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Abstract: The door is a section prone to bottlenecks and is an important element in the study of
pedestrian flow. Therefore, characteristics of doors (e.g., width, location, and the distance between
doors) have been taken into consideration in the existing literature related to doors. According to
several previous studies, it appears likely that the door opening process (DOP) influences pedestrian
flow. However, the number of studies examining the DOP remains small. Therefore, to enhance
understanding of pedestrian flow, we examined two door characteristics that could affect the DOP
(opening direction (swing door: push or pull) and handle type (knob, lever, and panic bar)) and
limited visibility. We conducted a walking experiment to take all variables (10 cases; 10 participants
per case) into account. Statistical analysis was performed on the difference in movement times,
and the results were as follows: (1) inclusion of the DOP affected pedestrian flow; (2) when visibility
was limited, movement times with DOP inclusion increased significantly regardless of the door
opening direction and handle type; (3) when the door opening direction was “push’, regardless of
limited visibility and door handle type, movement times with DOP inclusion were significantly lower;
and (4) the door handle type did not result in any significant difference in movement times with
DOP inclusion. In addition, we calculated the delay time based on the experiment results, to include
the DOP in pedestrian flow (push 1.96-2.88 s, pull 3.91-4.43 s; limited visibility: push 7.38-12.56 s,
and pull 12.88-16.35 s). The results of this study could be used as basic data for the development of
codes/regulations, engineering guidance, and egress models for doors.

Keywords: door opening process; movement time; opening direction; handle type; limited visibility

1. Introduction

Understanding pedestrian flow during a fire in a building is a key problem and should be considered
in improving the accuracy of an evacuation model [1-4]. Studies related to pedestrian flow were
conducted in relation to building conditions (e.g., building use, size, number of floors, number of rooms,
size and number of doors, and presence or absence of escape stairs) [5-7], pedestrian characteristics
(e.g., number of pedestrians, age and gender distribution, interaction, physical characteristics, familiarity
with the building, and roles) [4,8,9], and evacuation environment (e.g., day/night, season, smoke,
heat, and presence of toxic gas) [10-14]. Among them, building conditions not only determine the
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evacuation capacity of the building at the design stage but also affect pedestrian flow [15]. In addition,
building conditions are associated with the egress route that pedestrians take in evacuation and have
therefore been considered in many studies. These previous studies have examined the relationship
between pedestrian flow and building conditions, including building use (e.g., high-rise building
and underground) [16-18], stairs [5,19,20], corridors [21-24], and doors [25-29]. A door is one of the
important building conditions as it is an exit for pedestrian evacuation. In addition, as bottlenecks
are likely to occur, various studies related to doors have been carried out. Some studies have
shown that wider door width was associated with faster pedestrian walking speed [8,25]. However,
other studies have shown that when door width was increased to a certain level, walking speed no
longer increased [9,27]. Moreover, door location exerted an effect on pedestrian flow and was an
important factor in actual fire situations [28,30]. In addition, when multiple doors were present inside
a building, short distances between doors led to longer movement time [29].

Therefore, the existing literature showed that a number of studies have been conducted on door
characteristics. The above studies were conducted on the premise that the door was open. However,
studies on some of the factors that can be included in the door opening process (DOP) support that DOP
can affect evacuation. For example, depending on dynamic width (width depending on the degree of
door opening), available exit width was smaller relative to the actual door width. In addition, the need
for greater force to open doors has been associated with greater interference with evacuation [31].
Considering that the majority of people keep doors closed in daily life [32], there is a high probability
that doors will be closed in an evacuation situation. In addition, the results of studies examining the
extended degree of the door leaf [21] and door type [33] support the claim that closed doors must be
taken into consideration in evacuation situations. In addition, depending on the handle type (between
knob and lever), the degree of recognition that people perceive varies significantly [34], and the force
required and usability vary [35]. In such situations, people generally evacuate by passing through the
door of the room, and there is a high probability that the final or emergency exit will be made through
a door. Therefore, the DOP is an important factor in understanding pedestrian flow through doors,
but no studies have examined door opening direction (e.g., push and pull) or handle type (e.g., knob,
lever, and panic bar).

