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Ab st r a c t  -  The available theories of evacuation movements are primarily founded on data gathered from adults, 10 
making them potentially unsuitable for children, especially in schools. Consequently, it is necessary to undertake 11 
further research to collect data on how children move during evacuations to understand their unique characteristics 12 
and disparities compared to adults. In this context, this paper aimed to explore the movement of school children and 13 
adolescents as they moved over stairs and through exit doorways during evacuations. The evacuation drill involved 14 
295 school children and adolescents, whose behavior was closely monitored using a series of cameras. During the 15 
drill, their movement patterns, including flow and speed, were analyzed over stairs and through doorways. The 16 
observations revealed that children exhibited frequent interactions and contact with one another, unlike adults, who 17 
tend to maintain personal space. The findings of this study indicated that the average traveling speed over stairs was 18 
comparable to previous research, although female adolescents had a lower average speed compared to other groups. 19 
The speed and flow of participants passing through doorways were found to vary depending on their age and differed 20 
from estimates based on adult data. This study highlights that existing evacuation models fall short of adequately 21 
accounting for the dynamics of children, indicating the need for further research to improve the generalizability of 22 
evacuation models. 23 

Keyw ords: sta irs, ve rtica l spee d , child re n, schoo l, eva cua tion, doorw a ys 24 

Introduction  25 

Designing safe evacuation routes in buildings has a determinant effect on the overall success of 26 
fire safety strategies. The success of the design relies on accurate information about building 27 
evacuation characteristics, allowing for up-to-date codes and standards or performance-based 28 
design methods widely applicable to the public. In the latter case, estimating human behavior and 29 
movement characteristics on various egress components has been key to the approach's success. 30 
As a result, empirical methods for estimating occupant speed and flow have been developed1, 31 
which are incorporated in available models and simulations for performance design use. These 32 
applications are growing thanks to advances in computing technologies.        33 

Concerns over the validity of methods for different public groups have always been subject to 34 
research. Preliminary studies on crowd movement characterized pedestrian dynamics in buildings, 35 
such as flow velocities and rates, illuminating important parameters affecting evacuation times2,3. 36 
Different evacuation components have been characterized through unannounced or quasi-37 
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announced evacuation drills, including pre-evacuation delay time4,5. Movement speeds and flow 38 
rates over horizontal surfaces such as corridors, straight and spiral stairs6,7,8, and near and through 39 
exit doorways9. Further efforts have expanded information and data to other groups of occupants, 40 
such as elderly and disabled people10,11,12. The findings highlighted several important factors in 41 
determining evacuation behaviors, including building configurations, environmental conditions, 42 
and occupant characteristics, which ostensibly impact mass movement and total evacuation times. 43 
Some studies have also addressed the role of occupants' attire on movement speeds over different 44 
components of egress routes2,13. In contrast, others have argued that the same level of attention 45 
should be given to occupants' physiological and behavioral aspect, such as emotions, in addition 46 
to their mechanistic properties14,15. 47 

However, many of these studies concentrated on adults’ movement during fire evacuations, and 48 
limited information is available about children's movements in schools. Children and adolescents 49 
constitute a considerable part of our societies, and they are the most vulnerable to emergency 50 
conditions such as fires16. Unlike adults, children's mental processing and decision-making 51 
functions may not be necessarily similar, and they may respond differently to fire cues. 52 
Additionally, their physiology is still growing and immature, resulting in different movement 53 
capabilities compared to adults. Cultural differences from one region to another can alter the 54 
perception of risks and urgency for evacuation, ultimately impacting evacuation behaviors and 55 
children's movement properties. Also, evacuation procedures can significantly influence the 56 
behavior of evacuees, especially immature children, resulting in different evacuation behavior 57 
scenarios. Therefore, assuming similar evacuation behavior of adults and children may lead to 58 
misinterpretations and movement miscalculations, particularly in schools where most building 59 
occupants are children and underage.  60 

Available data on school evacuations has mainly been collected through evacuation drills. A series 61 
of evacuation drills in schools in Russia showed that children's age, the school's geometry, 62 
familiarity with stairs, and supervision by adults are influential factors in their vertical traveling 63 
speed17. The vertical speed of school children over stairs was measured through a series of 64 
evacuation drills implemented in primary schools in Ireland, where the authors found that the 65 
vertical speed of pupils changes proportionally with their ages18,19. They also noted the effect of 66 
handrail usage on the vertical speed of children in schools. Najmanova and Ronchi studied the 67 
traveling speed of pre-school children on stairs and horizontal surfaces in schools. They concluded 68 
that children's age, familiarity with escape routes, and environmental conditions determine their 69 
movement speed20,21. A series of evacuation drills in Brazilian schools with children of ages 70 
ranging from 6 to 14 years were carried out to investigate their movement characteristics22,23. The 71 
authors concluded that teachers’ behavior and instruction during evacuation are crucial factors in 72 
characterizing the movement of adolescents and children in schools. Larusdottir conducted a series 73 
of evacuation drills and monitored children of different age groups in Danish schools and 74 
daycares24,25,26. The author monitored the motions of children aged 1to 15 years over spiral and 75 
straight stairs and through doorways. The study showed significant differences in speed and flow 76 
of children compared to adults. Studies on school children in Spain showed that children have 77 
higher movement speeds than adults27. Similar results were reiterated by Fang et al.28 and Yao and 78 



