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Assessing school evacuation movement characteristics:
children and adolescents speed and flow over stairs and
through exit doorways

Javad Hashempour!?, Babak Bahrani®, Bryan Hoskins* Sohaib Abujayyab'-
Department of Fire Safety Engineering, the International College of Engineering and Management, Muscat, Oman
2School of Engineering, University of Central Lancashire, Preston, UK
3Fire and Risk Alliance, LLC, San Ramon, CA, USA

4College of Engineering, Architecture and Technology, Oklahoma State University, Stillwater, OK, USA

Abstract - The available theories of evacuation movements are primarily founded on data gathered from adults,
making them potentially unsuitable for children, especially in schools. Consequently, it is necessary to undertake
further research to collect data on how children move during evacuations to understand their unique characteristics
and disparities compared to adults. In this context, this paper aimed to explore the movement of school children and
adolescents as they moved over stairs and through exit doorways during evacuations. The evacuation drill involved
295 school children and adolescents, whose behavior was closely monitored using a series of cameras. During the
drill, their movement patterns, including flow and speed, were analyzed over stairs and through doorways. The
observations revealed that children exhibited frequent interactions and contact with one another, unlike adults, who
tend to maintain personal space. The findings of this study indicated that the average traveling speed over stairs was
comparable to previous research, although female adolescents had a lower average speed compared to other groups.
The speed and flow of participants passing through doorways were found to vary depending on their age and differed
from estimates based on adult data. This study highlights that existing evacuation models fall short of adequately
accounting for the dynamics of children, indicating the need for further research to improve the generalizability of
evacuation models.

Keywords: stairs, vertical speed, children, school, evacuation, doorways

Introduction

Designing safe evacuation routes in buildings has a determinant effect on the overall success of
fire safety strategies. The success of the design relies on accurate information about building
evacuation characteristics, allowing for up-to-date codes and standards or performance-based
design methods widely applicable to the public. In the latter case, estimating human behavior and
movement characteristics on various egress components has been key to the approach's success.
As a result, empirical methods for estimating occupant speed and flow have been developed!,
which are incorporated in available models and simulations for performance design use. These
applications are growing thanks to advances in computing technologies.

Concerns over the validity of methods for different public groups have always been subject to
research. Preliminary studies on crowd movement characterized pedestrian dynamics in buildings,
such as flow velocities and rates, illuminating important parameters affecting evacuation times?>.
Different evacuation components have been characterized through unannounced or quasi-
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announced evacuation drills, including pre-evacuation delay time**. Movement speeds and flow
rates over horizontal surfaces such as corridors, straight and spiral stairs®’-8, and near and through
exit doorways’. Further efforts have expanded information and data to other groups of occupants,
such as elderly and disabled people'®!!12, The findings highlighted several important factors in
determining evacuation behaviors, including building configurations, environmental conditions,
and occupant characteristics, which ostensibly impact mass movement and total evacuation times.
Some studies have also addressed the role of occupants' attire on movement speeds over different
components of egress routes®!®. In contrast, others have argued that the same level of attention
should be given to occupants' physiological and behavioral aspect, such as emotions, in addition
to their mechanistic properties'*!°.

However, many of these studies concentrated on adults’ movement during fire evacuations, and
limited information is available about children's movements in schools. Children and adolescents
constitute a considerable part of our societies, and they are the most vulnerable to emergency
conditions such as fires'®. Unlike adults, children's mental processing and decision-making
functions may not be necessarily similar, and they may respond differently to fire cues.
Additionally, their physiology is still growing and immature, resulting in different movement
capabilities compared to adults. Cultural differences from one region to another can alter the
perception of risks and urgency for evacuation, ultimately impacting evacuation behaviors and
children's movement properties. Also, evacuation procedures can significantly influence the
behavior of evacuees, especially immature children, resulting in different evacuation behavior
scenarios. Therefore, assuming similar evacuation behavior of adults and children may lead to
misinterpretations and movement miscalculations, particularly in schools where most building
occupants are children and underage.

