traditionally conducted on a single right-
angle merging setup (also referred as T-junction). Although several measurement methods have
been applied to the study of merging in corridors (Zhang et al., 2011; Craesmeyer et al., 2014)
the Voronoi method was found to be the most used (Boltes et al., 2011; Zhang et al., 2011; Zhang
et al., 2013) as it is able to resolve the fine structure of the fundamental diagram (Zhang et al.,
2011). One finding was that fundamental diagrams of a T-junction flow were different before and
after merging because merging process led to a flow restriction (Boltes et al., 2011). Furthermore,
the study of (Zhang et al., 2011) showed that fundamental diagrams from different facilities (T-
junction vs straight corridor) were not comparable. When the outflow and the inflow were not
equal, a transition between low and high densities appeared in the pedestrian flow. Recent
empirical researches explored additional configurations to assess the impact of different merging
angles. These studies demonstrated that the merging angle and flow direction had impact on the
overall outflow. For instance, one of the main findings was that the higher the merging angle the
lower the pedestrian flow (Shiwatoki et al., 2015; Shi et al., 2016). Other finding was that the
visual access was likely to produce better throughput than a blocked view of pedestrians while
merging (Aghabayk et al., 2014).



To sum up, while considerable research has been devoted to merging flows, no research has
looked into merging during evacuation in rail tunnels. There is a need to determine the cause and
effect relationship between the population inside the tunnel and the flow rate capacity of a train
exit, as this is expected to have a significant influence on the total evacuation time (Fridolf et al.
2014a). Therefore, the primary objective of our paper is to provide how merging behaviour affects
in a right-angle configuration that represents the train exit (with “height differential”) and the
lateral walkway inside a rail tunnel, providing data collection, processing methods and the data-
sets for further research so as to better understand the merging process and the impact of
interactions among passengers during evacuation.

3. Experiment set up

Field experiments in a real-world setting require significant economic cost and organization effort
(e.g. a train inside a rail tunnel). Since this study was focused on a primary performance factor,
we conducted laboratory experiments at the University of Cantabria (Spain) on the 13th of August
2014. The experiment was carried out in a mock-up of a rail car with a single exit towards a lateral
corridor. Different geometry configurations were used to study merging flows. In this section the
layout, participants, scenarios, experiment procedure and measurement methods are described.

3.1. Layout

Figure 1 shows the experiment setup. The mock-up of the rail car (made of wood) consisted of
two ramps leading access to a vestibule adjustable at different heights (0.20, 0.40, 0.60, 0.80, 1.00
and 1.20 m). The vestibule had an exit with a sliding door able to adjust to different widths (0.80
and 1.20 m). The walking corridor (12 m in length) was attached to the rail car model to meet the
right-angle configuration. The boundary material of the walking corridor was opaque canvas (3
m in height) solid enough to represent the walls (e.g. blocked vision conditions to participants).
Note that the width of the walking corridor could be modified as well. In other words, the
experiment setup was flexible enough to easy manipulate the geometry and explore different exit
configurations (see Fig. 2).
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Fig. 1. Experiment setup.
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Fig. 2. Independent variables manipulated for testing different exit configurations:1) W, = the width of
the train exit, 2) W), = the width of the lateral walkway and 3) h = the height differential of the train exit.

3.2. Participants

A deliberate effort was made to recruit a reasonable proportion of ageing subjects to test a sample
representative of future rail transport users. Demographic information derived from Eurostat
population projections! was used as a reference to recruit the participants. The population
demographics are shown in Figure 3. In total 77 participants took part in experiment, 37 women
(48 %) and 40 men (52 %). The age of participants varied from 18 to 74 years, with an average
of 48 years and a standard deviation 15 years. Due to ethical reasons, no children were used.
Participants were volunteers recruited by a company and covered with casualty insurance. They
received information and signed an informed consent form beforehand the experiments. As
reward, participants were given a raffle ticket for a laptop, a dinner and a spa for two persons.
Since the experiments were performed in summer, the participants did not wear jackets, jumpers,
coats, etc. However, by 21% of participants carried backpacks and by 62 % of female participants
had their handbags with them during the experiment.
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Fig. 3. Age and gender of participants.
3.3. Experiment procedure

Table 1 displays the basic information of the tests conducted. The height differential (%) and the
width of the train exits (W,) were based on high speed trains and regional trainsets which operate
in Spain. Similarly, the walkway widths (W),) were taken from (European Commission, 2014).
The flexibility of the mock-up allowed us to arrange different exit configurations. In total 16 tests
were conducted considering eight exit configurations (see Table 1).