Wu29,30regarding the role of adults’ guidance on children's movement characteristics. It was also 79 
found that children’s movement through doorways is different from that of adults31.   80 

The main takeaway from previous studies on the dynamics of children's evacuation in schools 81 
unanimously highlights the differences between their movements and the estimations provided by 82 
available methods prescribed for adults. Additionally, evacuation characteristics can vary from 83 
region to region due to cultural differences, which can directly influence evacuation behavior, 84 
particularly among school children. This limitation necessitates further studies on children's 85 
evacuation behavior from different regions to expand our current understanding of school 86 
evacuations and contribute to the data on school children's evacuations. These two facts have 87 
motivated the current research to collect evacuation movement data on school children and 88 
compare their characteristics with other research findings.  89 

Our objectives are twofold: first, to expand the available data on children and adolescent 90 
movements during evacuations in the schools, and second, to broaden the data by sampling from 91 
underrepresented parts of the world. In this paper, we presented the results of a quasi-announced 92 
evacuation drill conducted in a K-12 school in Muscat, Oman, assessing the movement of children 93 
and adolescents over stairs and through exit doorways. 94 

Me thods 95 

Evacuation Site and Procedure 96 
The evacuation drill was conducted in a school located in Muscat, Oman. The school serves pupils 97 
of all ages, from pre-school to grade 12. Pre-school classes are held in the basement, and the levels 98 
increase as they move toward the third floor. Only students over 7 were included for this study, 99 
and pre-school children were excluded for safety reasons. On average, each floor had over ten 100 
classrooms, accommodating 15-20 students with mixed gender profiles in each class.    101 

The school is located in a four-story building with a total student population of over 300 across all 102 
levels. Figure 1 provides floor plans for the ground and first floor of the school. The ground floor 103 
consists of a large academic affairs office located in the center, separating classrooms on the east 104 
and west sides of the floor. The first, second, and third floors have similar layouts, with additional 105 
classrooms, conference rooms, and laboratories located in the center compared to the ground floor. 106 
A football pitch on the west side of the building is designated as the assembly point for all staff 107 
and pupils during emergencies. The staff-to-student ratio, as addressed by the school 108 
administration, was 1/21, and the drill primarily relied on students' self-evacuation, with minimal 109 
instructions provided by the classroom instructor to evacuate towards the corridors. 110 

The building had three exits: one known as the main exit, locate on the south side, one exit on the 111 
west side of the building facing the football pitch; and the third exit, located on the east side of the 112 
building, opposite the west exit, facing a corridor that goes around the building and leads to the 113 
football pitch. Each exit is connected to stairs that pass through to the 3rd floor. For this study, only 114 
the east and west exits were used for occupant evacuation, and the main exit remained closed based 115 
on the school evacuation plan. Figure 2 provides geometrical details of the exits and stairs.  116 



The evacuation drill was scheduled for a Thursday, the last working day of the week in the country, 117 
at 11 AM when all students attended their classes. Only the school management office had 118 
information about the date and time of the semi-announced drill, and the research team arrived one 119 
hour before the drill to minimize contact with students and staff. The drill involved all students on 120 
the first, second, and third floors evacuating the building after hearing the fire alarm controlled by 121 
the investigation team. The egress routes included the east and west side stairs, and students had 122 
to evacuate the building through the east and west exit doors.  123 

The authors obtained a consent letter from the school director regarding the evacuation drill and 124 
permission to use the information for research purposes. Ethical clearances were also obtained 125 
from the research and ethics committee of the first author's institute. Additionally, the Civil 126 
Defense Authority was informed about the drill, and a representative from the authority oversaw 127 
the process.    128 

Data Collection  129 
Six cameras were used on the stairs and exit doors. Two cameras were positioned above the landing 130 
on each stair between the ground and first floors to monitor the movement of participants. The 131 
other two cameras are mounted at and near the exit doors to record exit flows. The cameras were 132 
set up half an hour before the drill while all students were inside the classroom to prevent any 133 
students from noticing the evacuation drill.  Also, two handheld cameras were used to record 134 
students' movement during the evacuation and one camcorder used by school management to 135 
record the drill. Table 1 presents participants’ characteristics, including their age range and grades. 136 
The pupils were categorized into two groups: children aged 7 to 12 and adolescents aged 13 to 17. 137 
The categorization was based on the presentation of results from previous works with similar or 138 
nearly similar groupings17,27, and the aim was to make the results relevant for comparison 139 
purposes. Also, evidence suggests that decision-making and locomotion skills undergo critical 140 
changes at the age of 1232,33which corresponds to age categorization provided by the National 141 
Institute of Health34. The children and adolescents were marked based on their clothes to facilitate 142 
data processing by video editors for speed calculations, which will be presented in the paper.    143 