Therefore, the purpose of the study was to improve the understanding of pedestrian flow,
by analyzing the relationships between two DOP-related variables (opening direction and handle
type), on pedestrians’ movement time. In addition, an analysis was conducted on the condition of
limited visibility of pedestrians in consideration of the fire situation. In this study, an experimental set
was developed to analyze the relationship between the three variables, and a walking experiment was
conducted by separating the experimental cases. In addition, the difference in movement time by the
experiment case was analyzed statistically. Finally, the delay time due to the DOP was presented.

2. Method and Procedure

The concept shown in Figure 1 was used to analyze the effects of the DOP. The process of a
pedestrian passing through a door is as follows: (1) walking before the door passage (Figure 1a);
(2) walking from the time the pedestrian holds the door handle to the time he/she opens and exits
the door (Figure 1b); and (3) walking after the door passage (Figure 1c). Figure 1b shows the DOP.
When doors are open, pedestrians can skip the process in Figure 1b during evacuation. When doors
are closed, evacuation could be delayed or walking speed reduced by the process shown in Figure 1b.
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Figure 1. Concept of the door opening process: (a) walking before the door passage; (b) walking from
the time the pedestrian holds the door handle to the time he/she opens and exits the door (DOP);
(c) walking after the door passage.

2.1. Experimental Setup

In this study, experiment cases were set up with three variables to achieve the purpose of the study.
The experiment was planned as one-person walking, excluding the influence of other pedestrians,
to specifically observe the results of the conditions of the variables. All of the experiments were

video-recorded, and the movement time was measured accordingly. The experimental process is
shown in Figure 2.
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Figure 2. Experimental process: (a) handle types (knob, lever, and panic bar), eyepatch, and preparation
process for the experimental set; (b) analysis of effects of the door opening process using closed-circuit
televisions; (c) analysis of experimental data.
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The experiment was conducted to analyze movement time, with the door opening direction,
door handle type as independent variables. Door handles were divided into three types, as shown
in Figure 2a: (1) knob (typical handle), (2) lever (typical handle), and (3) panic bar (handle used for
emergency exit). The doors were swing doors, and opening directions were divided into two types:
(1) push and (2) pull. As mentioned in the introduction, in addition to building conditions, various
factors influence the pedestrian flow. Moreover, the DOP is influenced by correlations with other
factors that affect pedestrian flow [36-38]. Among them, limited visibility was chosen because it could
reduce pedestrians” walking speed and impedes evacuation [10-13,38]. Limited visibility caused by
smoke was simulated using non-transparent eyepatches (extinction coefficient 1.0, visible distance
1-2 m), which have been used in various experiments [11,39]. Although an eyepatch is different from
actual smoke, it was chosen because it was safe and participants could have similar experiences.

The cases were constructed by considering all factors of opening direction, handle type, and limited
visibility. However, only one opening direction was considered for the panic bar, because it could only
be pushed open. Therefore, the study included 10 cases to account for all variables, and a detailed
description is provided in Table 1. Cases 1-1 to 3 were normal conditions and Cases 4-1 to 6 were
limited visibility conditions.

Table 1. Experimental cases.

Case No. Visibility Handle Type = Opening Direction
Case 1-1 Normal Knob Push
Case 1-2 Normal Knob Pull
Case 2-1 Normal Lever Push
Case 2-2 Normal Lever Pull
Case 3 Normal Panic Bar Push
Case 4-1 Limited Knob Push
Case 4-2 Limited Knob Pull
Case 5-1 Limited Lever Push
Case 5-2 Limited Lever Pull
Case 6 Limited Panic Bar Push

Experiments were conducted in a custom-developed experimental set, to control for variables
excluded from Table 1. The experimental set was constructed with wooden beams and column, and the
walls were constructed using thick paper to create a corridor with a door. The size and shape of the
experimental set are shown in Figure 3. The entire area was 7.2 m X 3.6 m in size, and the width of the
door installed was 0.9 m (minimum door width for Korea Standard; Ministry of Land, Infrastructure
and Transport). In addition, the starting and arrival points were marked 3 m from the experimental set,
to allow pedestrians to enter the corridor at normal walking speed.