! Eurostat population projections: http://ec.europa.eu/eurostat/statistics-
explained/index.php/People_in_the EU_%E2%80%93 _population_projections
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The alphabetical order of participant surnames was used as a random sampling method to form
the two experimental groups, namely Red group (39 participants) and Yellow group (38
participants). Each participant wore a coloured vest (red or yellow) with a number to be identified
during experiment. Two tests were carried out for each exit configuration switching the starting
location of the groups (see Table 1). One group was located on the mock-up of the rail car and
another group formed a queue to access the walkway (see Figure 3). When both groups were at
their respective positions, a whistle signal was used to initiate the movement of participants. The
test finished when all participants left the walkway. Then, participants were asked to go to another
starting position for the next test (i.e. those who started from the walkway were asked to go to the
rail car and vice versa). We took care to ensure that the position of the individuals within the
group was randomly located (e.g. participants who were at front/back in one test in the walkway
or in the rail car were randomly located to middle/front in next test). This was intended to
minimise the cumulative learning behaviour of participants by introducing the randomness in their
location. There were breaks every two tests to modify the rail car exit configurations (see Table
2). Therefore, participants had enough time to rest. Given this, learning and fatigue did not appear
to be significant factors in any of the tests conducted. During the breaks participants were asked
to take part in next tests. Some participants refused to take part in some tests as they felt unable
to overcome height differentials of the rail car exit (0.8 m and 1.2 m). This is discussed in section
4.4 of this paper.

Starting location of groups Independent variables (exit configuration)
Test Red Yellow
(#participants) | (#participants) Wi (m) W, (m) h (m)
1 Rail car Walkway 1.2 0.8 0
2 Walkway Rail car 1.2 0.8 0
3 Rail car Walkway 1.2 1.2 0
4 Walkway Rail car 1.2 1.2 0
5 Walkway Rail car 0.8 0.8 0
6 Rail car Walkway 0.8 0.8 0
7 Walkway Rail car 0.8 1.2 0
8 Rail car Walkway 0.8 1.2 0
9 Rail car Walkway 0.8 0.8 0.8
10 Walkway Rail car 0.8 0.8 0.8
11 Rail car Walkway 1.2 0.8 0.8
12 Walkway Rail car 1.2 0.8 0.8
13 Walkway Rail car 1.2 1.2 1.2
14 Rail car Walkway 1.2 1.2 1.2
15 Walkway Rail car 0.8 1.2 1.2
16 Rail car Walkway 0.8 1.2 1.2

Table 1. Tests conducted and values of the manipulated independent variables.

Break Description Time (min:s)
1 After Test 2 to change the width of the rail car exit 4:32
2 After Test 4 to change the widths of the rail car exit and the walkway 22:37
3 After Test 6 to change the width of the rail car exit 2:31
4 After Test 8 to change the width and height of the rail car exit and 32:30
ask participants if they were willing to take part in the next test

5 After Test 10 to change width of the walkway and ask participants 13:24
if they were willing to participate

6 After test 12 to change the width and height of the rail car exit and 36:30
ask participants if they were willing to take part in the next test

7 After Test 14 to change the walkway width ask participants if they 13:18
were willing to take part in the next test

Table 2. Breaks during the experiment.



3.4. Measurement methods

For the data collection 6 video-cameras were placed to obtain an overhead view of the rail car
exit and the walkway. But only recordings from one video-camera were used for the data
collection presented here. Video images were collected at a frequency of 29.97 frames/s. Video
recordings were analysed manually frame by frame using the Avidemux 2.5.2 software. Two
reference lines were previously defined to measure the merging flows (see Figure 1). The first
reference line was the rail car exit and the second reference line was marked on the floor of the
walkway 0.6 m before the rail car exit (see Figure 1). The merge area was a square/rectangle
based on these reference lines. As Figure 4 shows, the software allows selecting/excluding regions
to avoid “noise” in the manual measurements. The frame when all parts of individual's bodies
had crossed the reference lines was noted and then transcribed into a spreadsheet.
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Fig.4. Specific region used for data processing.