Density  144 
Occupant density over stairs and in front of doors has been calculated and presented using two 145 
approaches. The first approach is based on the number of people in reference areas within a defined 146 
duration, and it is presented in units of persons/m2. In this case, the average number of people in 147 
the reference area at the beginning and end of the duration was used. The mathematical formulation 148 
for density as persons/m2 is given by equation (1):  149 

𝐷𝐷𝑖𝑖 = 𝑁𝑁𝑎𝑎/∆𝐴𝐴                                (1) 150 

Where 𝑁𝑁𝑎𝑎 denotes the average number of participants in the reference area, and ∆𝐴𝐴 is the area of 151 
reference area measured in m2. Reference areas were calculated over stairs and in front of 152 
doorways, as shown in Figure 2. The projection of the stair flight was calculated based on the 153 
horizontal length of the stairs and the slope of the stairs, which was measured on-site as 30 degrees 154 
using the following equation2:  155 

𝐿𝐿′ = 𝐿𝐿. 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼                                  (2) 156 



Where L represents the horizontal projection of the stairs calculated using the thread and rise 157 
dimension given in Figure 2, and α represents the slope of the stair, which was measured as 30֯. 158 
For doorways, the width of the doorway (1.48 m) and the landing depth of 1 m were taken as the 159 
reference area, as shown in Figure 2.  160 

In the second approach, density was calculated based on the occupied projection area over stairs 161 
and in front of doorways, and it is presented as density in m2/m2. Average values provided by 162 
Predtechenskii and Milinski2 for children and youth used in this study. In this case, an average 163 
value of 0.048 m2 (with a range of 0.04-0.057 m2) was used for children, and an average of 0.078 164 
m2 (with a range of 0.068-0.09 m2) was used for adolescents, respectively. For adults, an average 165 
value of 0.1 m2 2,35 was used.  166 

Speed Calculation 167 
Evacuee speeds over stairs and near the exit doors were calculated using video editing software 168 
Filmora 12 at a frame rate of 25 fps and a resolution of 1920×1080. The total number of frames 169 
that a target evacuee passes through the reference area was calculated and then converted to their 170 
speed using the following correlation:  171 

𝑆𝑆 �𝑚𝑚
𝑠𝑠
� = 𝐿𝐿

(𝐹𝐹𝐹𝐹𝑖𝑖1−𝐹𝐹𝐹𝐹𝑖𝑖2)×1/𝐹𝐹𝐹𝐹
              (3) 172 

The speed is measured in meters per second. 𝐹𝐹𝐹𝐹𝑖𝑖1and 𝐹𝐹𝐹𝐹𝑖𝑖2 denotes the frame number of the target 173 
evacuee at the entrance and exit from the reference area, respectively. 𝐹𝐹𝐹𝐹 represents the frame rate 174 
of the video review, which was set as 25 frames per second. For the near door area, the distance 175 
on the landing before the doorway was measured as 1 m, and the width of the door was noted as 176 
1.48 m. The same approach was applied to calculate the participants’ speed and flow through 177 
doors, with a slight difference. Participants' speed was calculated with the length of the reference 178 
area and equation (3). 179 

Flow Calculation 180 
Flows over stairs were calculated as the product of speed and density, calculated by the above 181 
correlations, and divided by the effective width of the component as follows:  182 

𝐹𝐹 = (𝑆𝑆𝐷𝐷𝑖𝑖)/𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒.                          (4) 183 

Which is measured in persons per second per meter of effective width (Persons/s/m). The effective 184 
width (𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒.) was determined using values provided in the SFPE guide1 for the boundary width 185 
of stairs and doorways. In this case, the effective width for stairs was calculated as 1.10 m. It is 186 
important to note that average densities at the beginning and end of the frames were used for flow 187 
calculations. The flow of participants through doors was calculated by counting the number of 188 
people passing through the doorways during a specific time for continuous flows of participants      189 
and using the average density of the beginning and end of the counting frames, presented as 190 
Persons/s. The calculated values were then divided by the effective width of the doorways, which 191 
was taken as 1.18 m, considering the recommended 0.15 m for the boundary width. The decision 192 
to apply the boundary width was based on a comprehensive review of videos, where it was 193 



observed that most participants moved over stairs or through exit doors while maintaining a 194 
distance from the edge.  195 

Measurement Uncertainties 196 
Uncertainty for density (Persons/m2) is calculated relative to the uncertainty of counting the 197 
number of people on the reference area (±11.8%) and the uncertainty relative to the measurement 198 
of the reference area itself (±1.90%), resulting in a total uncertainty of ±1.80%. In the case of 199 
occupied density (m2/m2), the uncertainty depends on the measurement of the reference area 200 
(±1.9%) and the mean value for individual occupied projection area (±15.9%), resulting in a total 201 
uncertainty of ±8.9% for the occupied density measurement. For participant velocity, the 202 
uncertainty is calculated relative to the frame count (±1.80%) and the velocity uncertainty relative 203 
to the length measurement (L) (±0.6%), resulting in a total uncertainty of ±1.20% for velocity 204 
measurement. In flow measurement, the uncertainty is a combination of uncertainties calculated 205 
for density (Persons/m2), velocity, and length measurements, resulting in a total uncertainty of 206 
±1.2%. 207 

