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Abstract

The main objective of this paper is to explore evacuees’ behaviour during an unannounced fire
drill using data collected in two office buildings located at CERN, in Switzerland. Overall, a
total of 142 pre-evacuation time measurements, 121 evacuee walking speed measurements in
staircase configurations, and 336 evacuee walking speed measurements on floor configurations
are included in the dataset. These data were compared with the existing evacuation data for
office buildings. This comparison revealed that the pre-evacuation times measured in the
present study are significantly lower compared to existing data from the literature for the same
type of occupancy. Walking speed data collected in corridors in the present study is within the
range of the values reported in previous studies. Further, walking speeds on descending
stairways measured in the present study were significantly higher than those available in the
literature. However, the novel dataset presented in this study is in accordance with the values
recommended in well-known guidelines (such as the SFPE Handbook) and could be used in the
future to simulate evacuations of office buildings.

Keywords Pre-evacuation time; fire drill; evacuee walking speed; human behaviour;
fundamental diagram; corridors; stairs; office buildings; evacuation.
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1. Introduction

Multiple types of hazards such as fires, earthquakes, and terrorist attacks, can threaten a
building population’s safety. As such, different building codes have been developed to ensure
occupants’ safety throughout the life of the building. Such codes can be classified as
prescriptive-based codes, performance-based codes, and objective-based codes [1,2]. These
codes define the minimum requirements to ensure the safety of all building occupants in case
of an emergency.

Prescriptive-based codes consist of a set of rules that, if followed, produce a design deemed to
be safe even if its level of safety is not always quantified clearly [3-5]. Conversely,
performance-based and objective-based codes are based upon the use of analytical or numerical
models that require the designer to quantify the level of safety provided by the building [2,6].
Performance-based design involves the comparison of ASET, the available safe egress time,
and RSET, the required safe egress time. RSET is therefore one of the key criteria of safety
assessment of a building and can be estimated using computer evacuation models. Evacuation
models can simulate the evacuation process using different approaches including agent-based
ones as well as coarse network alternatives, among others [7,8]. However, existing evacuation
models require users to supply inputs to account for occupant behaviour such as pre-evacuation
time, exit choice and evacuation movement speed [9]. These inputs are generally based on the
available data or engineering judgement if data is not available [10-13].

While data from actual fire evacuations is the most applicable and more likely to accurately
represent occupant evacuation behaviour, it is not as readily available as other data types [14].
For example, data from fire drills are often used as an alternative to data from real events [15-
18]. A key assumption is that drill data can be used to approximate the response of evacuees in
an actual fire emergency, especially when these drills are unannounced. For that reason, a
number of studies have collected evacuation drill data from a number of different building types
with different population demographics. However, they are not exhaustive. There are some
building types or scenarios for which data are lacking. For instance, pre-evacuation data from
some building types (e.g., airports and transportation terminals) are not available, or, if
available, sample sizes are relatively small. In addition, data collected from office building
evacuations in countries other than the US, UK or Canada are rare [10]. As such, generating
new evacuation data is still an ongoing need for use in performance-based design to identify if
there are any differences in pre-evacuation and evacuation movement [18,19].

The goal of this work is to better understand how people behave during office evacuations, and
more specifically to understand if pre-evacuation and evacuation movement data collected from
office buildings in Switzerland are similar to data collected from other countries. Similarities
and differences among datasets will be identified, as well as possible reasons for differences,
where possible. This is achieved by collecting new evacuation data through an unannounced
drill carried out in two office buildings. This was done by recording the drill using video
cameras and analysing the video data to estimate pre-evacuation times, walking speeds, specific
flow and local density. From there, SFPE relationships (i.e. fundamental diagrams) were plotted
alongside the collected experimental data in order to judge whether the SFPE relationships
could be used as design curves for office occupancy. Finally, this work aims at performing a



comparison between the new empirical data and the data presented in the literature showing the
need for new evacuation investigations in the future.

2. Background

This section provides a review of the existing studies investigating office building evacuations,
where possible, dividing them into studies focusing on the pre-evacuation (Section 2.1) and the
evacuation movement (Section 2.2) phases. The pre-evacuation phase starts when occupants
are notified (e.g. recognise the alarm signal), and it ends when they begin purposive movement
towards a place of safety (e.g. out of the building or an adjacent safe compartment), and the
evacuation movement ends once the occupants have reached a place of safety [5].

2.1 Pre-evacuation studies

Several previous studies, such as [10, 20 and 21], have presented databases of pre-evacuation
times. These studies highlighted that pre-evacuation times could largely be dependent on the
type of occupancy, e.g., office buildings, apartments, restaurants, mercantile buildings, etc.
Table 1 summarizes pre-evacuation times collected from 13 case studies related to office
buildings. Those evacuations took place in buildings ranging from 4 to 110 floors located
mostly in the US and Canada.