To date various methods have been developed and introduced to measure the flow rates of
evacuating persons. However, the use of a simple flow rate to represent exit performance tends
to average personal hesitations and limitations in exiting performance, producing a simple
representation of the actual passenger rail car exit flow (Galea et al. 2014). Although most of
building evacuation models do not use stochastic variables to implement the flows, current rail
car evacuation models consider exit time probability distributions rather than simple flow rates
(Capote et al. 2012b; Galea et al. 2014). That is why the measurements were made according to
the definition of a new random variable, namely the instantaneous specific flow (F_) defined as

the inverse of the time interval between two subjects that consecutively cross a point of reference
(At;; _,), divided by the effective width (w ef).

~ 1
Fo=—r (1)

s AL Wy
As the specific flow (F ), the instantaneous specific flow (1:" o) is the flow of evacuating persons

past a point per unit of time per unit of effective width (Gwynne and Rosenbaum, 2015). Equation
(1) shows how to measure the flow of evacuating persons without using the original expression F

=SD where S is the speed of movement and D the density (Nelson and Mowrer, 2002). In other
words, we uAsed a different measurement method to obtain the flows. However, it should be note
that F_and F_ have the same units (in per/s m) as shown in Figure 5.
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Fig. 5. Equality ofﬁ's and F _ units.

Note that the instantaneous specific flow can be easily defined by the proposed measurement
method (i.e. the time intervals (At;; _, ) are just the difference between the frame of a participant

and the frame of the next one who crosses the reference line). The advantage of using the
instantaneous specific flow is the possibility to produce probability distributions instead of using
constant/average values. The disadvantage is the very high values produced when time intervals
between two subjects are too small. This problem may be addressed by excluding the extreme
values (outliers) from data samples. The proposed methods for fences definition and elimination
of outliers can be found in (Maronna and Yohai, 1995; Hubert and Vandervieren, 2008; Brys et
al., 2004), because data samples of instantaneous flow often are skewed. In the present paper, we
used the calculus of the medcouple, which is a robust measure of skewness introducing a
correction to Tukey test (Turkey, 1977), based on the first and third quartiles and the IQR
(interquartile range).

The data processing was focused on the occurrence of flows under different conditions. Therefore,
we made a classification of the observed flows as follows:

FPS

Form = )
XTR), (F r(X,T,h)l, -F T(X,T,h)i_ 1) Wy
Where:
F X, - instantaneous specific flow of the i-th participant;
X=H, V - subscript to define the walkway flow (H- horizontal) or the rail car flow (V-
vertical)
T=C, U - subscript to define the flow under merging (C- constrained) or no merging
conditions (U- unconstrained);
h - subscript to define the height differential of the rail car exit (in this study 0, 0.8
or 1.2 m);
Fry - frame when the body of the i-th participant crosses the reference line;
F Tx, , - frame when the body of the previous participant crosses the reference line;
Wy - total width (in m). It can be W) (rail car exit width) or Wy (walkway width);
FPS - video frame rate (in this study 29.97 frames/s).

Table 3 shows the different categories of flows considered.

Flow Class Type h (m)*

F nuo | Horizontal (from the walkway) Unconstrained (no merging) 0

F nco | Horizontal (from the walkway) Constrained (merging) 0
F ncos | Horizontal (from the walkway) Constrained (merging) 0.8
F nc12 | Horizontal (from the walkway) Constrained (merging) 1.2

F vwo | Vertical (from the rail car exit) Unconstrained (no merging)

F vco | Vertical (from the rail car exit) Constrained (merging)
F vuos | Vertical (from the rail car exit) Unconstrained (no merging) 0.8
F v.cos | Vertical (from the rail car exit) Constrained (merging) 0.8
F vu12 | Vertical (from the rail car exit) Unconstrained (no merging) 1.2
Fy, 012 | Vertical (from the rail car exit) Constrained (merging) 1.2
*Height differential of rail car exit

Table 3. Flow categories for the analysis.