Arrival point

! Starting point
(Starting point) |

(Arrival point)

[ | 3.0m 0.9 m Y

Figure 3. Size of the experimental set. After departing from the starting point, participants performed
the door opening process and walked to the arrival point.
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The participants were recruited via an advertisement at a university in Korea, a website, and social
network services. The participants aged between 20 and 40 years, and the total number of participants
was 100 (43 males, 57 females). All participants were college students or faculty members without
physical disabilities and did not have problems with walking. All procedures of our experiment were
approved by the Institutional Review Board (IRB) of the university. The experiments were conducted
according to the following procedure.

(1) Participants who agreed to participate in the experiment recorded personal information and were
photographed for identification.

(2)  With the door open, participants’ normal walking speed was measured and recorded. Participants
measured their speed individually. In addition, participants walked from the starting point to the
arrival point, and the speed was calculated on the basis of the distance moved in the experimental
set (7.2 m; mean normal walking speed: 1.21 m/s, SD = 0.22 m/s). Participants’ movement time
was measured from the time the front foot entered the measurement area to the moment the back
foot exited the measurement area.

(3) Each participant departed from the starting point, passed through the door, and walked to the
arrival point, as shown in Figure 3. Staff members were stationed to ensure participant safety in
cases in which non-transparent eyepatches were used (Cases 4-1 to 6).

(4) Experiments were conducted for 1 participant at a time, and each case included 10 participants.

2.2. Data Analysis

To analyze changes in participants’ movement times resulting from the DOD, 6 closed-circuit
televisions (CCTVs) were installed (at the starting point, arrival point, on both sides of the door,
and between each point and the door) to record participants’ behavior, as shown in Figure 4. The CCTVs
were secured to the cross beams in the experimental set, and the camera angle was set vertically to
capture images of the area directly below. In addition, lines were marked 1 m apart on the floor,
because the exact locations of the participants were difficult to determine in the video recordings
because of the height and curvature of the lens (yellow line in Figure 5). The video recordings were
analyzed at 0.25 s intervals, and the CCTV images are shown in Figure 5.

Whole section

DOP section —————--

= Measuring section
® = Location of CCTV

Figure 4. Movement time measurement in the whole and door opening process sections.
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Figure 5. Closed-circuit television images. Lines were marked 1 m apart on the floor to analyze
video recordings.

In addition, participants” movement times were measured for the whole section and DOP section,
as shown in Figure 4. The measuring section for the movement time in the whole section was defined
as the points at which the participants entered and exited the experimental set (i.e., it was not measured
from the starting point to the arrival point). In addition, the measuring section for the movement
time in the DOP section was defined as the points at which the participants held the door handle and
opened and exited through the door.

To determine whether participants” movement times changed depending on the inclusion of the
DOP, the movement time for each case was compared with the movement time measured at normal
walking speed (with the door open). We performed a statistical analysis to determine whether inclusion
of the DOP exerted a significant effect on movement time. We determined statistical significance using
a non-parametric statistical method (Mann-Whitney U and Kruskal-Wallis tests), as the groups did
not satisfy normality. The statistical tests were performed at a significance level of 0.05. However,
four hypotheses (movement time difference (a) with and without the DOP, (b) with and without limited
visibility, (c) between two opening directions, and (d) among three handle types) were tested in this
study. Therefore, individual statistical tests were tested at a significance probability of 0.01 to control
familywise type I errors below 5% (Bonferroni correction, 0.05/4).