Available data on school evacuations has mainly been collected through evacuation drills. A series
of evacuation drills in schools in Russia showed that children's age, the school's geometry,
familiarity with stairs, and supervision by adults are influential factors in their vertical traveling
speed'’. The vertical speed of school children over stairs was measured through a series of
evacuation drills implemented in primary schools in Ireland, where the authors found that the
vertical speed of pupils changes proportionally with their ages'®!?. They also noted the effect of
handrail usage on the vertical speed of children in schools. Najmanova and Ronchi studied the
traveling speed of pre-school children on stairs and horizontal surfaces in schools. They concluded
that children's age, familiarity with escape routes, and environmental conditions determine their
movement speed’®?!. A series of evacuation drills in Brazilian schools with children of ages
ranging from 6 to 14 years were carried out to investigate their movement characteristics?*?*. The
authors concluded that teachers’ behavior and instruction during evacuation are crucial factors in
characterizing the movement of adolescents and children in schools. Larusdottir conducted a series
of evacuation drills and monitored children of different age groups in Danish schools and
daycares***>2%, The author monitored the motions of children aged 1to 15 years over spiral and
straight stairs and through doorways. The study showed significant differences in speed and flow
of children compared to adults. Studies on school children in Spain showed that children have
higher movement speeds than adults?’. Similar results were reiterated by Fang et al.”® and Yao and
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Wu?*3%regarding the role of adults’ guidance on children's movement characteristics. It was also
found that children’s movement through doorways is different from that of adults®',

The main takeaway from previous studies on the dynamics of children's evacuation in schools
unanimously highlights the differences between their movements and the estimations provided by
available methods prescribed for adults. Additionally, evacuation characteristics can vary from
region to region due to cultural differences, which can directly influence evacuation behavior,
particularly among school children. This limitation necessitates further studies on children's
evacuation behavior from different regions to expand our current understanding of school
evacuations and contribute to the data on school children's evacuations. These two facts have
motivated the current research to collect evacuation movement data on school children and
compare their characteristics with other research findings.

Our objectives are twofold: first, to expand the available data on children and adolescent
movements during evacuations in the schools, and second, to broaden the data by sampling from
underrepresented parts of the world. In this paper, we presented the results of a quasi-announced
evacuation drill conducted in a K-12 school in Muscat, Oman, assessing the movement of children
and adolescents over stairs and through exit doorways.

Methods

Evacuation Site and Procedure

The evacuation drill was conducted in a school located in Muscat, Oman. The school serves pupils
of all ages, from pre-school to grade 12. Pre-school classes are held in the basement, and the levels
increase as they move toward the third floor. Only students over 7 were included for this study,
and pre-school children were excluded for safety reasons. On average, each floor had over ten
classrooms, accommodating 15-20 students with mixed gender profiles in each class.

The school is located in a four-story building with a total student population of over 300 across all
levels. Figure 1 provides floor plans for the ground and first floor of the school. The ground floor
consists of a large academic affairs office located in the center, separating classrooms on the east
and west sides of the floor. The first, second, and third floors have similar layouts, with additional
classrooms, conference rooms, and laboratories located in the center compared to the ground floor.
A football pitch on the west side of the building is designated as the assembly point for all staff
and pupils during emergencies. The staff-to-student ratio, as addressed by the school
administration, was 1/21, and the drill primarily relied on students' self-evacuation, with minimal
instructions provided by the classroom instructor to evacuate towards the corridors.

The building had three exits: one known as the main exit, locate on the south side, one exit on the
west side of the building facing the football pitch; and the third exit, located on the east side of the
building, opposite the west exit, facing a corridor that goes around the building and leads to the
football pitch. Each exit is connected to stairs that pass through to the 3 floor. For this study, only
the east and west exits were used for occupant evacuation, and the main exit remained closed based
on the school evacuation plan. Figure 2 provides geometrical details of the exits and stairs.
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The evacuation drill was scheduled for a Thursday, the last working day of the week in the country,
at 11 AM when all students attended their classes. Only the school management office had
information about the date and time of the semi-announced drill, and the research team arrived one
hour before the drill to minimize contact with students and staff. The drill involved all students on
the first, second, and third floors evacuating the building after hearing the fire alarm controlled by
the investigation team. The egress routes included the east and west side stairs, and students had
to evacuate the building through the east and west exit doors.

The authors obtained a consent letter from the school director regarding the evacuation drill and
permission to use the information for research purposes. Ethical clearances were also obtained
from the research and ethics committee of the first author's institute. Additionally, the Civil
Defense Authority was informed about the drill, and a representative from the authority oversaw
the process.