According to this classification, the data for the repeated tests were combined, producing a set of



10 flow samples for the analysis:
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Where:
N, — The set of flow samples in different conditions;

Nyrp — sample of flows X-th (H- horizontal or V- vertical), 7-th (C - Constrained or U -
unconstrained) and / (heights differences of the rail car exit of 0, 0.8 or 1.2 m).

4. Results
4.1. Flow distributions and hypothesis testing

Table 4 shows the statistical parameters of the instantaneous specific flow distributions. The data
are presented independently, given the different possible uses of this data. Mean values in table 4
could be assumed as the specific flows. The observed flows varied depending on the occurrence
of merging and the height differential of the rail car exit. This leads to formulate the following
hypotheses:

Hypothesis 1: People in the tunnel walkway affected the train exit flow.
Hypothesis 2: People exiting the rail car affected the tunnel walkway flow.
Hypothesis 3: Height differential affected the rail car exit flow.

These hypotheses were tested using the Mann—Whitney—Wilcoxon (MWW) (Mann and Whitney,
1947; Fay et al, 2010), the Two-sample Kolmogorov—Smirnov (K-S) test (Stephens, 1974) and
the Welch's ¢-test (Welch) (Ruxton, 2006).

% half
Flow # [pl:ij:?n] [pi.r?s.:n] - c?)fli/":dence Skewness | Kurtosis
interval [per/s m]
Fruo 87 1.51 0.10 0.46 0.238 20.444
Fyco 228 1.44 0.15 1.15 2.398 6.303
Fycos 126 1.09 0.11 0.62 2.117 6.082
Fyciz 104 0.95 0.10 0.52 1.084 1.304
Fuuo 55 2.59 0.50 1.84 2.185 4.066
Fyco 217 1.71 0.21 1.59 2.366 5.895
Fyuos 30 1.17 0.11 0.29 0.206 -0.732
Fycos 100 0.78 0.05 0.26 1.154 2.352
Fyuiz 13 0.90 0.19 0.32 1.248 0.501
Fyci2 87 0.51 0.04 0.21 1.145 1.371
AStandard Deviation

Table 4. Main parameters of instantaneous specific flow distributions.

Tables 5-7 show the results of the statistical hypotheses (level of significance 0=0.05). As
expected, the presence of people in the walkway affected the rail car exit flow (H, rejected using
MWW, K-S and Welch statistical tests). In addition, rail car exit flow affected the walkway flow
(Hy rejected using MWW, K-S and Welch tests). Furthermore, results in Table 7 show that the
height differential of the rail car exit affected the exiting process (H, rejected using MWW, K-S
and Welch tests).

MWW K-S Welch
Statistics | Hp Statistics | Hy Statistics | Hp

Pair of samples




comparison comparison comparison
Ny uo Ny co 5.91>1.96 Rejected 0.57>0.21 Rejected 3.23>1.99 Rejected
nyuos | Mcos 5.21>1.96 Rejected 0.53>0.28 Rejected 6.31>2.02 Rejected
N1z | etz 4.51>1.96 Rejected 0.67>0.40 Rejected 4.13>2.16 Rejected

Table 5. Statistical tests results when comparing constrained and unconstrained flows from the rail car
exit. Hypothesis 1.