Table 1 pre-evacuation data for business occupancy (P-UD= Partial Unannounced Drill,
UD=Unannounced Drill, AD=Announced Drill, FI=Fire Incident, PV=Pre-recorded Voice
notifications, T3=T3 fire alarm systems, AL=sirens, bells and horns, No AL=No Alarm) [10]

Reference | Country | Nature | Alarm | Floors | Number Pre-evacuation time | Cluster
of Mean = SD
occupants (min)

1 uUs P-UD PV 11 72 2.355 + 1.060
2 uUs ub T3 4 348 1.693 £ 0.841
3 uUs P-UD PV 12 132 1.233 £ 0.562
4 Canada ubD AL 13 458 1.398 + 1.436
5 Canada uD AL 6 92 0.573 £ 0.385
6 Canada uD AL 7 161 1.196 + 0.827 1
7 Finland AD AL 7 33 2.722 £1.151
8 Finland AD AL 4 9 2.017 £ 0.850
9 UK ubD AL 6 19 0.467 £0.183
10 Denmark uD PV 12 70 0.961 + 0.600
11 Australia Fl No 14 106 5.415 + 1.547

AL
12 us Fl No 110 85 11.300 + 58.489

AL 9
13 us Fl No 110 46 28.400 + 43.490

AL

From Table 1, it can be noticed that the first 10 studies have similar mean pre-evacuation times.
All mean pre-evacuation time values of these studies are below 3 minutes. On the other hand,
the mean pre-evacuation times estimated in the remaining studies are greater than 3 minutes.
One of the reasons that could explain these observed differences is the fact that the data analysed
in the first 10 studies come from drills, while data analysed in the remaining studies come from
actual events. Another reason could be that data values of the latter two studies (i.e. 12 and 13)
come from the WTC towers.



Lovreglio et al. [10] identified two clusters of existing pre-evacuation data for office buildings.
They carried out a clustering analysis to investigate whether it was possible to subdivide the
case studies into clusters and thus identify candidate factors that may segregate the datasets.
They employed the mean and standard deviation (SD) of the pre-evacuation times as input
values for the clustering analysis. Therefore, the resulting clusters included case studies sharing
similar mean and SD of pre-evacuation time. Readers can refer to [10] for more detail about the
clustering method employed.

In addition, Lovreglio et al. [10] have considered four possible pre-evacuation distributions
defined by two parameters (i.e. a and b in Table 2): gamma (Equation (1)), lognormal (Equation
(2)), loglogistic (Equation (3)) and Weibull (Equation (4)), to approximate the selected pre-
evacuation data for either identified cluster. These distributions were selected as they are
defined only for positive values of the random variable (i.e. x), but also because these
distributions have a skewed shape which is typical for pre-evacuation data [10]. Another reason
is that they are implemented in many well-known computational evacuation models [10] and
can be used by practitioners in performance-based design. The fitting of the above-outlined
distributions with pre-evacuation data is assessed using the R% parameter. The a and b
parameters and the R2 values of these distributions are reported in Table 2. It is worth noting
that the R2? parameters given in Table 2 must not be used as a criterion to select between clusters
but need to be only used to select a distribution within the same cluster.

-t
Gamma: F(x|a,b) = —— [~ ta~1leb dt (Equation 1)

bar(a) /o
—(n(t)-a)?
Lognormal: F(x|a,b) = bvlz_n fox P ( thz )dt (Equation 2)
Loglogistic: F(x|a, b) = — — (Equation 3)
1+(3)
. i _rx —b+b—-1 t b .
Weibull: F(x|a,b) = fo ba~Pt’~lexp (— (;) )dt (Equation 4)

Table 2 estimated parameters of pre-evacuation distributions for the business clusters [10]

Cluster | Distribution | Parameters in seconds | Data R2
a b points

1 Gamma 1.291 103.901 0.564
Lognormal | 381.651 0.967 2597 0.548
Loglogistic 4,592 0.587 0.548

Weibull 139.285 1.195 0.566

2 Gamma 0.557 1419.096 0.942
Lognormal 36.131 1.613 10 0.949
Loglogistic 5.905 0.958 0.950

Weibull 672.010 0.664 0.944

2.2 Movement Studies

In an engineering context, crowd movement is usually quantitatively specified using three key
characteristics. These are density, speed and flow. Population density is generally expressed as
the number of persons in a unit area of measured space [22]. Speed is the distance covered by



a moving person in a unit of time [22]. Flow is the number of people who pass a reference point
in a unit of time [22].

Past observations and experiments have shown that the speed of a group or an individual in a
group is a function of the population density. Similarly, the flow of evacuating persons passing
a certain point in the exit route is a function of the local population density. These relationships
are described in fundamental diagrams and have been empirically as well as theoretically
evaluated in previous studies. These diagrams are used in designing facilities and in evaluating
bottleneck capacities as well as their overall capacity. The shape of the fundamental diagrams
and capacity, which is characterized by the maximum flow, are largely dependent on various
factors, such as the geometry of the facility, type of the facility and user characteristics [23].
Comprehensive reviews on pedestrian flow characteristics are presented in several previous
studies, such as [24] and [25].

Several other studies also presented reviews on fundamental diagrams on staircases [26,27].
Staircases are critical components of buildings, particularly in evacuation situations, and
therefore, fundamental diagrams of staircases are included in well-known planning handbooks,
such as [28,29], and the SFPE Handbook of Fire Protection Engineering [22,30]. Gwynne and
Rosenbaum [31] derived relationships between speed and density, and between flow and
density, while Zhang [23] compared different fundamental diagrams with different geometries.
However, none of them focused, particularly on office buildings data.

Walking speed is also a key factor when calculating evacuation time. This parameter could be
influenced by many factors, such as characteristics of occupants (e.g., age and sex), and type of
building. For example, young people walk faster compared to the elderly, and males walk faster
compared to females (see Table 3). Thus, it is important to consider such aspects when
designing and planning buildings (including office buildings). Moreover, people may walk
faster in horizontal configuration compared to staircase configuration. Therefore, several other
studies focused on descending walking speed (see Table 4).

It can be noted that different building and occupant types have been considered in these previous
studies. However, no comprehensive studies have been carried out for office buildings. In
addition, the cultural difference also affects the occupants’ behaviour and decision-making
during emergencies [55]. Therefore, the data collected at a specific facility at a certain
geographic location or country might not represent the behaviours of occupants at another
location. This means that additional data are required to enrich the databases on occupants’
behaviours during fires.