Data Collection

Six cameras were used on the stairs and exit doors. Two cameras were positioned above the landing
on each stair between the ground and first floors to monitor the movement of participants. The
other two cameras are mounted at and near the exit doors to record exit flows. The cameras were
set up half an hour before the drill while all students were inside the classroom to prevent any
students from noticing the evacuation drill. Also, two handheld cameras were used to record
students' movement during the evacuation and one camcorder used by school management to
record the drill. Table 1 presents participants’ characteristics, including their age range and grades.
The pupils were categorized into two groups: children aged 7 to 12 and adolescents aged 13 to 17.
The categorization was based on the presentation of results from previous works with similar or
nearly similar groupings'’?’, and the aim was to make the results relevant for comparison
purposes. Also, evidence suggests that decision-making and locomotion skills undergo critical
changes at the age of 12°>%3which corresponds to age categorization provided by the National
Institute of Health®*. The children and adolescents were marked based on their clothes to facilitate
data processing by video editors for speed calculations, which will be presented in the paper.

Density

Occupant density over stairs and in front of doors has been calculated and presented using two
approaches. The first approach is based on the number of people in reference areas within a defined
duration, and it is presented in units of persons/m. In this case, the average number of people in
the reference area at the beginning and end of the duration was used. The mathematical formulation
for density as persons/m? is given by equation (1):

D; = N,/AA (1)

Where N, denotes the average number of participants in the reference area, and AA is the area of
reference area measured in m?. Reference areas were calculated over stairs and in front of
doorways, as shown in Figure 2. The projection of the stair flight was calculated based on the
horizontal length of the stairs and the slope of the stairs, which was measured on-site as 30 degrees
using the following equation?:

L'=L.cosa (2)
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Where L represents the horizontal projection of the stairs calculated using the thread and rise
dimension given in Figure 2, and a represents the slope of the stair, which was measured as 30.
For doorways, the width of the doorway (1.48 m) and the landing depth of 1 m were taken as the
reference area, as shown in Figure 2.

In the second approach, density was calculated based on the occupied projection area over stairs
and in front of doorways, and it is presented as density in m?*/m?. Average values provided by
Predtechenskii and Milinski® for children and youth used in this study. In this case, an average
value of 0.048 m? (with a range of 0.04-0.057 m?) was used for children, and an average of 0.078
m? (with a range of 0.068-0.09 m?) was used for adolescents, respectively. For adults, an average
value of 0.1 m? 233 was used.

Speed Calculation

Evacuee speeds over stairs and near the exit doors were calculated using video editing software
Filmora 12 at a frame rate of 25 fps and a resolution of 1920%1080. The total number of frames
that a target evacuee passes through the reference area was calculated and then converted to their
speed using the following correlation:

m L
§ (?) "~ (Fri1—Friz)x1/FR Q)

The speed is measured in meters per second. Frj;and Fry, denotes the frame number of the target
evacuee at the entrance and exit from the reference area, respectively. FR represents the frame rate
of the video review, which was set as 25 frames per second. For the near door area, the distance
on the landing before the doorway was measured as 1 m, and the width of the door was noted as
1.48 m. The same approach was applied to calculate the participants’ speed and flow through
doors, with a slight difference. Participants' speed was calculated with the length of the reference
area and equation (3).

Flow Calculation

Flows over stairs were calculated as the product of speed and density, calculated by the above
correlations, and divided by the effective width of the component as follows:

F = (SD;)/Wegy. 4)

Which is measured in persons per second per meter of effective width (Persons/s/m). The effective
width (W, ) was determined using values provided in the SFPE guide' for the boundary width
of stairs and doorways. In this case, the effective width for stairs was calculated as 1.10 m. It is
important to note that average densities at the beginning and end of the frames were used for flow
calculations. The flow of participants through doors was calculated by counting the number of
people passing through the doorways during a specific time for continuous flows of participants
and using the average density of the beginning and end of the counting frames, presented as
Persons/s. The calculated values were then divided by the effective width of the doorways, which
was taken as 1.18 m, considering the recommended 0.15 m for the boundary width. The decision
to apply the boundary width was based on a comprehensive review of videos, where it was
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observed that most participants moved over stairs or through exit doors while maintaining a
distance from the edge.