Re sults  208 

Behavioral Observations 209 
Video observations revealed interesting aspects of school pupils’ behaviors during the drill, which 210 
may not be commonly observed among adults. Figure 3 provides snapshots of these observations 211 
from the drill videos. In Figure 3a, one of the evacuees can be seen jumping over the last two stairs 212 
leading to the landing platform, using the handrail for assistance. This behavior can be explained 213 
as an act of excitement and is typically observed among schoolchildren. However, it only occurs 214 
when the density over the stairs is low enough to allow children to do so. 215 

Figure 3b depicts a student who waits for his friends to come down the stairs, standing still for a 216 
few seconds and blocking the way for others descending. This behavior was also observed among 217 
two girls in the other stairway during the evacuation. Similar behavior has been reported in other 218 
studies conducted in nursery school26, where children waited for slower peers, resulting in 219 
congestion and blockage on stairways and near doorways. This behavior may be explained by 220 
social bonding, where people try to respond to cues as a group rather than individually36. 221 

In Figure 3c, one of the participants tries to unintentionally prevent his friend or classmate from 222 
going down the stairs, indicating a sense of competition to reach the landing first. Figure 3d shows 223 
a student attempting to sneak through the side of an older student who appears to be moving slower. 224 
Common behaviors observed among both female and male children and adolescents were only 225 
those seen in Figure 3b and 3d. The other two behaviors recorded among male pupils in Figures 226 
3a and 3c were not observed among their female counterparts. The impact of these behaviors on 227 
overall evacuation behavior and uncertainties is difficult to estimate. However, the uncertainties 228 
added to movement predictions by these behaviors of children require further consideration in 229 
future studies.   230 



Total evacuation time  231 
Figure 4a provides the flow rate of participants evacuating from the building through the eastern 232 
and western exit doors. The figure also presents the total counts of evacuees versus time during 233 
the evacuation period. A total of 295 school students evacuated from the building through the 234 
eastern and western exits during the drill. However, the number of students who chose the western 235 
exit was 20 students higher than those who selected the eastern exit. This choice may be attributed 236 
to the proximity of the west exit to the designated assembly point. The drill was concluded after 237 
the school fire wardens ensured that no one remained in the classrooms and floors, and they 238 
counted the students at the assembly point. Once the drill ended, the fire warden and their teacher 239 
instructed the students to return to their classes.  240 

Regarding the eastern exit, there is an initial peak flow of 4 persons per second through the door, 241 
which continues until the end of the 229-second evacuation. However, the pattern is different for 242 
the western exit, where a peak flow of 5 persons per second is achieved in the middle of the 243 
evacuation, approximately 100 seconds after the start of the drill. The total evacuation through the 244 
western exit lasted for 307 seconds. The number of evacuees who used the western exit was 245 
slightly higher than those who used the eastern exit, likely because the western exit was closer to 246 
the designated assembly point at the football pitch. Figure 4b shows the cumulative arrival time of 247 
evacuees versus their order of arrival at the exits. 248 

Mean traveling speeds over stairs 249 
The mean speeds and standard deviations were calculated for the children and adolescents who 250 
participated in this study. Table 2 summarizes the mean flight speeds over stairs for both age 251 
groups. The mean speed was determined for children as 0.84 ± 0.06 m/s, with insignificant 252 
differences observed between females (0.89 ± 0.06 m/s) and males (0.80 ± 0.06 m/s). However, 253 
there is a notable disparity in the mean speed of adolescents between female and male participants. 254 
The mean flight speed for adolescents was calculated as 0.73± 0.05 m/s, with a mean speed of 255 
0.85± 0.05 m/s for males, while it was reduced to 0.58 ± 0.01 m/s for female adolescents.  256 

For this study, evacuees were categorized into two groups: those who partially or fully used 257 
handrails during their flight over stairs and compared with those who used the handrail. The mean 258 
velocity for the group assisted with handrails, consisting of 40 evacuees, measured as 0.81 ± 0.06 259 
m/s. The maximum and minimum speeds recorded in this group were 1.40 m/s and 0.31 m/s, 260 
respectively. Those without handrail assistance had a mean speed of 0.76 ± 0.08 m/s, with 261 
maximum and minimum speeds of 1.72 m/s and 0.31 m/s, respectively.  262 