The analysis was conducted in the following order: (1) it was analyzed whether the increase in
movement time with DOP inclusion is significant compared to the movement time when it is not;
(2) differences in movement time depending on the visibility condition (with or without non-transparent
eyepatches) were analyzed with the same door opening direction and handle type (e.g., Case 1-1 and
4-1); (3) difference in movement time of participants according to the opening direction was analyzed
(e.g., Case 1-1 and Case 1-2); and (4) difference in movement time of participants according to handle
type was analyzed (e.g., Case 1-1, Case 2-1, Case 3). Then, the above differences were analyzed using
the movement time of the DOP section. This is because eyepatches can affect the walking speed of
participants in sections other than the DOP section.

3. Results

3.1. Movement Times and Walking Speeds According to the Experimental Case

Participants’ movement times and walking speeds while passing through the DOP and whole
sections for each case are shown in Table 2 and Figure 6. For this purpose, the average movement time
and walking speed in the whole section were analyzed to compare the normal walking speed of the
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participants. The average movement time in the DOP section was analyzed to find the duration the
participants spent on the DOP.

Table 2. Results according to the case.

Average Average Movement  Average Walking Percentage of Increase
Case No. Movement Time Time in Whole Speed in Whole in Movement Time
in DOP Section (s) Section (s) Section (m/s) with and without DOP
Case 1-1 1.70 9.00 0.80 47.1%
Case 1-2 2.97 10.55 0.68 72.4%
Case 2-1 1.35 8.08 0.89 32.0%
Case 2-2 292 10.03 0.72 63.9%
Case 3 1.18 8.68 0.83 41.8%
Case 4-1 2.53 16.05 0.45 162.3%
Case 4-2 5.68 2247 0.32 267.2%
Case 5-1 2.13 13.50 0.53 120.6%
Case 5-2 5.15 19.00 0.38 210.5%
Case 6 2.50 18.68 0.39 205.1%

Average movement time at normal walking speed = 6.12 s; DOP = door opening process.
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Figure 6. Movement time distribution by case. DOP (door opening process) refers to ‘movement time
for DOP section’, and Whole refers to ‘movement time for whole section’.

Overall, the participants’ mean walking speed was slower relative to their mean normal walking
speed (1.21 m/s), which was measured with the door open, in each case. In addition, participants’
walking speeds differed according to the door opening direction (Cases 1-1 and 1-2/Cases 2-1 and
2-2/Cases 4-1 and 4-2/Cases 5-1 and 5-2) and handle type (Cases 1-1, 2-1, and 3/Cases 4-1, 5-1, and 6).
Moreover, walking speeds for cases involving limited visibility conditions, in which participants
wore non-transparent eyepatches (Cases 4-1 to 6), were significantly slower relative to those for cases
involving normal conditions (Cases 1-1 to 3). These differences were observed in the movement times
of both the DOP section and whole section without the DOP section (e.g., Case 1-1 (7.30 s = 9.00 s
—1.70 s) < Case 4-1 (13.52 s = 16.05 s — 2.53 s). However, differences in movement times in cases
involving limited visibility conditions were greater relative to those observed for cases involving
normal conditions (Figure 6).
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3.2. Analysis of Differences in Movement Times between Cases with and without the DOP

The results showed that movement times for all cases with the DOP were significantly longer
(increases ranged from 32.0% to 267.2%) relative to those for cases without the DOP (Table 2). The results
of the statistical analysis performed to determine whether DOP inclusion exerted a significant effect on
movement times are shown in Table 3. In addition, movement times for the whole section without the
DOP increased in the cases involving limited visibility conditions (Cases 4-1 to 6) and were therefore
excluded. For the remaining cases, the results showed significant differences in movement times
between cases with and without DOP (Case 1-1: p < 0.001; Case 1-2: p < 0.001; Case 2-1: p < 0.001;
Case 2-2: p < 0.001; Case 3: p < 0.001).

Table 3. Mann-Whitney U test results for movement times with and without DOP (* p < 0.01).
The statistical analysis was performed on the difference between the normal walking speed and average
movement time of each experimental case.