Measurement Uncertainties

Uncertainty for density (Persons/m?) is calculated relative to the uncertainty of counting the
number of people on the reference area (£11.8%) and the uncertainty relative to the measurement
of the reference area itself (+1.90%), resulting in a total uncertainty of +1.80%. In the case of
occupied density (m?m?), the uncertainty depends on the measurement of the reference area
(£1.9%) and the mean value for individual occupied projection area (£15.9%), resulting in a total
uncertainty of £8.9% for the occupied density measurement. For participant velocity, the
uncertainty is calculated relative to the frame count (+1.80%) and the velocity uncertainty relative
to the length measurement (L) (£0.6%), resulting in a total uncertainty of £1.20% for velocity
measurement. In flow measurement, the uncertainty is a combination of uncertainties calculated
for density (Persons/m?), velocity, and length measurements, resulting in a total uncertainty of
+1.2%.

Results

Behavioral Observations

Video observations revealed interesting aspects of school pupils’ behaviors during the drill, which
may not be commonly observed among adults. Figure 3 provides snapshots of these observations
from the drill videos. In Figure 3a, one of the evacuees can be seen jumping over the last two stairs
leading to the landing platform, using the handrail for assistance. This behavior can be explained
as an act of excitement and is typically observed among schoolchildren. However, it only occurs
when the density over the stairs is low enough to allow children to do so.

Figure 3b depicts a student who waits for his friends to come down the stairs, standing still for a
few seconds and blocking the way for others descending. This behavior was also observed among
two girls in the other stairway during the evacuation. Similar behavior has been reported in other
studies conducted in nursery school®®, where children waited for slower peers, resulting in
congestion and blockage on stairways and near doorways. This behavior may be explained by
social bonding, where people try to respond to cues as a group rather than individually*®.

In Figure 3c, one of the participants tries to unintentionally prevent his friend or classmate from
going down the stairs, indicating a sense of competition to reach the landing first. Figure 3d shows
a student attempting to sneak through the side of an older student who appears to be moving slower.
Common behaviors observed among both female and male children and adolescents were only
those seen in Figure 3b and 3d. The other two behaviors recorded among male pupils in Figures
3a and 3¢ were not observed among their female counterparts. The impact of these behaviors on
overall evacuation behavior and uncertainties is difficult to estimate. However, the uncertainties
added to movement predictions by these behaviors of children require further consideration in
future studies.
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Total evacuation time

Figure 4a provides the flow rate of participants evacuating from the building through the eastern
and western exit doors. The figure also presents the total counts of evacuees versus time during
the evacuation period. A total of 295 school students evacuated from the building through the
eastern and western exits during the drill. However, the number of students who chose the western
exit was 20 students higher than those who selected the eastern exit. This choice may be attributed
to the proximity of the west exit to the designated assembly point. The drill was concluded after
the school fire wardens ensured that no one remained in the classrooms and floors, and they
counted the students at the assembly point. Once the drill ended, the fire warden and their teacher
instructed the students to return to their classes.

Regarding the eastern exit, there is an initial peak flow of 4 persons per second through the door,
which continues until the end of the 229-second evacuation. However, the pattern is different for
the western exit, where a peak flow of 5 persons per second is achieved in the middle of the
evacuation, approximately 100 seconds after the start of the drill. The total evacuation through the
western exit lasted for 307 seconds. The number of evacuees who used the western exit was
slightly higher than those who used the eastern exit, likely because the western exit was closer to
the designated assembly point at the football pitch. Figure 4b shows the cumulative arrival time of
evacuees versus their order of arrival at the exits.

Mean traveling speeds over stairs

The mean speeds and standard deviations were calculated for the children and adolescents who
participated in this study. Table 2 summarizes the mean flight speeds over stairs for both age
groups. The mean speed was determined for children as 0.84 + 0.06 m/s, with insignificant
differences observed between females (0.89 £+ 0.06 m/s) and males (0.80 + 0.06 m/s). However,
there is a notable disparity in the mean speed of adolescents between female and male participants.
The mean flight speed for adolescents was calculated as 0.73+ 0.05 m/s, with a mean speed of
0.85+ 0.05 m/s for males, while it was reduced to 0.58 = 0.01 m/s for female adolescents.

For this study, evacuees were categorized into two groups: those who partially or fully used
handrails during their flight over stairs and compared with those who used the handrail. The mean
velocity for the group assisted with handrails, consisting of 40 evacuees, measured as 0.81 = 0.06
m/s. The maximum and minimum speeds recorded in this group were 1.40 m/s and 0.31 m/s,
respectively. Those without handrail assistance had a mean speed of 0.76 £ 0.08 m/s, with
maximum and minimum speeds of 1.72 m/s and 0.31 m/s, respectively.