Speeds over stairs and through doorway 263 
For movement speed over stairways, both groups show a reduction in speeds proportionally with 264 
increasing density, presented as Persons/m2. Figure 5a demonstrates that female adolescents had 265 
lower speed profiles over stairs in different densities, which aligns with the previously discussed 266 
mean speed findings. Three different estimations were used to capture the trend of changes in 267 
speeds for densities below 2.2 Persons/m2. The estimations by Kholshevnikov et al. method for 268 
children aged 6-15 years fitted an exponential trend rather than a linear correlation. In all cases, 269 
the decreasing trend of speeds versus the number densities of children and adolescents is captured 270 
with the trends. However, the one for Gwynne and Rosenbaum1 (SFPE guide - adults) is speculated 271 



to lead to total congestion over stairs sooner than the other two, whose current speed does not 272 
follow that trend.    273 

Figure 5b shows a scatter plot of speed data for children and adolescents in front of exit doorways. 274 
A notable difference is observed between the speeds estimated by the Gwynne and Rosenbaum 275 
correlation1 (for adults) and the speed data obtained in this study. The Gwynne and Rosenbaum 276 
correlation1 defines the maximum speed during free movement (lowest density) as 1.4 m/s, while 277 
the maximum speed recorded in the current data barely reaches 1.09 m/s. Additionally, the slope 278 
of the trend defined for adults in the Gwynne and Rosenbaum correlation1 suggests a full stop 279 
speed (zero speed) can be extrapolated at a much lower density compared to that of children and 280 
adolescents.  281 

Figure 5b also includes two trends provided by Kholshevnikov et al.14, which describe movement 282 
behaviors near doorways for children. The authors categorized children's dynamics into different 283 
modes during unimpeded free movement along evacuation routes, including comfortable, quiet, 284 
active, and increased activities. For the purposes of comparison, this study considers only the 285 
active and quiet modes. The data in Figure 5b aligns better with the quiet mode than the active 286 
mode. This is consistent with the observations from the videos, where the majority of participants 287 
exhibited quiet motions near the doorways.  288 

Figure 6a presents speed measurements over stairs plotted against occupied density as m²/m². The 289 
speed data is compared with two other estimations, using the Najmanova and Ronchi correlation21, 290 
recently introduced for 3-6-year-old infants, and the one presented by Predtechenskii and 291 
Milinskii2 for youths. Figure 6a reveals the discrepancies in movement characteristics over stairs 292 
between children and adolescents compared to those obtained for infants of less than 6 years, for 293 
densities less than 0.16 m²/m². The slope of Predtechenskii and Milinskii2 predictions for youths 294 
shows a better agreement with the slope change of the current data versus density, though it 295 
underestimates the maximum speed over stairs. By extrapolating the trends, full congestion for 296 
infants (under six years old) appears to occur at a much lower density than the one suggested by 297 
the current data slope.  298 

The differences in population speed are more evident in Figure 6b, where the speed data near exit 299 
doorways is presented versus occupied density (m²/m²). Maximum speed and the slopes of speed 300 
changes are better captured by the predictions of the Predtechenskii and Milinskii2 correlation for 301 
youth, though the values are slightly overestimated. The correlation presented for infants predicts 302 
full congestion of flow (nearly zero speed) at much lower densities than what appears with the 303 
slope change of the current data.   304 

Flow over stairs and through doorways 305 
Figure 7 provides scattered data of specific flow obtained for children and adolescents over stairs 306 
and through doorways, plotted against density as persons/m². Figure 7a shows that most of the 307 
flow data for children ranges from 0.2 to 2 persons/s/m, while the concentration of flows recorded 308 
for adolescents drops to 0.2 to 1.5 persons/s/m. According to Table 2, the average flow rate is 309 
calculated as 0.83 persons/s/m² for children and reduced to 0.58 persons/s/m² for adolescents. The 310 
flow rates over stairs are compared with predictions by Fang et al.28 correlation for infants of 5-6 311 



years old and estimations introduced by the Gwynne and Rosenbaum correlation1 for adults with 312 
different stair dimensions. The data appears to agree well with the trends and data of both 313 
populations for low densities (less than one person/m²). However, flow values are underestimated 314 
for data at or near a density of 2 persons/m².  315 

Figure 7b presents the flow through doorways calculated for both populations. Flow data shows a 316 
higher maximum flow of around 5 persons/s/m for adolescents and children, with a few exceptions 317 
that reached around six persons/s/m for adolescents. For children, higher flows through the exit 318 
doors were recorded with larger densities than the ones recorded for adolescents. Two trends were 319 
used for comparison purposes: one based on the correlations presented by Larusdottir26 for children 320 
of different age groups ranging from 6-15 years and the other from Najmanova and Ronchi21 for 321 
infants ranging from 3-6 years old. The comparison could not reveal any conclusive difference 322 
between the patterns due to the wide flow of data distribution across different densities.  323 