3. Material and Methods

Data on occupant pre-evacuation time and movement on staircases and in corridors were
collected during unannounced evacuation drills at two office buildings of CERN, in
Switzerland. The buildings involved in this study ranged from four to five storeys in height.
The following sub-sections discuss the details of drill settings, the geometry of the buildings,
and data collection and extraction.



3.1 Drill settings

The drill was carried out during normal business hours (circa 10.30 am). It was a rainy day in
June, and the observed population was unaware that the drill was to take place. Occupants in
each building were located on various floors, and the elevators were not available during the
drill.

3.2 Buildings Geometry

In this study, video data were collected in two buildings (named building 1 and building 2 for
the purpose of this study) located at Meyrin, Switzerland. Geometries of these buildings are
briefly described in the following sub-sections.

Table 3 occupants’ horizontal walking speeds summarized in previous studies

Walking speed Reference
Mean £ SD (m/s) or range
Occupants’ Male 1.51 [32]
characteristics 1.41 +0.04 [33]
1.41+0.29 [34]
1.30 [35]
Female 1.41 [32]
1.35+0.03 [33]
1.28 [34]
1.24 [35]
Young 1.46 £ 0.03 [32]
1.36 £ 0.07 [34]
Elderly 1.20 £ 0.04 [32]
1.15+0.16 [34]
Male elderly 1.05 [35]
Female elderly 1.04 [35]
Children 1.08 [35]
1.46+0.58 [36]
1.09 [37]
1.2-19 [38]
Building type Indoor commercial 0.98 (free flow) [39]
Indoor shopping 0.80 (free flow) [39]
0.92 [40]
Train station (concourse 1.30 [39]
and platform)
High-rise apartment 0.56-1.2 [41]
A vocational high school 0.49-0.73 [38]
A factory 1.1-16 [38]




Table 4 Occupants’ descending stair walking speeds summarized in previous studies

Reference Number of Slope | Speed Range Density
storeys °) or Mean + Range or
SD Mean £+ SD
(m/s) (p/m?)
[42] 25 - 0.62 £ 0.15 -
25 - 0.74 £ 0.12 -
25 - 0.62 + 0.15 -
[43] 24 32.5 0.72 +0.25 | 1.67 + 0.55
10 32.5 0.59+0.23 | 1.83 +0.23
62 38.2 0.61+0.12 | 1.01 +0.48
18 36.9 0484+ 0.20 | 1.89 £+ 0.69
30 33.1 044+ 0.15 | 1.72+0.61
[44] - - 0.78+0.17 -
- - 0.93 +£0.27 -
[45] 13 - 0.66 + 0.25 1.56
13 - 040+ 0.17 1.60
13 - 0.57+0.21 1.58
13 - 0.66 + 0.31 1.60
[46] 13 - 0.70 + 0.16 1.25
13 - 0.61 +£0.10 1.30
13 - 0.57 +£0.12 2.05
13 - 0.72 + 0.09 1.00
[47] 53 - 16 s/floor Dmax =3
[48] 7 27 Median = -
0.64
95% fractile
=1.04
[49] - 24.6 - | 0.56 + 0.23 — -
38.8 1.49 + 0.43
[35] - - 0.38+0.09 | 0.0—-0.72
[50] - 26.4 | 038—-10.68 | 0.7—23
[51] 9 28.6 0.6 —1.3 0.2 — 145
[52] 50 325 0.74 - Individual
Female speed
0.83 - Male
[53] - - 0.82-0.91 22-25
1.0 One-by-one
[54] - 27.3 05-0.9 0-18
3.2.1 Building 1

Building 1 is a five-storey office building (i.e., from R-1 to R+3), equipped mainly with
auditoriums, laboratories, as well as office spaces. The floor-to-floor height in this building is
3.15 meters. The floor layouts are shown in appendix A. The basement (R-1) contains two
emergency exits, i.e., Exit A in Fig. A.1 and Exit B (which is a staircase) in Fig. A.1. The
ground floor (RO) contains two emergency exits, i.e., Exit C in Fig. A.2 and Exit D in Fig. A.2.



The upper floors (R+1 to R+3) contain two egress means, i.e., stairs 1-205 in Fig. A.3 and stairs
1-204 in Fig. A.3. A commonality between the upper floors (R+1 to R+3) is that they have a
similar layout.

One of the primary data collected for this study was the timing of the evacuee movement
traversing the straight staircase number 204 during evacuation. The geometry of this staircase
is shown in Fig. 1 including the distance travelled on the staircase flights and landing, the
staircase width and the landing size. These measurements were carried out to calculate walking
speed, density and flow between two floors. The staircase 204 tread and riser measure 30 cm
and 19.7 cm, respectively. The slope of each flight of stairs in this staircase is 33.3°.

Occupant enters first
observation paint

!

First flight of stair (Lr1) Second flight of stair (Lr2)

Occupant exits second
ohservation point

/ Landing (L) -
cted stair Stair travel h/

avel distance distance

Fig. 1 overview of straight flights of staircase 204 between two floors, its landing, staircase
travel distance and width

Travel distance within staircase 204 is calculated as follows:

Lsz04 = Q/ (2)2 +Lp? + L+ (2)2 + Lgy’ (Eq. 4)
where

Lg,04 is the travel distance between two floors in staircase 204 (= 6.74 m);

h is the height between two floors (= 3.15m) ;

L, is the projected travelled distance within the first flight of staircase 204 (= 2.40 m) ;

L, is the travelled distance within the landing (= 1.00 m) ;

and L, is the projected travelled distance within the second flight of staircase 204 (= 2.40 m).