MWW K-S Welch
Pair of samples Statistics Statistics Statistics
comparison Ho comparison Ho comparison Ho
Ny uo Ny co 4.15>1.96 Rejected 0.32>0.17 Rejected 6.25>1.96 Rejected
Mpuo | "Hco8 6.87>1.96 Rejected 0.47>0.19 Rejected 8.59>1.96 Rejected
Npuo | Muciz 7.42>1.96 Rejected 0.50>0.20 Rejected 7.65>1.96 Rejected
Table 6. Statistical tests results when comparing constrained and unconstrained walkway flows.
Hypothesis 2.
MWW K-S Welch
Pair of samples Statistics Statistics Statistics
comparison Ho comparison Ho comparison Ho
Ny co Ny cos 7.32>1.96 Rejected 0.40>0.16 Rejected 8.29>1.96 Rejected
Nyco | etz 11.71>21.96 | Rejected 0.69>0.17 Rejected | 10.82>1.96 | Rejected
Nycos | ez 7.40>1.96 Rejected 0.50>0.20 Rejected 7.81>1.96 Rejected
Nyuo | ™08 5.98>1.96 Rejected 0.65>0.31 Rejected 5.54>2.00 Rejected
Nyuo | Moz 5.01>1.96 Rejected 0.79>0.42 Rejected 6.32>2.00 Rejected
Nyuos | "otz 2.63>1.96 Rejected 0.49>0.45 Rejected 2.47>2.08 Rejected
Table 7. Statistical tests results when comparing flows of different height differentials of the rail car exit.
Hypothesis 3.

4.2. Unconstrained vs constrained flows

From the statistical tests of section 4.1, it is possible to say that walkway flow and rail car exit
flow decreased due to the occurrence of merging. To measure this, we introduced the coefficient
of constraint defined as the proportion of reduction of the mean of unconstrained flow (no
merging) when compared with the mean of constrained flow (merging):

M (ﬁ (X,C,h))

CXxh) - M (ﬁ (X,U,h))

k “)

Where:
k coxh) coefficient of constraint for flows X (H - horizontal or V - vertical) and with h (the height

differential of the rail car exit in m);
M(Z) — mean (expected) value of Z variable.

Subscripts were previously defined in equation (2).

The confidence interval for kC( X,y Can be calculated by:

P rkC(X'h)(kC(X,h)|mm <kcom < kC(X,h)|max) =Py ®)

Where:
Pk — confidence interval for kC(X'h).



M (f: (X,C,h)) -AM (ﬁ (X,C,h))
kc(X h)l = = (6)
M lnin ~ M(F (X,U,h)) +AM(F (X,U,h))
M (ﬁ (X,C,h)) +AM (f: (X,C,h)) B f M (ﬁ (X,C,h)) +AM (ﬁ (X,C,h))
= = l ~ = =
k | — M (F (X,U,h)) -AM (F (X,U,h)) M (FA (X,U,h)) -AM (F EX,U,h)) (7)
C(X,h) max 1 s f M (F (X,C.h)) +AM (F (X,C,h))
l = =
M (F (X,U,h)) -AM (F (X,U,h))
AM(Z) - half of confidence interval of the mean of Z; being the variable Z F x.CyOT F KU
P =P r(kC(X,h) > kC(X,h)|mm) X P r(kC(X,h) < kc(x,h)|max) ®)

) ) A P r(kC(X,h) > kc(x,f:)lmin) =P r(kcA(x,h) < kc(x,h)|,,£ax) =Pr
(M (F (X,C,h)) > (M (F (X,C,h)) -AM (F (X,C,h)))) X Pr (M (F (X,C,h)) < (M (F (X,C,h)) +AM (F (X,C,h))))
©)

As known:

Pr (M (ﬁ (X,C,h)) > (M (i: (X,C,h)) -AM (ﬁ (X,C,h)))) =
Pr(M(F iy ) < M(Foy ) + 8M(F e ) =1- %/, (10)

« - significance level of calculated mean confidence interval.
Then, from (8) — (10), if a = 0.05, P, = 0.9037

Table 8 shows the coefficients of constraint produced. It is apparent that the rail car exit flow was
more affected than the walkway flow when merged. What is interesting about the data in Table 8
is the impact produced by the height differential (h). While this had a slightly influence on the
rail car exit flow, the coefficients of constrain of the walkway flow decreased by 23 % when
comparing h=0 with h=0.8 and by 32% when comparing h=0 with h=1.2. This could be due to
deference behaviours of walkway participants.

k

Flow ha)* | Keoony | Keoml i | Keom|pay

0 0.66 0.48 0.92
Rail car exit 0.8 0.67 0.57 0.79
1.2 0.57 0.43 0.78
0 0.95 0.80 1.00
Walkway 0.8 0.72 0.61 0.85
1.2 0.63 0.53 0.74