Figure 8 depicts flows measured over stairs and through exit doorways in relation to occupied 324 
densities (m2/m2). A clear distinction between flow data over stairs for children and adolescents 325 
sorted by their occupied density is evident. Children exhibit higher flows than adolescents within 326 
the same range of densities, although this difference is most pronounced for densities of less than 327 
0.1 m2/m2. Conversely, adolescents exhibit a slower change in flow across a wide range of 328 
densities, extending up to approximately 0.16 m2/m2. For comparison, three correlations have been 329 
employed, including the one presented by Najmanova and Ronchi21 for infants aged 3-6 years and 330 
two trends provided by Predtechenskii and Milinski for children and youths. The data presented 331 
here deviates from the trend predicted by the Najmanova and Ronchi21 correlation but aligns with 332 
the trends estimated by the Predtechenskii and Milinski correlations. The correlation for youths 333 
demonstrated better predictive accuracy regarding the slope of changes, as the one for children 334 
underestimated the trend observed in the data collected in this study. 335 

Flows through the exit doors are presented versus occupied densities in Figure 9b. Flows are 336 
distributed across various densities, ranging from approximately 0.5 to 5 persons/s/m. In contrast 337 
to Figure 7b, flow data for children and adolescents covers a broader spectrum of densities, 338 
extending up to 0.18 m2/m2. Predictions from the three correlations provided in Figure 8a are also 339 
included here for exit door flow. Due to the spread of the data, the trends do not align with the 340 
current data, and drawing any conclusions would be premature.  341 

Discussion  342 

The movement characteristics of children and adolescents were investigated during an evacuation 343 
drill at a school. The observations of pupils' behavior captured by cameras unveiled unique 344 
behaviors exhibited by school pupils during evacuation. These behaviors included waiting for a 345 
friend or friends on stairs, jumping over stairs when crowd density is low, moving down faster 346 
than friends by obstructing their paths, or moving shoulder to shoulder without maintaining 347 
personal distance. These behaviors differ from those typically described for adults, including their 348 
privacy distance or body buffer zone, as introduced by Fruin during evacuations. Furthermore, the 349 
influence of culture on these behaviors and the body buffer zone among children should not be 350 
overlooked. 351 



The mean speeds reported for flights over stairs align closely with previously documented values 352 
in the literature concerning school children and adolescents. Hamilton et al. reported a mean speed 353 
over stairs of 0.92 m/s, with the speeds of boys and girls ranging 6 to 12 years old was noted as 354 
0.91 and 0.92 m/s, respectively19. This corresponds to the same values reported by Cuesta and 355 
Gwynne27 for primary and secondary school children (6 to 16 years) and a lower value of 0.57 m/s 356 
for preschoolers (3 to 6 years). Fang et al. recorded a speed of 0.63 m/s for children aged 5-6 years 357 
in a kindergarten setting28. Another study conducted a series of unannounced and semi-announced 358 
evacuation drills in schools, capturing the movement of pupils aged 5 to 12 years using cameras18. 359 
The average speed over stairs was noted as 0.78 m/s for children, with the lowest speeds recorded 360 
for young children and higher speeds observed for older children. Ono et al. noted a speed of 0.86 361 
m/s for school children aged 6 to 14 years old22,23.  362 

The study examined the effect of handrail assistance on mean flight speeds over stairs by 363 
calculating participants' speed with and without handrail assistance. The results do not offer 364 
conclusive evidence regarding the impact of handrails on movement speed over stairs. Similar 365 
findings were reported by Peacock et al.37 in their study on the effect of handrails on movement 366 
speed in adults. They found no significant difference in movement speed between individuals with 367 
and without handrail assistance.   368 

This study found that the flight speeds of female children and adolescents were generally lower 369 
than those of male children and adolescents. This is consistent with previously reported findings 370 
on adult females from Saudi Arabia, who exhibited lower mean speeds over horizontal surfaces 371 
and stairs13. The authors explained the difference as being related to female attire (abaya), which 372 
might reduce their speed during descent over stairs. Predtechenskii and Milinskii2 also addressed 373 
the impact of attire on evacuees' movement characteristics, alongside age and physical 374 
characteristics, as factors influencing density and, consequently, movement speeds. They 375 
measured the horizontal projection area of evacuees under different clothing and movement 376 
scenarios, as presented in their report. The results presented in this study again underscore the 377 
importance of attire in determining the movement characteristics of school evacuees. More 378 
importantly, the impact of culture and its decisive role in shaping evacuation behavior and 379 
movements must be considered. This was not the scope of the current study, and special 380 
methodologies should be designed to address this issue in the future. 381 

Speed data have been presented against number densities and occupied area densities for 382 
movement over stairs and in front of exit doorways. Speeds proportionally decreased with 383 
increasing densities in both cases. The rate of change in speed was found to be different from that 384 
of adults in all cases, which aligns with previous studies that have identified similar 385 
characteristics17,19,21. Moreover, the slope of the speed-density relationship differed significantly 386 
from that observed for infants when the results were plotted against occupied area densities. This 387 
finding implies a distinction between the movement of infants and that of children and adolescents 388 
over stairs and near exit doors, which may be attributed to two possible reasons. The locomotion 389 
ability of infants is the weakest compared to other groups, making it hard for infants to abreast 390 
movements at higher densities. The peculiar behavior of infants and its effect on their mass 391 
movement in high densities have been explained in Najmanová and Ronchi’s recent work21. 392 