Average Movement Mann-Whitney  p-Value

Case No N Range Min. Max. SD

Time (s) U (N =110)
Normal walking 100 4.00 4.00 8.00 6.12 0.10 - -
Case 1-1 10 3.75 6.75  10.50 9.00 1.27 30.00 0.000 *
Case 1-2 10 3.50 8.00  11.50 10.55 1.02 7.50 0.000 *
Case 2-1 10 3.00 6.50 9.50 8.08 1.06 75.00 0.000 *
Case 2-2 10 3.00 8.00  11.00 10.03 1.01 7.50 0.000 *
Case 3 10 4.25 650  10.75 8.68 1.75 6.00 0.000 *

Abbreviations: DOP = door opening process; Min. = minimum; Max. = maximum; SD = standard deviation.

3.3. Analysis of Differences in Movement Times According to the Presence or Absence of Limited Visibility

As shown in Table 3, participants’” movement times in the cases involving limited visibility
conditions (Cases 4-1 to 6) were significantly longer relative to those in cases involving normal
conditions (Cases 1-1 to 3). The results of the analysis of movement times with DOP inclusion according
to the presence or absence of limited visibility (with or without non-transparent eyepatches) showed
significant differences in movement times between cases involving normal and limited visibility
conditions (knob, push, p = 0.005; knob, pull, p < 0.001; lever, push, p = 0.002; lever, pull, p < 0.001;
and panic bar, push, p < 0.001; Table 4). This indicated that the presence or absence of limited visibility
exerted an effect on movement times with DOP inclusion.

3.4. Analysis of Differences in Movement Times According to the Door Opening Direction

The results of the analysis of handle types between cases involving normal (Cases 1-1 to 2-2) and
limited visibility (Cases 4-1 to 5-2) conditions showed that for the knob-type handle (Cases 1-1 and
1-2), movement times were fastest when the door opening direction was push (1.70 s), and for the
lever-handle (Cases 2-1 and 2-2), movement times were fastest when door opening direction was push
(1.35 s). There were significant differences in movement times according to the door opening direction
(knob: p < 0.001; lever: p < 0.001; Table 5). These results indicated that movement times were shortest
when the push door opening direction was used, regardless of the type of door handle.
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Table 4. Results of Mann-Whitney U tests examining movement times in the DOP section with and
without limited visibility (* p < 0.01).

Average Movement Mann-Whitney  p-Value

Visibility N Range Min. Max. Time (s) SD U (N = 20)
Case 1-1
1 1.2 1. 2.2 1.7 44
(Normal) 0 5 00 > 0 0 87.00 0.005 *
Case 4-1
(Limited) 10 1.50 1.75 3.25 2.53 0.53
Case 1-2
10 1.50 2.25 3.75 2.98 0.61
(Normal) 99.50 0.000 *
Case 4-2
(Limited) 10 3.50 3.75 7.25 5.68 1.05
Case 2-1
1 1. 7. 1.7 1. .
(Normal) 0 0 07 > 3 0-36 90.50 0.002 *
Case 5-1
(Limited) 10 1.25 1.50 2.75 2.1250 0.44
Case 2-2
1 1.2 2.2 . 2. A
(Normal) 0 5 5 3.0 93 049 100.00 0.000 *
Case 5-2
(Limited) 10 2.00 4.25 6.25 5.15 0.78
Case 3
10 2.25 0.25 2.50 1.18 0.74
(Normal) 92.50 0.000 *
Case 6
(Limited) 10 2.00 1.75 3.75 2.50 0.65

Abbreviations: DOP = door opening process; Min. = minimum; Max. = maximum; SD = standard deviation.

Table 5. Results of Mann-Whitney U tests examining opening direction in cases involving normal

conditions (* p < 0.01).
Opening . Average Movement Mann-Whitney  p-Value
Direction ~ ~  Range  Min. Max. Time (s) SP U (N = 20)
Case 1-1
1 1.2 1. 2.2 1.7 44
(Push, Knob) 0 > 00 > 0 0 3.00 0.000 *
Case 1-2
(Pull, Knob) 10 1.50 2.25 3.75 2.98 0.61
Case 2-1
(Push, Lever) 10 1.00 0.75 1.75 1.35 0.36 0.00 0.000 *
Case 2-2
(Pull, Lever) 10 1.25 2.25 3.50 293 0.49

Abbreviations: Min. = minimum; Max. = maximum; SD = standard deviation.