*Height differential of rail car exit

Table 8. Coefficients of constraint and confidence bounds.
4.3. Interdependence of flows when merge

This section explores the interdependence of flows when merged. We assumed that the mean of
the rail car exit flow and the mean of the walkway flow were mutually dependent. The data
analysis consisted of transforming the independent flow samples into paired samples. Hence, we
explored a novel way of data clustering: 1) Clustering Type I where clusters are defined as groups
of participants who interact each other during the merging process and Clustering Type II where
clusters are defined as time intervals during the merging process.



Due to clustering is not an automatic task but an iterative process, we selected different groups of
participants for Clustering Type I (6, 8 and 10 participants) and time intervals for Clustering Type
IT (5, 7.5 and 10 s). This was based on a detailed analysis of video recordings (frame by frame).
Then, paired samples were plotted and analysed to estimate the relationship between the variables
(walkway flow and rail car exit flow). The ordinary less-square linear regression through the
origin was employed (Eisenhauer, 2003). When the walkway flow is zero the rail car exit flow
should be zero as well, due to the absence of merging.

Figures 6-11 show the interdependence of flows when merged. The straight line in figures, with
a slope equal to 1, was used as a reference of no reciprocal influence (i.e. both flows have the
same value). This reference line also represents a merging ratio of 50:50. The relationship
between the flows varied considerably during the merge period. Data points above the reference
line were rail car exit bias while data points below the reference line were walkway bias. As
expected, data clustering affected the results. Despite this, the slopes of the regression lines
(dashed lines) were below the reference line (straight line) in all cases. The lower the slope of the
regression line the higher the priority of the walkway flow.

Tables 9 and 10 display the slopes of the regression lines, the correlation coefficients and the
merging ratios produced. The regression lines fit data well with values of the correlation
coefficients between 0.67 and 0.99. Thus, it is argued that the slopes of the lines are valid to
describe the relationship between flows. The bias in the evacuation was slightly in favour of the
walkway when there was not height differential. In this case, for h=0, the slopes of the regression
lines ranged from 0.87 to 0.97 in Clustering Type I and from 0.83 to 0.96 in Clustering Type II.
Contrary to expectations, we found a moderate dominance of walkway flow with a height
differential in the rail car exit of h=0.8. The higher variation was found in this case with slopes of
the regression lines ranged from 0.79 to 0.92 in Clustering Type I while Clustering Type II
produced slopes from 0.81 to 0.84. Less variation in the slopes of the regression lines was
observed for h=1.2 with lower values ranged from 0.53 to 0.65 and from 0.53 to 0.63 in Clustering
Type I and II respectively. Based on this, it is possible to say that, in this case, walkway
participants took a clear priority over the train participants.
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The merging ratios in Tables 9 and 10 also provide an overview of the merging patterns through
the quantitative measurement of the preference between the walkway flow over the rail car exit
flow. The average merging ratios (walkway/rail car exit) derived from this analysis were 53:47
for h=0, 58:42 for h=0.8 and 71:29 for h=1.2.



Clusterin Correlation Merging ratio
Typel ® # h (m)* Slope coefficient (R) walkwa?:ragil car exit
70 0 0.87 0.99 57:43
6 per 35 0.8 0.79 0.74 61:39
28 1.2 0.53 0.74 74:26
49 0 0.94 0.89 53:47
8 per 23 0.8 0.92 0.92 54:46
20 1.2 0.56 0.67 72:28
33 0 0.97 0.81 52:48
10 per 15 0.8 0.80 0.86 60:40
12 1.2 0.65 0.87 68:32
*Height differential of rail car exit

Table 9. Slopes, correlation coefficients and associates merging flows for Clustering Type I.