3.2.2 Building 2

Building 2 is adjacent to building 1. It is a four-storey office building (i.e., from R-1 to R+2).
The floor-to-floor height in this building is also 3.15 meters. The building is equipped with
meeting rooms and office spaces, among other rooms. Further details are provided in appendix
A. Overall, the basement (R-1) contains two emergency exits leading to the outdoors labelled
as Exit 1 and Exit 2, plus an emergency staircase (i.e., staircase S-209) leading to the ground
floor. The ground floor (RO) contains one emergency exit leading to the outdoors labelled as
Exit 3 and four emergency stairs (i.e., those close to R-030, R-403, R-027, and R-003 on the
floor plans). The first floor (R+1) contains multiple emergency stairs; however, only three of
them are observed in this study. Those are labelled as 1-201 and staircases close to 1-101 and
1-022. Finally, the second floor (R+2) also contains multiple emergency stairs; however, only
three of them are observed in this study (i.e., 2-201, and staircases close to 2-101 and 2-021).



Similar to building 1, the timing of the evacuee movement traversing the stair was obtained. In
this case, stair 210 is a dog-legged staircase. Fig. 2 illustrates the configuration of staircase 210
between two floors. The staircase tread and riser measure 32 cm and 19.7 cm, respectively. The
slope of each flight of stairs in this staircase is 31.6°.

Third flight of stair (Lr3) Occupant enters first
observation point

3 F”””’*”’l Second Landing (L12) ~2
1
1
. ! Stair trave
T distance
Projected stair 1 Second flight of stair (Lr2)
travel distance 0
1

F4-F4-F1--- First Landing (Lu1)

Occupant exits second
observation point

First flight of stair (Lr1)

Fig. 2 overview of dog-legged flights of staircase 210, its landings, staircase travel distance
and width

Travel distance between two floors within staircase 210 is calculated as follows:

Lizto = () Lo® + Lua + () Loa® + Lo + () 4 Li? (Eq. 5)

where

Lg,1 is the travel distance between two floors within stairs 210 (= 10.09 m) ;

16 is the total number of steps in staircase 210 (7 for the first flight, 3 for the second, and 6 for
the third);

h is the height between two floors (=3.15 m) ;

L, is the projected travelled distance within the first flight of stairs 210 (= 2.24 m) ;

L;, is the travelled distance within the first landing (=2.03 m);

L, is the projected travelled distance within the second flight of stairs 210 (= 0.96 m) ;

L;, is the travelled distance within the second landing (= 2.05 m) ;

and Lg is the projected travelled distance within the third flight of stairs 210 (= 1.92 m).

In this study, we assumed that evacuees walk in the centre of staircases. Uncertainties could be
estimated by assuming other possible travel paths along the inside or the outside of the stair like
it was done in [56]. This is out of the scope of this study but could be a future development.

3.3 Video recording

In this study, video data were collected by positioning video cameras at strategic locations, i.e.,
on corridors and on staircases. These camera placements captured the time occupants were seen
leaving a specific room, the times they were seen moving past a stair landing as well as the time
they were seen moving into corridors and staircases.

Fig. 3 demonstrates an example of a camera view at building 1. In this particular camera view,
the time that an occupant entered the corridor (at the doorway as shown by the highlighted red
line and the time that an occupant exited the corridor (highlighted green line in Fig. 3) were



recorded for each occupant that travelled between the entry and exit observation points shown
in Fig. 3.

Fig. 3 typical corridor showing camera view with entry and exit observation points for
occupant movement timing in-plane configuration for building 1

Fig. 4 shows an example of two camera views that were used to estimate evacuees’ walking
speeds on stairs. In the first camera view (Fig. 4-a), the time that an occupant entered the

staircase was recorded, while, in the second camera view (Fig. 4-b), the time that an occupant
exited the staircase was recorded.

0Z:€Z°\Z v1/90/610C

lEZLIT ¥ 6102

a- entry (R+1) b- exit (RO)
Fig. 4 typical staircase showing camera view with entry (a) location for occupant movement
timing in the stair, and exit (b) location in the staircase for building 2

The locations of all cameras throughout each building floor are reported in appendix A. It can
be noticed that all the areas and routes out of the buildings are not covered by the cameras. This
is one of the limitations of this research study. However, both buildings were inspected and a
meeting with the facility manager was organised prior to the date of the drill in order to identify
areas with high occupancy loads. All these areas were covered by cameras.



3.4 Video Analysis

From video recordings, timestamps were recorded for each occupant at each time during the
evacuation drill that the occupant was seen at a specific floor location (e.g., corridors) or in the
stairs (depending on the locations of the cameras). This was typically when occupants left a
specific room, when they entered and left a specific corridor, and when they entered and left a
staircase. To allow for comparison and calculation, the collected times were converted to times
relative to the building fire alarm defining the beginning of the drill. The converted times were
used in all subsequent analyses.

Pre-evacuation time was estimated for each occupant as the time from the initial alarm until the
occupant was seen starting to travel towards a place of safety (typically an exit or an emergency
stair). Readers must be aware of the limitation of this approach as cameras were not located
throughout the observed buildings (such as within offices). In other words, estimated pre-
evacuation times likely include part of the evacuation movement time in cases where evacuees
started the evacuation movement phase from their offices, or an area not covered by the
cameras. In line with previous studies such as [5], [57] and [58], corridors and stairs movement
speeds were determined from the total time that the occupant took to pass by two pre-defined
observation points and the distance travelled during that time span. Typically, in corridors, the
first observation point was a line drawn at a specific position within the corridor; while, in
staircases, this was a line drawn at the first step of the staircase (see Figs. 3 and 4). The second
observation point was a line drawn at a specific position within a corridor, while it was a line
drawn at the last step of the staircase. Data regarding the travelled distances and widths of
corridors and staircases were taken from CAD files of the monitored buildings. Another method
that can be used to estimate the speed with accuracy is the one used in [54]. However, this is
out of the scope of the present study and could be a future development.