Therefore, the possibility of near-zero movement in lower densities than children and adolescents’ 393 
densities is not unusual. Also, infants' body sizes are smaller than other groups, allowing higher 394 
number of infants per 1 m2, and at the same densities. It means infants may reach congestion 395 
number densities earlier than children and adolescents. Hence, a sharp decrease in slope of speed 396 
change for infants is not surprising.       397 

Participant flow was calculated based on video observations and presented in relation to number 398 
densities and occupied area densities for movements over stairs and through the exit doors. The 399 
results with occupied area densities highlighted a distinction between the data for movements over 400 
stairs for the two studied groups, reemphasizing the relevance of the occupied area density method 401 
over the number density method for heterogeneous populations. In all the occupied area densities 402 
presented here, children exhibited higher flow rates than adolescents when moving over stairs. In 403 
addition to the differences in body size explained in the previous paragraph, this variation may be 404 
attributed to Fruin's definition3 of the 'body buffer zone,' which can influence how individuals 405 
move abreast when descending stairs or passing through a doorway. Adults typically prefer to 406 
maintain their personal space and avoid physical contact with others during crowd movement, 407 
although the specific distances may vary across cultures. However, the concept of personal space 408 
and the practice of maintaining distance may not be as significant for children, who tend to have 409 
fewer concerns about avoiding contact with each other. Our observations of children descending 410 
stairs or moving through doorways in this study support the notion that there is a lack of personal 411 
space between children, while such space exists among adolescents. Contact between children 412 
occurred frequently without impeding their movement or slowing their speed. This lack of personal 413 
space implies a higher flow rate among children compared to adolescents at the same crowd 414 
densities and could explain the higher specific flows observed in this study.     415 

The results also revealed a wide distribution of flow rate data points for children and adolescents 416 
passing through the exit doors. Broad distributions of flow at the exit doors were previously 417 
reported by Hamilton et al.19 and Najmanová and Ronchi21, with a large dataset collected for 418 
infants. The maximum range of flow rate distribution in this study was higher, reaching up to 5 419 
persons per second per meter (Persons/s/m), compared to a previous study by Larusdottir26 with 420 
the same age groups. Two factors may contribute to the variances observed here, including 421 
differences in door opening mechanisms and conditions of the doors during the drills. In the current 422 
study, both exit doorways were designed as double-leaf doors and left open during the drill. Both 423 
doors were held on the sides of the door frame without interacting with the participants. However, 424 
in Larusdottir's study26, doors were a mixture of double and single leaves, and some doors were 425 
left locked during the drills. As the author noted, the locks were out of reach for children and 426 
required adult intervention to allow the children to pass through. Door leaf design and its condition 427 
during crowd movement have been previously addressed in other works2,3, with the possibility of 428 
reducing effective width availability and, consequently, the flow capacity of doorways by up to 429 
30%9.      430 

Limitations          431 
This study has several limitations that should be clarified for readers. Foremost, it is important to 432 
note that the results presented here for speed and flow are only indicative and represent trends 433 



based on extrapolation of experimental data. Further statistical data should be obtained to validate 434 
the findings presented in this study. Furthermore, categorizing the samples into children and 435 
adolescents facilitated a clearer comparison of movement patterns. However, it is important to note 436 
potential variations in movement within each age group and across different ages (e.g. between 7 437 
and 9), a factor not accounted for in this analysis and should be noted as a limitation of current 438 
study. Another limitation is that the data collected in this study were obtained in the context of 439 
evacuation drills, and their comparability to actual incidents should be considered. Moreover, 440 
when comparing the results of this study with those of previous studies, uncertainties may arise 441 
due to variations in factors such as staff engagement with children, guidance towards exit routes, 442 
and types of warning used. These differences can introduce further uncertainties in making direct 443 
comparisons between studies. In addition, the results presented here are the outcome of one 444 
evacuation drill in the school, and uncertainties associated with repeated trials are unknown. 445 
According to school management documentation, all children and adolescents were in normal 446 
physical condition. However, there might be a chance that some were reluctant to disclose 447 
information about their physical abilities completely, which could affect their movement speeds. 448 
Furthermore, some of the teachers had prior information about the drill, and it is uncertain whether 449 
they revealed the nature of the drill to the school pupils in the classrooms before it started. This 450 
could affect the sense of urgency and, consequently, their evacuation speed.  451 

Conclusion  452 

An evacuation drill was carried out to explore the movement of children and adolescents on stairs 453 
and near and through exit doors in a school. Participants varied in age from 7 to 17 years old and 454 
were divided into two groups of children (7 to 12 years old) and adolescents (13 to 17 years old). 455 
The participants' movement was observed using cameras mounted on stairs and near exit doors. 456 
The recordings were further processed to calculate participant densities, speeds, and specific flows 457 
over stairs and via exit doorways.  458 