Speeds over stairs and through doorway

For movement speed over stairways, both groups show a reduction in speeds proportionally with
increasing density, presented as Persons/m?. Figure 5a demonstrates that female adolescents had
lower speed profiles over stairs in different densities, which aligns with the previously discussed
mean speed findings. Three different estimations were used to capture the trend of changes in
speeds for densities below 2.2 Persons/m?. The estimations by Kholshevnikov et al. method for
children aged 6-15 years fitted an exponential trend rather than a linear correlation. In all cases,
the decreasing trend of speeds versus the number densities of children and adolescents is captured
with the trends. However, the one for Gwynne and Rosenbaum' (SFPE guide - adults) is speculated
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to lead to total congestion over stairs sooner than the other two, whose current speed does not
follow that trend.

Figure 5b shows a scatter plot of speed data for children and adolescents in front of exit doorways.
A notable difference is observed between the speeds estimated by the Gwynne and Rosenbaum
correlation! (for adults) and the speed data obtained in this study. The Gwynne and Rosenbaum
correlation! defines the maximum speed during free movement (lowest density) as 1.4 m/s, while
the maximum speed recorded in the current data barely reaches 1.09 m/s. Additionally, the slope
of the trend defined for adults in the Gwynne and Rosenbaum correlation' suggests a full stop
speed (zero speed) can be extrapolated at a much lower density compared to that of children and
adolescents.

Figure 5b also includes two trends provided by Kholshevnikov et al.', which describe movement

behaviors near doorways for children. The authors categorized children's dynamics into different
modes during unimpeded free movement along evacuation routes, including comfortable, quiet,
active, and increased activities. For the purposes of comparison, this study considers only the
active and quiet modes. The data in Figure 5b aligns better with the quiet mode than the active
mode. This is consistent with the observations from the videos, where the majority of participants
exhibited quiet motions near the doorways.

Figure 6a presents speed measurements over stairs plotted against occupied density as m?*/m?. The
speed data is compared with two other estimations, using the Najmanova and Ronchi correlation?!,
recently introduced for 3-6-year-old infants, and the one presented by Predtechenskii and
Milinskii® for youths. Figure 6a reveals the discrepancies in movement characteristics over stairs
between children and adolescents compared to those obtained for infants of less than 6 years, for
densities less than 0.16 m?>/m>. The slope of Predtechenskii and Milinskii? predictions for youths
shows a better agreement with the slope change of the current data versus density, though it
underestimates the maximum speed over stairs. By extrapolating the trends, full congestion for
infants (under six years old) appears to occur at a much lower density than the one suggested by
the current data slope.

The differences in population speed are more evident in Figure 6b, where the speed data near exit
doorways is presented versus occupied density (m?*m?). Maximum speed and the slopes of speed
changes are better captured by the predictions of the Predtechenskii and Milinskii? correlation for
youth, though the values are slightly overestimated. The correlation presented for infants predicts
full congestion of flow (nearly zero speed) at much lower densities than what appears with the
slope change of the current data.

Flow over stairs and through doorways

Figure 7 provides scattered data of specific flow obtained for children and adolescents over stairs
and through doorways, plotted against density as persons/m?. Figure 7a shows that most of the
flow data for children ranges from 0.2 to 2 persons/s/m, while the concentration of flows recorded
for adolescents drops to 0.2 to 1.5 persons/s/m. According to Table 2, the average flow rate is
calculated as 0.83 persons/s/m? for children and reduced to 0.58 persons/s/m? for adolescents. The
flow rates over stairs are compared with predictions by Fang et al.?® correlation for infants of 5-6
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years old and estimations introduced by the Gwynne and Rosenbaum correlation' for adults with
different stair dimensions. The data appears to agree well with the trends and data of both
populations for low densities (less than one person/m?). However, flow values are underestimated
for data at or near a density of 2 persons/m?.

Figure 7b presents the flow through doorways calculated for both populations. Flow data shows a
higher maximum flow of around 5 persons/s/m for adolescents and children, with a few exceptions
that reached around six persons/s/m for adolescents. For children, higher flows through the exit
doors were recorded with larger densities than the ones recorded for adolescents. Two trends were
used for comparison purposes: one based on the correlations presented by Larusdottir?® for children
of different age groups ranging from 6-15 years and the other from Najmanova and Ronchi?! for
infants ranging from 3-6 years old. The comparison could not reveal any conclusive difference
between the patterns due to the wide flow of data distribution across different densities.