The results of the analysis of cases involving limited visibility conditions showed that for the
knob-type handle (Cases 4-1 and 4-2), movement times were fastest when the door opening direction
was push (2.53 s), and for the lever-type handle (Cases 5-1 and 5-2), movement times were fastest
when the door opening direction was push (2.13 s). There were significant differences in movement
times according to the door opening direction (knob: p < 0.001; lever: p < 0.001; Table 6). These results
indicated that movement times were shortest when the push door opening direction was used,
regardless of the handle type, in cases involving limited visibility conditions. Therefore, movement
times were shortest when the push door opening direction was used in cases involving both normal
and limited visibility conditions.
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Table 6. Results of Mann—-Whitney U tests examining opening direction in cases involving limited
visibility conditions (* p < 0.01).

Opening . Average Movement Mann-Whitney  p-Value
Direction N Range  Min.  Max. Time (s) SD 8) (N =20)
Case 4-1
10 1.50 1.75 3.25 2.53 0.53
(Push, Knob) 0.00 0.000 *
Case 4-2
(Pull, Knob) 10 3.50 3.75 7.25 5.68 1.05
Case 4-1
(Push, Lever) 10 1.25 1.50 2.75 2.13 0.44 0.00 0.000 *
Case 4-2
(Pull, Lever) 10 2.00 4.25 6.25 5.15 0.78

Abbreviations: Min. = minimum; Max. = maximum; SD = standard deviation.

3.5. Analysis of Differences in Movement Times According to the Handle Type

Since limited visibility and door opening direction resulted in significant differences in evaluation
times, all cases were analyzed for both variables. Therefore, the cases were split into normal
condition-push cases (Case 1-1, 2-1, and 3), limited visibility condition-push cases (Cases 4-1, 5-1,
and 6), normal condition-pull cases (Cases 1-2 and 2-2), and limited visibility condition-pull cases
(Cases 4-2 and 5-2) in the analysis.

Movement times for the normal condition-push cases were shortest for the panic bar-type handle
(1.18 s) and longest for the knob-type handle (1.70 s). No significant differences in movement times
were observed between door handle types (p = 0.108; Table 7). This result indicated that the door
handle type did not exert an effect on movement times with DOP inclusion when the push door
opening direction was used in cases involving normal conditions.

Table 7. Results of Kruskal-Wallis tests examining differences in movement times according to handle
type (normal condition, push).

. Average Movement Mean . p-Value
Handle Type N Range Min Max Time (s) SD Rank Chi-Square (N = 30)
Case -1 10 125 100 225 1.70 044 2010
(Knob, Push)
Case 2-1 4.446 0.108
(Lever, Push) 10 1.00 075 175 1.35 036 1415
Case 3
(Panic Bar, Push) 10 225 025 250 1.18 074 1225

Abbreviations: Min. = minimum; Max. = maximum; SD = standard deviation.

Movement times for the limited visibility condition-push cases were shortest for the panic bar-type
handle (2.13 s) and longest for the knob-type handle (2.52 s). No significant difference in movement
times was observed between door handle types (p = 0.224; Table 8). This result indicated that door
handle type did not exert an effect on movement times with DOP inclusion when the push door
opening direction was used in cases involving limited visibility conditions.

Movement times for the normal condition-pull cases (Cases 1-2 and 2-2) were shortest for the
lever-type handle (2.93 s). No significant difference in movement times was observed between door
handle types (p = 0.908; Table 9). This result indicated that the door handle type did not exert an
effect on movement times with DOP inclusion when the pull door opening direction was used in cases
involving normal conditions.
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Table 8. Results of Kruskal-Wallis tests examining differences in movement times according to handle
type (limited visibility condition, push).