In line with past studies such as [5] and [58], density in the stairs and corridors was estimated
(in persons/m?) to investigate the impact on walking speeds. As each occupant entered the first
observation point in a specific corridor or stair, there may have been a number of occupants in
front of the occupant potentially impacting his/her speed of movement. Thus, the calculation of
density was performed as follows: the number of other occupants (0;) in front of the selected

occupant (0;) was determined by counting only those occupants, such that the times, t, are such
that tepnter < texir,; (NEre we assume that occupants who leave the second observation point
before an occupant arrives are only indirectly impacting the occupant entering the first
observation point by slowing the other occupants still on the area comprised between the first
and second observation points).

Additionally, there were other data collected for each occupant (overall) during the evacuation
drill. These included the following information:

o Gender: Occupants were classified as being female or male.

o Floor of origin. For building 1, it was possible to report the floor of origin for only a
proportion (i.e. approximately 79%) of the total observed population after the alarm
sounded; i.e., 105 occupants. This was due to the locations of the cameras (e.g., some
areas where 28 occupants were located at the time of the alarm, were not observed by



the cameras); whereas, for building 2, it was possible to report the floor of origin of all
building occupants (i.e. the 70 individuals).

o Whether they were carrying anything (YES or NO). It was assumed that a person
identified as carrying an object did so throughout the evacuation. There was no
distinction made for the size of object or how it was being carried. Objects included
small objects held in one hand (such as a laptop or a cell phone), bags on either a
shoulder or held in one hand, a vest or jacket carried in one hand, etc.

o Whether they were in a group at any time during the drill (YES or NO). In this study, a
group is defined as a collection of more than two evacuees located in a specific area of
the building who are walking in close proximity.

o Whether they were helping someone at any time during the drill (YES or NO).

o Whether they were travelling in the opposite direction of the evacuating occupants, here
termed counterflow.

4. Results

In total, 203 people (133 from building 1 and 70 from building 2) were observed during the
drill. Of the 203 people, 171 were males (116 from building 1 and 55 from building 2) and 32
were females (17 from building 1 and 15 from building 2).

The types of behaviours observed during the drill are reported in Section 4.1 while the pre-
evacuation times are reported in Section 4.2. Finally, walking speeds and experimental data
alongside SFPE fundamental diagrams are reported in Sections 4.3 and 4.4, respectively.

4.1 Behavioural observations

45.9% (i.e., 61 individuals) of the observed occupants in building 1 were observed carrying an
object during evacuation. Objects included vests, bags, cell phones and laptops. In building 2,
68.6% (i.e. 48 individuals) of occupants were carrying similar types of objects. In addition, a
few individuals travelled in the opposite direction of the flow during evacuation (i.e.,
counterflow); 9% (i.e., 12 individuals) in building 1 and 4.3% (i.e., 3 individuals) in building
2. Group behaviour was also observed in both buildings: 33.1% (i.e. 44 individuals) of
occupants in building 1 and 71.4% (i.e. 50 individuals) of occupants in building 2 were observed
to walk in groups. In addition, a few people were designated as emergency guides: 3.8% (i.e. 5
individuals) in building 1 and 7.1% (i.e. 5 individuals) in building 2. These individuals were
distinguishable from others because they were wearing a yellow or orange vest. They
encouraged others to leave the building and directed them to exits allowing for a rapid
evacuation of either building.

4.2 Pre-evacuation time

Fig. 5 shows the boxplots of pre-evacuation times for buildings 1 and 2. For building 1, the
mean pre-evacuation time of the observed occupants is 29.3 s + 22.9 s, while, for building 2,
the mean pre-evacuation time for the observed occupants is 34.8 s + 20.3 s. The Mann-Whitney
U-test confirmed that the difference between pre-evacuation times observed in either building
is statistically significant (p-value = 0.011 < 0.05). Moreover, a few outliers can be observed in
Fig. 5, and these can be attributed to emergency guides who spent additional time sweeping the
floors to ensure that no one was left behind.
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Fig. 5 Pre-evacuation times (in seconds) recorded during an unannounced fire drill
evacuation at CERN in buildings 1 (left: N=75) and 2 (right: N=67)

Fig. 6a represents the distributions of the observed pre-evacuation data from buildings 1 and 2.
We assume that data falling between the 25" and 75" percentiles are the most probable.
Therefore, the most probable pre-evacuation times in building 1 occur between 15s and 37s,
whereas in building 2, the most probable pre-evacuation times occur between 19s and 46s.
Moreover, the cumulative distribution plots show that about 95% of the data will most likely
occur before 65s for building 1 while about 97% of the data will most likely occur before 64s
for building 2. Using the data, we estimated the well-known pre-evacuation distributions
available in evacuation models [10]: Gamma, Lognormal, Loglogistic and Weibull. The results
are provided in Fig. 6b and Table 5. These distributions can be used by practitioners conducting
performance-based designs for office buildings. However, they must be aware of the context of

Build

ing 2

data and verify whether they can be applied to their specific purpose.

According to Fig. 6-b and Table 5 results, it can be observed that Gamma and Lognormal

distributions provide the best fit for both buildings’ pre-evacuation times.