Clusterin Correlation Merging ratio
Type 11 ’ # h (m)* Slope coefficient (R) walkwa)gf:ragil car exit

47 0 0.93 0.91 54:46

5s 34 0.8 0.81 0.77 60:40

28 1.2 0.53 0.71 74:26

32 0 0.96 0.89 52:48

7.5s 22 0.8 0.83 0.68 59:41

18 1.2 0.63 0.74 69:31

25 0 0.96 0.86 52:48

10s 19 0.8 0.84 0.80 58:42

17 1.2 0.61 0.68 70:30

*Height differential of rail car exit

Table 10. Slopes, correlation coefficients and associates merging flows for Clustering Type II.
4.4. Behaviour of participants

A proportion of elder people was used in the experiment. Therefore, the major concern was the
height differential of the rail car exit. Participants were asked to participate before every change
in the exit configuration due to ethical issues. Table 11 shows the number of participants that quit
the experiment. What is interesting in the data is that participants gradually refused to take part
in the tests. Some felt unable to overcome height differential in advance while others gave up
before repeating. They were asked and they explained that they did their best (i.e. as if they were
in a real situation).

Test h, (m) Group Participants who refused
# %
Test 9 0.8 3 7.69
Test 11 0.8 4 10.26
R
Test 14 12 ed 9 23.08
Test 16 1.2 11 28.21
Test 10 0.8 1 2.63
Test 12 0.8 Yellow 3 7.89
Test 13 1.2 10 26.32
Test 15 1.2 12 31.58

Table 11. Number of participants who quit the experiment.



Observations from video recordings complement the quantitative analysis described in sections
4.1,4.2 and 4.3. In exit configurations with height differentials of 0.8 and 1.2 m participants were
observed using different exiting strategies (Oswald et al., 2008; 2011): “jump” directly to the
walkway without any support, “side” supporting by hands on train floor, shoulder and/or hands
from others and “sit” down on the floor level inside the rail car. Figure 12 shows the percentage
of the three exiting strategies displayed by participants. Results show a direct relationship between
the height differential of the rail car exit and the exiting strategy. The percentage of participants
who used a “sit” exiting strategy increased by 22% while “side” and “jump” exiting strategies
decreased by 11 % when the height differential of the rail car exit changed fromh=0.8 mtoh=
1.2 m.

8%
30%

68%
57%

0,
24% 13%
0.8m 1.2m

Heigh differential of the rail car exit
o "sit" O "Side" O "Jump"

Fig. 12. Exiting strategies used by participants to negotiate the height differential of the rail car exit.

In addition to the exiting strategies, participants were observed waiting until there was enough
space for them to exit into the walkway. This was combined with deference behaviours of people
in the walkway. Some participants slowed down to let one or more participants out of the rail car.
By 11 % of participants were observed interrupting the continuous movement to help those
entering from the rail car (see Figure 13). In one instance, a male participant helped 6 female
participants to overcome the exit. We observed 38 “helpers” and “41 “assisted” participants.
While the percentage of “helpers” was slightly in favour of male participants (55% male and 45
% female “helpers”), the majority of “assisted” participants were female (by 80%). Nevertheless,
the higher frequency was obtained for female participants helped by female participants (Female-
Female = 47.06%; Female-Male = 8.82 %; Male-Female = 29.41 %; Male-Male = 14.71 %).




Fig.13. Participants helping others to negotiate the height differential of the rail car exit.
5. Discussion

The understanding of merging flows during evacuation in rail tunnels has important implications
for people safety. Nevertheless, in reviewing the literature, no data was found on this issue. The
focus of this experimental research was a primary performance factor i.e. the analysis of merging
flows in different rail car exit configurations. A mock-up of a rail car exit and a lateral walkway
were used in the experiment. A representative sample of future rail transport users was used
involving 77 participants with a reasonable proportion of senior subjects (by 29 % > 60 years).

Flow rates have been using to describe the number of people that cross a point in the exit route in
a given time (Gwynne and Rosenbaum, 2015). The use of flow rates tends to average personal
hesitations and limitations in rail car exit flow (Galea et al., 2014). The flow is a random variable
that depends on passengers (abilities, behaviour, baggage), design (exit, walkway) and how they
behave in response to it (Capote et al., 2012a; Gwynne et al., 2009). It is also important to keep
in mind that, rather than individual movement values and individual result, simulation models are
now requiring distributions to produce probabilities of outcomes (Cuesta et al., 2016). In fact,
current evacuation models for passenger trains use distributions to represent the exiting
performances of passengers (Capote et al. 2012; Galea et al. 2014). The novel contribution of our
research is the use of flow distributions rather than average values within arbitrary time periods.
The proposed new random variable (the instantaneous specific flow) derived from a
straightforward way of measuring the flows (i.e. the time intervals between participants passing
a reference line). The collected flows were classified and combined to produce a set of 10 flow
samples for the statistical analysis.