Figure 8 depicts flows measured over stairs and through exit doorways in relation to occupied
densities (m?/m?). A clear distinction between flow data over stairs for children and adolescents
sorted by their occupied density is evident. Children exhibit higher flows than adolescents within
the same range of densities, although this difference is most pronounced for densities of less than
0.1 m*/m?. Conversely, adolescents exhibit a slower change in flow across a wide range of
densities, extending up to approximately 0.16 m?/m?. For comparison, three correlations have been
employed, including the one presented by Najmanova and Ronchi?! for infants aged 3-6 years and
two trends provided by Predtechenskii and Milinski for children and youths. The data presented
here deviates from the trend predicted by the Najmanova and Ronchi?! correlation but aligns with
the trends estimated by the Predtechenskii and Milinski correlations. The correlation for youths
demonstrated better predictive accuracy regarding the slope of changes, as the one for children
underestimated the trend observed in the data collected in this study.

Flows through the exit doors are presented versus occupied densities in Figure 9b. Flows are
distributed across various densities, ranging from approximately 0.5 to 5 persons/s/m. In contrast
to Figure 7b, flow data for children and adolescents covers a broader spectrum of densities,
extending up to 0.18 m?/m?. Predictions from the three correlations provided in Figure 8a are also
included here for exit door flow. Due to the spread of the data, the trends do not align with the
current data, and drawing any conclusions would be premature.

Discussion

The movement characteristics of children and adolescents were investigated during an evacuation
drill at a school. The observations of pupils' behavior captured by cameras unveiled unique
behaviors exhibited by school pupils during evacuation. These behaviors included waiting for a
friend or friends on stairs, jumping over stairs when crowd density is low, moving down faster
than friends by obstructing their paths, or moving shoulder to shoulder without maintaining
personal distance. These behaviors differ from those typically described for adults, including their
privacy distance or body buffer zone, as introduced by Fruin during evacuations. Furthermore, the
influence of culture on these behaviors and the body buffer zone among children should not be
overlooked.
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The mean speeds reported for flights over stairs align closely with previously documented values
in the literature concerning school children and adolescents. Hamilton et al. reported a mean speed
over stairs of 0.92 m/s, with the speeds of boys and girls ranging 6 to 12 years old was noted as
0.91 and 0.92 m/s, respectively!'®. This corresponds to the same values reported by Cuesta and
Gwynne?’ for primary and secondary school children (6 to 16 years) and a lower value of 0.57 m/s
for preschoolers (3 to 6 years). Fang et al. recorded a speed of 0.63 m/s for children aged 5-6 years
in a kindergarten setting?®. Another study conducted a series of unannounced and semi-announced
evacuation drills in schools, capturing the movement of pupils aged 5 to 12 years using cameras'®.
The average speed over stairs was noted as 0.78 m/s for children, with the lowest speeds recorded
for young children and higher speeds observed for older children. Ono et al. noted a speed of 0.86
m/s for school children aged 6 to 14 years old*>?3.

The study examined the effect of handrail assistance on mean flight speeds over stairs by
calculating participants' speed with and without handrail assistance. The results do not offer
conclusive evidence regarding the impact of handrails on movement speed over stairs. Similar
findings were reported by Peacock et al.’” in their study on the effect of handrails on movement
speed in adults. They found no significant difference in movement speed between individuals with
and without handrail assistance.

This study found that the flight speeds of female children and adolescents were generally lower
than those of male children and adolescents. This is consistent with previously reported findings
on adult females from Saudi Arabia, who exhibited lower mean speeds over horizontal surfaces
and stairs'>. The authors explained the difference as being related to female attire (abaya), which
might reduce their speed during descent over stairs. Predtechenskii and Milinskii’ also addressed
the impact of attire on evacuees' movement characteristics, alongside age and physical
characteristics, as factors influencing density and, consequently, movement speeds. They
measured the horizontal projection area of evacuees under different clothing and movement
scenarios, as presented in their report. The results presented in this study again underscore the
importance of attire in determining the movement characteristics of school evacuees. More
importantly, the impact of culture and its decisive role in shaping evacuation behavior and
movements must be considered. This was not the scope of the current study, and special
methodologies should be designed to address this issue in the future.