Table 5 estimated parameters of the pre-evacuation times distributions

Distribution Parameters in Data R2
seconds points
A b
Gamma -2.338 13.229 0.946
Lognormal 3.253 -0.687 142 0.946
Loglogistic 3.254 -0.414 0.944
Weibull 33.864 1.637 0.944
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Fig. 6 Distributions of the observed pre-evacuation times during an unannounced fire drill
evacuation at CERN in buildings 1 and 2

4.3 Walking speeds

Before we describe the estimated data, it is worth noting that all estimated local density values
fall below 1 person/m2. Thus, the described speeds can be considered as unimpeded speeds.

Fig. 7 reports the boxplots of corridors walking speeds in buildings 1 and 2. For building 1, the
mean speed of occupants was estimated as 1.17 m/s + 0.32 m/s (N = 249), while, for building
2, the mean speed was estimated as 1.28 m/s + 0.31 m/s (N = 87). It seems that the estimated
walking speeds are different between the two buildings. The Mann-Whitney U-test confirmed
that the difference between walking speeds observed in either building is statistically significant
(p-value < 0.001). From the above-mentioned results, it can be noticed that, on average,
occupants of building 1 moved slightly slower in comparison to occupants of building 2. In
addition, in both buildings, a few outliers existed, which represent evacuees who were observed
running in the corridors.
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Fig. 7 Boxplots of corridors travel speeds in buildings 1 (left: N=249) and 2 (right: N=87)

The frequencies and cumulative frequencies of walking speeds in Fig. 8 represent a compilation
of each observed evacuee’s speed in corridors for buildings 1 and 2. For building 1, there was
about 35% of occupants travelled in corridors with speeds between 1.0 m/s and 1.1 m/s; while,
for building 2, there was approximately 22% of occupants who travelled in corridors with
speeds between 1.1 m/s and 1.2 m/s. It can also be observed that in both buildings, the
distributions seem to be bimodal. Even if this suggests that there are two clusters in data (i.e.
representing “slow” and “fast” walkers), the recordings do not provide any evidence regarding
this. Further investigations (or drills) are needed to confirm this observation. The cumulative
distribution plots show that, for building 1, a walking speed of 1.98 m/s or less captures
approximately 99% of the occupants; whereas, for building 2, a speed of 1.87 m/s or less
captures approximately 99% of the occupants.

Fig. 9 displays the boxplots of walking speeds on stairs for buildings 1 and 2. For building 1,
the mean speed on stairs was estimated as 0.88 m/s + 0.19 m/s (N = 113), while, for building
2, the mean speed was estimated as 0.88 m/s + 0.12 m/s (N = 17). It seems that the estimated
walking speeds are not different between the two buildings. The Man-Whitney U-test
confirmed that there is no statistically significant difference in walking speeds on stairs
observed between buildings 1 and 2 (p-value = 0.946). Higher variability of speeds is observed
for occupants of building 1 compared with the variability of speeds observed for occupants of
building 2 (Levene’s test for equality of variances results: F = 11.403 and p-value = 0.001). The
observed configurations of the stairs in both buildings are different as, for building 1, the
monitored staircase is a straight staircase with two flights of stairs and an intermediate landing,
whereas, for building 2, the monitored staircase is a dog-legged staircase with three flights of
stairs and two intermediate landings. Such factors might have led to the observed differences
in variability of speeds. Another factor could be the fluctuation of density in stairs over time.
Unfortunately, we had not the possibility to verify this assumption because of the location of
the cameras. For example, if people started their travel on the second floor of building 1 or 2



and then used the observed stair to reach the ground floor, we only measured their speeds
between the first and ground floors.
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Fig. 8 Distributions of corridors movement speeds in buildings 1 and 2 during fire drill
evacuation

The frequencies and cumulative frequencies of movement speeds in Fig. 10 represent a
compilation of each observed evacuee’s speed across buildings’ 1 and 2 staircases. For building
1, there was 24% of the occupants descending the stairs who walked with speeds between 1.2
m/s and 1.3 m/s; while, for building 2, there was 35% of the occupants descending the stairs
walked with speeds between 0.8 m/s and 0.9 m/s. Moreover, for building 2, the results tended
to accumulate around the highest frequency range from 0.7 m/s to 1.2 m/s; while, for building
1, the results are more dispersed. Finally, the cumulative distribution plot shows that, for
building 1, a speed of 1.12 m/s or less captures approximately 98% of the occupants’ walking
speeds on stairs, whereas, for building 2, a speed of 1.01 m/s or less captures approximately
88% of the occupants.
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Fig. 9 Boxplots of stairs walking speeds in buildings 1 (left: N=113) and 2 (right: N =17) fire
drill evacuation

4.4 Fundamental Diagrams

4.3.1 Horizontal Fundamental Diagrams

The SFPE hydraulic model relationship between speed and density assumes that: (1) if the
population density is less than approximately 0.54 persons/m? on an exit route, individuals will
move at their own pace, independently from the speed of others; and (2) if the population
exceeds about 3.8 persons/m2, no movement will take place until enough of the crowd has
passed from the crowded area to reduce the population density. Between the population density
limits of 0.54 and 3.8 persons/m?, this relationship is assumed to be a linear function. The
equation of this function is:

S=k—a-k-D (Eq.1)

where

S is the walking speed along the line of travel,

D is the population density in persons/mz,

k and a are constants that are equal to 1.40 persons/m2 and 0.266 m/s, respectively. The speed
is assumed to be constant if the population density is less than 0.54 persons/mz2. In corridors,
this speed is approximately equal to 1.20 m/s.
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evacuation

The experimental data representing the relationship between the speed and population density
in corridors for buildings 1 and 2 are plotted in Fig. 11 alongside the SFPE hydraulic model
relationship [31].