The study examined participants' travel speeds over stairs and near exit doorways, considering 459 
their population group and gender. Children had a higher mean speed than adolescents when 460 
traveling over stairs; this difference was statistically significant. Among adolescents, there was a 461 
significant gender-based difference in mean travel speed over stairs, with females being slower 462 
than males. For children, the mean travel speeds were nearly similar regardless of gender.  463 

The analysis of speed-density profiles near stairwells and doorways yielded several key findings. 464 
Firstly, as population density increased, speeds over stairs and near doorways exhibited a 465 
decreasing trend. These findings align with previous studies involving other age groups, such as 466 
infants and adults. Notably, the rate of change in speeds was considerably lower than observed for 467 
infants provided by other works. Maximum speeds over stairs were recorded at 1.43 m/s for 468 
children and 1.37 m/s for adolescents, while minimum values were 0.41 m/s and 0.34 m/s, 469 
respectively. Near doorways, maximum speeds reached 0.94 m/s for children and 1.08 m/s for 470 
adolescents, with minimum speeds of 0.30 m/s and 0.37 m/s, respectively. 471 

The flow-occupied area density profiles provided a distinct differentiation between children and 472 
adolescents in terms of their movement over stairs. Children exhibited higher flow rates compared 473 



to adolescents, with maximum flow rates reaching almost 2 persons per square meter for children 474 
and around 1.5 persons per square meter for adolescents. The flow rates for both age groups over 475 
stairs followed a different pattern compared to infants and adults, indicating an age-related 476 
influence on evacuation movement flow rates. For exit doorways, the flow rates varied widely, 477 
ranging from approximately 0.5 persons per square meter to 5 persons per square meter.      478 

Evacuation movements in schools are intricate, influenced by distinctive behavioral and physical 479 
constraints that set them apart from the wider population. Future research should investigate how 480 
the unique behaviors identified in this study impact the uncertainties associated with measuring 481 
pupils' speeds and flows and the influence of cultural factors on evacuation behaviors, especially 482 
in underrepresented regions. This can be achieved through a well-designed methodology.   483 

Da ta  Ava ila b ility   484 

The data for the current work can be shared with the corresponding author upon request.  485 
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Table 1 Children and Adolescents age and grade distributions participated in the evacuation drill 586 

Age [Years] Grade Number of 
Students 

Category Floor Distribution 

7-8 2nd 31 Children Ground 10.5% 
8-9 3rd 23 Children Ground 7.7% 

9-10 4th 26 Children First 8.8% 
10-11 5th 24 Children First 8.1% 
11-12 6th 17 Children First 5.7% 
12-13 7th 41 Adolescent Second 13.8% 
13-14 8th 32 Adolescent Second 10.8% 
14-15 9th 28 Adolescent Second 9.4% 
15-16 10th 21 Adolescent Third 7.1% 
16-17 11th 30 Adolescent Third 10.1% 
17-18 12th 22 Adolescent Third 7.4% 

Total 295 - 
 587 

 588 

Table 2 List of mean speed and flow rates of children and adolescents over stairs.  589 

 Children  Adolescents With 
Handrail  

Without 
Handrail 

Mean Flight 
Speed  

0.84 ± 0.06 m/s 0.73 ± 0.06 m/s 0.81 ± 0.06 
m/s  

0.76 ± 0.06 
m/s 

Female Male Female Male Max. Min. Max. Min. 

0.89 ± 0.06 
m/s 

0.80 ± 0.06 
m/s 

0.58 ± 0.01 
m/s 

0.85 ± 0.01 
m/s 

1.40 
m/s 

0.31 
m/s 

1.72 
m/s 

0.31 
m/s 

Mean Flow 
Rate  0.83 Persons/s/m2 0.58 Persons/s/m2 - - 
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Figure 1 School building floor plan a) Ground floor; b) 1st, 2nd and 3rd floors; c) layout 
of cameras in the west stairs and exit door; d) layout of cameras in the east stairs and 

exit door 
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Figure 2 Stairs dimensions and pictures of depicted reference area on stairs and 
near doorways 
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Figure 3 Snapshots of children’s movement behavior over stairs 
(obtained from video surveillance) 
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Figure 4 a) Calculated flowrates of children through west and east exit 
doorways and their evacuation times; b) Cumulative arrival time of 

evacuaees through west and east exits sorted versus evacuees arrival order.  
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Figure 5 Plots of speeds vs. crowd density. a) Over the stairs; b) In front of the 
doorway 



 701 

 702 

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

Figure 6 Plots of speed vs. occupied density. a) Over the stairs; b) In front of the 
doorway 
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Figure 7 Plots of flow vs. crowd density. a) Over the stairs (Superscripts in figure 730 
7a:*Stairs riser: 18 cm, thread: 28 cm, 1riser:16.51  cm- thread:30.48 cm,2riser:17.78 cm-731 

thread:27.94 cm,3riser:19.05 cm- thread:25.40 cm) ; b) Through doorways.  732 
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Figure 8 Plots of flows vs. occupied density. a) Over the stairs; b) Through the 759 
doorway 760 

 761 
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