Speed data have been presented against number densities and occupied area densities for
movement over stairs and in front of exit doorways. Speeds proportionally decreased with
increasing densities in both cases. The rate of change in speed was found to be different from that
of adults in all cases, which aligns with previous studies that have identified similar
characteristics!”*'*?!. Moreover, the slope of the speed-density relationship differed significantly
from that observed for infants when the results were plotted against occupied area densities. This
finding implies a distinction between the movement of infants and that of children and adolescents
over stairs and near exit doors, which may be attributed to two possible reasons. The locomotion
ability of infants is the weakest compared to other groups, making it hard for infants to abreast
movements at higher densities. The peculiar behavior of infants and its effect on their mass
movement in high densities have been explained in Najmanova and Ronchi’s recent work?!.
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Therefore, the possibility of near-zero movement in lower densities than children and adolescents’
densities is not unusual. Also, infants' body sizes are smaller than other groups, allowing higher
number of infants per 1 m? and at the same densities. It means infants may reach congestion
number densities earlier than children and adolescents. Hence, a sharp decrease in slope of speed
change for infants is not surprising.

Participant flow was calculated based on video observations and presented in relation to number
densities and occupied area densities for movements over stairs and through the exit doors. The
results with occupied area densities highlighted a distinction between the data for movements over
stairs for the two studied groups, reemphasizing the relevance of the occupied area density method
over the number density method for heterogeneous populations. In all the occupied area densities
presented here, children exhibited higher flow rates than adolescents when moving over stairs. In
addition to the differences in body size explained in the previous paragraph, this variation may be
attributed to Fruin's definition® of the 'body buffer zone,' which can influence how individuals
move abreast when descending stairs or passing through a doorway. Adults typically prefer to
maintain their personal space and avoid physical contact with others during crowd movement,
although the specific distances may vary across cultures. However, the concept of personal space
and the practice of maintaining distance may not be as significant for children, who tend to have
fewer concerns about avoiding contact with each other. Our observations of children descending
stairs or moving through doorways in this study support the notion that there is a lack of personal
space between children, while such space exists among adolescents. Contact between children
occurred frequently without impeding their movement or slowing their speed. This lack of personal
space implies a higher flow rate among children compared to adolescents at the same crowd
densities and could explain the higher specific flows observed in this study.

The results also revealed a wide distribution of flow rate data points for children and adolescents
passing through the exit doors. Broad distributions of flow at the exit doors were previously
reported by Hamilton et al.!® and Najmanova and Ronchi?!, with a large dataset collected for
infants. The maximum range of flow rate distribution in this study was higher, reaching up to 5
persons per second per meter (Persons/s/m), compared to a previous study by Larusdottir?® with
the same age groups. Two factors may contribute to the variances observed here, including
differences in door opening mechanisms and conditions of the doors during the drills. In the current
study, both exit doorways were designed as double-leaf doors and left open during the drill. Both
doors were held on the sides of the door frame without interacting with the participants. However,
in Larusdottir's study®®, doors were a mixture of double and single leaves, and some doors were
left locked during the drills. As the author noted, the locks were out of reach for children and
required adult intervention to allow the children to pass through. Door leaf design and its condition
during crowd movement have been previously addressed in other works®?, with the possibility of
reducing effective width availability and, consequently, the flow capacity of doorways by up to
30%’.

Limitations

This study has several limitations that should be clarified for readers. Foremost, it is important to
note that the results presented here for speed and flow are only indicative and represent trends
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based on extrapolation of experimental data. Further statistical data should be obtained to validate
the findings presented in this study. Furthermore, categorizing the samples into children and
adolescents facilitated a clearer comparison of movement patterns. However, it is important to note
potential variations in movement within each age group and across different ages (e.g. between 7
and 9), a factor not accounted for in this analysis and should be noted as a limitation of current
study. Another limitation is that the data collected in this study were obtained in the context of
evacuation drills, and their comparability to actual incidents should be considered. Moreover,
when comparing the results of this study with those of previous studies, uncertainties may arise
due to variations in factors such as staff engagement with children, guidance towards exit routes,
and types of warning used. These differences can introduce further uncertainties in making direct
comparisons between studies. In addition, the results presented here are the outcome of one
evacuation drill in the school, and uncertainties associated with repeated trials are unknown.
According to school management documentation, all children and adolescents were in normal
physical condition. However, there might be a chance that some were reluctant to disclose
information about their physical abilities completely, which could affect their movement speeds.
Furthermore, some of the teachers had prior information about the drill, and it is uncertain whether
they revealed the nature of the drill to the school pupils in the classrooms before it started. This
could affect the sense of urgency and, consequently, their evacuation speed.