High scattering of data is observed in both buildings as can be understood from Fig. 11. In both
buildings, evacuee walking speed in corridors ranged approximately from 0.50 to 3.00 m/s. The
density ranged approximately from 0 to 1.00 persons/mz2. It can be noted that only free-flow and
uncongested conditions (Density < 1 p/m2) were observed in this study. If we assume that
people will move at their own pace in corridors for densities equal to or less than 0.54
persons/mz, the mean walking speed in corridors derived from the collected experimental data,
for densities equal to or lower than this population density, is equal to 1.20 + 0.32 m/s, which
is equivalent to the design value suggested by the SFPE hydraulic model [31].
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Fig. 11 Speed versus density data in-plane configuration for buildings 1 and 2 as well as the
original SFPE hydraulic model relationship

Similarly, the specific flow is defined as follows:
FF=SD=(1—-a-D)-k-D (Eq.2)

The specific flow-density empirical data observed in corridors are plotted in Fig. 12 alongside
the original SFPE hydraulic model relationship [31].
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Fig. 12 specific flow versus density data on plane configuration for buildings 1 and 2 as well
as the original SFPE hydraulic model relationship



For only the small density range (i.e. between 0 and 1 person/m?) within which data were
collected, it can be understood from Fig. 12 that, the parabolic shape of these data is consistent
with the SFPE hydraulic model relationship [31].

Overall, only free-flow and uncongested conditions are captured in corridors as can be
understood from Figs. 11 and 12. Thus, further investigations with higher population densities
are necessary to explore capacity and congested conditions in buildings 1 and 2.

4.3.2 Vertical Fundamental Diagrams

Speed-density and specific flow-density relationships are plotted in Figs. 13 and 14,
respectively, for buildings 1 and 2 stairs. Since none of the SFPE riser and tread dimensions
matches those of the stairs in the monitored buildings, all four SFPE relationships [31] are
included here. They are drawn using Equations 1 and 2 by using varying values for the
parameter k (see Table 6).

Table 6 constant k value for Equations 1 and 2 for varying riser and thread dimensions of

stairs [31]
Stairs Riser (mm) Tread (mm) k (persons/m?)
SFPE 1 190.50 254.00 1.00
SFPE 2 177.80 279.40 1.08
SFPE_3 165.10 304.80 1.16
SFPE 4 165.10 330.20 1.23
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Fig. 13 Speed versus density data on stairs for buildings 1 and 2 as well as the original SFPE
hydraulic model relationships

Again, it can be noted that only free-flow and uncongested situations (Density < 1 p/m2) in
stairs are captured during the evacuation drills ran in buildings 1 and 2. Nevertheless, the
empirical data are consistent with the models presented in the SFPE Handbook (i.e. [31]) for



densities lower than 1 person/m2. The mean walking speed for unimpeded movement on stairs
15 0.90 + 0.18 m/s, based on the data collected in this study.
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Fig. 14 specific flow versus density data on stairs for buildings 1 and 2 as well as the original
SFPE hydraulic model relationships

6. Comparison with literature values

Both community disaster and building evacuation research provide evidence that people do not
immediately react to verbal warnings or physical cues [58]. Instead, in order to assess and
confirm the initial cues, people delay their attempts to take protective actions [58]. The same
behaviours were observed in the monitored buildings. Therefore, we compare pre-evacuation
data measured in the present study with published pre-evacuation data available in the literature
for business or office occupancy. Fig.. 15 and 16 report the pre-evacuation times from this study
and those extracted from previous studies. From these figures, it can be observed that, mostly,
occupants of buildings 1 and 2 reacted faster compared to data from previous studies. This
difference is potentially exacerbated by the fact that the estimated pre-evacuation times in this
study are likely to include part of evacuees’ evacuation movement time due to the placement
of the cameras within both buildings. The data collected in this study represent the lowest pre-
evacuation times compared with values collected from similar building occupancies. This quick
pace could be attributed to the relatively quick action of emergency guides as well as to regular
training. Further, it should be noted that the data in the present study represented an
unannounced fire drill, while some of the literature values were observed during actual fire
events, which may also explain the observed differences.
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On the one hand, horizontal walking speed values measured in the present study fall within the
range of values reported in the literature (see Fig. 17). The mean walking speed measured in
corridors is equal to 1.17 m/s and 1.23 m/s for buildings 1 and 2, respectively. These values are
consistent with the values reported by Fritzpatrick et al. [32], Bohannon and Andrews [33],
Young [34] and Yeo and He [35]). Moreover, the range of encompassing observations in this
study overlaps with the walking speeds found in previous studies.
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Fig. 17 Comparison of the collected horizontal walking speed data (Mean + SD) in buildings
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On the other hand, descending walking speeds values measured in the present study fall within
the upper range of values reported in the literature (see Fig. 18). This suggests that, mostly, the
occupants of buildings 1 and 2 walked at higher speeds as compared to the values reported in
previous studies. This may be explained by the fact that occupants of the monitored buildings
received regular training and in turn, may have been more familiar with the evacuation
procedures. Further, the data in the present study represent an unannounced fire evacuation.
Occupants’ behaviour during an unannounced fire drill could be closer to the behaviour during
an actual fire evacuation situation compared to an announced fire drill. Another reason for the
difference can be the low densities observed in stairs in this study, since the maximum observed
density was lower than 1 person/m?, essentially allowing for unimpeded flow. This may also
explain why there are differences between the collected data in the current study and literature
values. Finally, the SFPE Handbook [22, 30, 31] suggests speeds between 0.85 — 1.05 m/s with
varying tread dimensions and our results agree with the handbook.