As confirmed, the occurrence of merging could have a negative effect during a train evacuation
inside a tunnel. Flows decreased when merge. The presence of people in the merging area and the
height differential of the train exit affected both the walkway flow and the rail car exit flow. A
coefficient of constraint was proposed to quantify the impact of merging conditions on flows. By
looking at each flow independently, it is apparent that the walkway flow was less affected than
the rail car exit flow when merge. Regression analysis was used to predict the interdependence
between walkway flow and rail car exit flow. This was based on the idea that the means of both
flows are mutually dependent. Flow samples were transformed into paired samples by using a
novel clustering approach (clusters defined by groups of participants and by time intervals). From
the results it seems that in this configuration, i.e. a walkway with a single rail car exit (at different
height differentials), walkway evacuees took priority over rail car evacuees, although the extent
to which this occurs was variable. The bias in the evacuation was slightly in favour of the walkway
when there was not height differential of the rail car exit. Contrary to expectations, we found a
moderate dominance of walkway flow with a height differential of the rail car exit of 0.8 m.
However, there was a clear dominance of the walkway flow over the rail car exit flow when the
rail car exit was 1.2 m in height.

Overall, these results suggest that the higher the height differential of the rail car exit the more
dominance of the walkway flow. In such conditions, participants waited until there was enough
space in the walkway for them to exit the train and used different exiting strategies (‘“jump”,
“side” and “sit”) to negotiate the height differential. This considerably reduced the rail car exit
flow. The “side” exiting strategy was the most used by participants while “jump” and “sit” exiting
strategies decreased and increased respectively when the height differential increased from 0.8 to
1.2 m.

Deference behaviours of walkway participants were observed, particularly in evacuations with
higher height differentials in the rail car exit. They stopped to help those entering from the rail
car by given their hands and/or using their bodies as support. Previous studies suggested that
gender may be linked to deference behaviour (Boyce et al., 2012; Melly, et al., 2009). Contrary



to expectations, this study did not find gender playing a role in deference behaviour (prevalence
of male-helping-female).

One of the issues that emerges from this study is associated with the ability of senior (or disabled)
passengers to exit the train at a given height differential. In the wors case, by 7.69% and 26.32 %
of participants refushed to take part in tests with height differentials of 0.8 and 1.2 m respectively
(problably the ones who have more difficulties in passing a large height differential). This has
important implications for rail safety because a proportion of passengers may be unable and/or
may need assistance to leave the train in case of an emergency (Fridolf et al., 2012). A further
study with more focus on this issue is therefore suggested.

Data provided in this study can help rail operators, fire safety engineers, designers and researchers
to analyse the impact of different evacuation strategies in rail tunnels by considering flow merging
processes. Due to evacuees are likely to leave a train through several exits, it is plausible to
perform a controlled evacuation that gives priority to the passengers that are closer to fire to
minimize the exposure time and reduces congestion. A similar conclusion has previously been
presented in (Fridolf et al., 2014a; Oswald et al., 2008; 2011). Other strategies may involve
closing certain exits to reduce the merging points while allowing quick and safe movement of
passengers inside the train (Capote et al., 2012a) and help vulnerable passengers, when necessary
i.e. the use of emergency ladders.

Although results of this study are promising, there are some limitations to bear in mind that should
be addressed in future research. Despite the mock-up was flexible to manipulate the exit
conditions, this may lead to a lack of realism. Care should be taken, however, in generalizing
from this finding since other factors can impact on real evacuations (collective behaviours,
passengers unable to negotiate the train exit, crew evacuation procedures, visibility conditions,
presence of smoke, etc.). It is therefore necessary to complement the presented results in a real
tunnel environment.
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