Conclusion

An evacuation drill was carried out to explore the movement of children and adolescents on stairs
and near and through exit doors in a school. Participants varied in age from 7 to 17 years old and
were divided into two groups of children (7 to 12 years old) and adolescents (13 to 17 years old).
The participants' movement was observed using cameras mounted on stairs and near exit doors.
The recordings were further processed to calculate participant densities, speeds, and specific flows
over stairs and via exit doorways.

The study examined participants' travel speeds over stairs and near exit doorways, considering
their population group and gender. Children had a higher mean speed than adolescents when
traveling over stairs; this difference was statistically significant. Among adolescents, there was a
significant gender-based difference in mean travel speed over stairs, with females being slower
than males. For children, the mean travel speeds were nearly similar regardless of gender.

The analysis of speed-density profiles near stairwells and doorways yielded several key findings.
Firstly, as population density increased, speeds over stairs and near doorways exhibited a
decreasing trend. These findings align with previous studies involving other age groups, such as
infants and adults. Notably, the rate of change in speeds was considerably lower than observed for
infants provided by other works. Maximum speeds over stairs were recorded at 1.43 m/s for
children and 1.37 m/s for adolescents, while minimum values were 0.41 m/s and 0.34 m/s,
respectively. Near doorways, maximum speeds reached 0.94 m/s for children and 1.08 m/s for
adolescents, with minimum speeds of 0.30 m/s and 0.37 m/s, respectively.

The flow-occupied area density profiles provided a distinct differentiation between children and
adolescents in terms of their movement over stairs. Children exhibited higher flow rates compared
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to adolescents, with maximum flow rates reaching almost 2 persons per square meter for children
and around 1.5 persons per square meter for adolescents. The flow rates for both age groups over
stairs followed a different pattern compared to infants and adults, indicating an age-related
influence on evacuation movement flow rates. For exit doorways, the flow rates varied widely,
ranging from approximately 0.5 persons per square meter to 5 persons per square meter.

Evacuation movements in schools are intricate, influenced by distinctive behavioral and physical
constraints that set them apart from the wider population. Future research should investigate how
the unique behaviors identified in this study impact the uncertainties associated with measuring
pupils' speeds and flows and the influence of cultural factors on evacuation behaviors, especially
in underrepresented regions. This can be achieved through a well-designed methodology.

Data Availability

The data for the current work can be shared with the corresponding author upon request.
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Table 1 Children and Adolescents age and grade distributions participated in the evacuation drill

Age [Years] Grade I\Islill?;e:t:f Category Floor Distribution
7-8 ond 31 Children Ground 10.5%
8-9 31 23 Children Ground 7.7%
9-10 4" 26 Children First 8.8%
10-11 5t 24 Children First 8.1%
11-12 6" 17 Children First 5.7%
12-13 7t 41 Adolescent Second 13.8%
13-14 gh 32 Adolescent Second 10.8%
14-15 gt 28 Adolescent Second 9.4%
15-16 10" 21 Adolescent Third 7.1%
16-17 11t 30 Adolescent Third 10.1%
17-18 12 22 Adolescent Third 7.4%
Total 295 -
Table 2 List of mean speed and flow rates of children and adolescents over stairs.
. With Without
Children Adolescents Handrail Handrail
0.81 +0.06 0.76 £ 0.06
0.84 £ 0.06 m/s 0.73 £ 0.06 m/s /s /s
Mean Flight Female Male Female Male Max. | Min. | Max. | Min.
Speed
0.89+0.06 | 0.80+0.06 | 0.58+0.01 | 0.85+0.01 | 1.40 | 031 | 1.72 | 0.31
m/s m/s m/s m/s m/s m/s m/s m/s
Mean Flow 0.83 Persons/s/m> 0.58 Persons/s/m> -
Rate
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Figure 3 Snapshots of children’s movement behavior over stairs
(obtained from video surveillance)
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