2.5
20
15
1.0

os EEEHEH

0.0

—e—i
—e—i
——e—

—o—
‘ol
e
o
°
—e—i
i
°
°
.
—eo—i
—0—1
—o-

3 2|

Evacuee walking spped on stairs
(m/s)

— - N om0 U -
) N oo L Yy

S 1 1 1 1 1 1 1 1 1 1g 1 !l Aih ©®©winwmoww

NN N OO oo FTOOOMMNMDO OO —"gag ———§¢g§¢g——c ¢

STy EESESEYgEY Y8 Y YO 18 YT T

Y — _ =

c cC c c N Cc c 353

g8 8 YT YLTBLTYLTYLLLTYTEYLTYsE8YT oo —mooaa
C € £ CC cC C € cC cC ccc ccc c c & ¢ ¢ & & o N —= o o

g 0 0 O U U U O O U U U O O U U U O E® U UPEPE,mey@w !

LLLeLerrLerrLeLrLeLrraldlaoacce d scaxclTT

U U U U U U U U 0 U U U U T U U DT T Q c 9 2 3

Fe@oeoeooeow Koo e e e x 3 o & &

E“Q—J PR

L2 c c

Q 23

o 0

S A

a o

Fig. 18 Comparison of the collected walking speed on stairs data (Mean £ SD) in buildings 1
and 2 (in red) with the existing data (in black) published in the literature

7. Discussion and conclusion

This study presents data collected during unannounced evacuation drills in two office buildings
located at CERN, in Switzerland. This was done by collecting videos during the drill and
performing a video analysis aimed at extracting the following data: pre-evacuation times; and
walking speeds, flows, and occupant densities in corridors and stairs. In addition to these
quantitative measurements, qualitative observations regarding evacuee behaviour were also
carried out, showing the common behaviours observed during the drill.

From the qualitative observations, it was noticed that more than half of the observed population
of the monitored buildings (i.e., 58.1% of occupants in building 1 and 68.6% in building 2)
carried personal objects. It was also observed that a few evacuees travelled in the opposite
direction of the flow and a proportion of occupants evacuated in groups. Finally, a few
individuals notified others about the emergency.

Pre-evacuation results showed that occupants of the monitored buildings responded quicker
compared with data from previous studies. Lower pre-evacuation times were observed in both
buildings compared with existing business occupancy data. This could be attributed to the
buildings’ training schemes. In effect, the training program of CERN contains a variety of
channels through which the staff is trained to respond effectively to an emergency. These
include online courses about evacuation procedures, regular fire drills, and the assignment of
“emergency guides” throughout the building.

The observed horizontal walking speeds were compared with previous research values and were
consistent with data from the literature. However, only uncongested conditions were observed
in the current study as the evacuation did not generate any significant bottlenecks. Future



developments are, therefore, needed to conduct drills in the same buildings with higher
population densities.

Regarding evacuee movement in stairs, results show that occupants from buildings 1 and 2
moved at a similar speed (mean = 0.88 m/s) regardless of the different geometry of the stairs;
however, the variability in speeds is higher in building 1 as compared with building 2. The
monitored staircase in building 1 is a straight staircase with two flights of stairs and an
intermediate landing, whereas the monitored staircase in building 2 is a dog-legged staircase
with three flights of stairs and two intermediate landings. This could also be a factor that led to
the travel speed variability. The observed walking speeds in stairs were also compared with
previous data and seemed to fall within the upper range of values reported in the literature.
Differences between the previous data and data from the observed drill could be related to
various factors. For instance, the observed drills were unannounced, which is not always the
case in previous studies. Another reason could be that the density values observed in this study
are lower than 1 person/mz2, which represents only free-flow (or uncongested) conditions which
is not always the case in previous studies. Finally, the comparison of the observed experimental
data with SFPE relationships showed that the collected data are consistent with the SFPE
hydraulic model.

Overall, it is important to recognize the limitations of the current study. This study only
provides the results on a single evacuation drill for the two buildings under investigation. As
such, future studies are necessary to investigate multiple drills of these two buildings. Multiple
trials would provide answers on how representative these evacuation data are. Further, having
data from multiple drills would make the dataset suitable for future model validations using the
methods proposed in [19]. Another limitation of this study lies in the assumptions made to
calculate density. Since density is a continuous function at all locations in a stair or corridor,
including those not directly monitored by cameras, the employed calculation methods are
simplifications of real-world phenomena. In addition, density is inherently a local function, so
there may be higher or lower densities at positions not monitored by cameras. It is also worth
noting that, with this definition, it is possible to have a density of zero since the density count
does not include the occupant being considered; in effect, the counted density is the one seen
by occupants as they enter the first observation point. Another limitation of this study is that it
does not include data from people with reduced mobility which may influence the evacuation
dynamics in office buildings. Further investigations are, thus, necessary to better understand
the performance of more heterogeneous populations during office evacuations. As higher
density conditions were not observed, only a portion of the fundamental diagrams is applicable
in this study. Therefore, future investigations with higher population density are required.
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Appendix A

Buildings 1 and 2 floors layouts, the locations and orientations of cameras, and the locations of
emergency exits
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Fig. A.1 floor R-1 layout, the locations and orientations of cameras, and the locations of
emergency exits within this floor — building 1
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Fig. A.4 floor R+2 layout as well as the locations and orientations of cameras within this floor
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