. Average Movement Mean . p-Value
Handle Type N Range Min Max Time (s) SD Rank Chi-Square (N = 30)
Case 4-1 10 150 175 325 253 053 1810
(Knob, Push)
Case 5-1 2.996 0.224
(Lever, Push) 10 1.25 150 275 2.13 044 1170
Case 6
(Panic Bar, Push) 10  2.00 1.75 3.75 2.50 0.65 16.70

Abbreviations: Min. = minimum; Max = maximum; SD = standard deviation.

Table 9. Results of Mann-Whitney U tests examining differences in movement times according to the
handle type (normal condition, pull).

Handle . Average Movement Mann-Whitney  p-Value
Type N Range Min. Max. Time (s) SD U (N = 20)
Case 1-2
1 1. 22 7 2. .61
(Knob, Pull) 0 30 > 375 98 06 48.50 0.908
Case22 10 125 225 350 2.93 0.49

(Lever, Pull)

Abbreviations: Min. = minimum; Max = maximum; SD = standard deviation.

Movement times for limited visibility condition-pull cases (Cases 4-2 and 5-2) were shortest for
the lever-type handle (5.15 s). No significant difference in movement times was observed between
door handle types (p = 0.197; Table 10). This result indicated that door handle type did not exert an
effect on movement times with DOP inclusion when the pull door opening direction was used in cases
involving limited visibility conditions.

Table 10. Results of Mann-Whitney U tests examining movement times according to handle type
(limited visibility condition, pull).

Handle . Average Movement Mann-Whitney  p-Value
Type N Range Min. Max. Time (s) SD U (N = 20)
Case 4-2
10 3.50 3.75 7.25 5.68 1.05
(Knob, Pull) 33.00 0.197
Case 5-2
(Lever, Pull) 10 2.00 425 6.25 5.15 0.78

Abbreviations: Min = minimum; Max = maximum; SD = standard deviation.

The results of the analysis of handle type showed that handle type did not exert a significant
effect on movement times with DOP inclusion in any cases (normal condition-push, limited visibility
condition-push, normal condition-pull, and limited visibility condition-pull).

4. Discussion

This study examined the effects of the DOP on pedestrian flow. The purpose was to investigate
the relationships between three variables (opening direction, handle type, and limited visibility) and
participants” walking speed. The results suggested that the effects of the DOP on the evacuation
process should be considered when calculating movement time. The findings could have implications
for the development of codes/regulations, engineering guidance, and egress models related to doors.
In addition, future research examining correlations between the DOP and other factors that could
influence pedestrian flow through doors could help to clarify current understanding of this flow.

In all cases with the DOP, movement times were longer relative to those observed for cases
without the DOP. The results showed significant differences between cases with and without the
DOP (Case 1-1: p < 0.001; Case 1-2: p < 0.001; Case 2-1: p < 0.001; Case 2-2: p < 0.001; and Case 3:
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p < 0.001). When a large number of pedestrians pass through a door, the movement time may vary
with changes in door width [8,25] or crowd density [40-43]. However, this experiment considered
one-person walking, and the door width was fixed at 0.9 m. Therefore, the DOP exerted a significant
effect on pedestrian flow.

Limited visibility significantly increased movement times for all cases. Table 2 shows that the
movement time for the whole section increased. In other words, walking speed decreased (knob/push:
0.80-0.45 m/s; knob/pull: 0.68-0.32 m/s; lever/push: 0.89-0.53 m/s; lever/pull: 0.72-0.38 m/s; and panic
bar/push: 0.83-0.39 m/s). In addition, movement times for the DOP section increased. This could be
attributed to two factors. First, participants would not have known the location of the door because
of the use of non-transparent eyepatches. Smoke is a major factor resulting in delays in pedestrian
flow [10-13,38], which is supported by research results indicating that pedestrian flow through doors
was impeded by smoke even when doors were open [12]. Second, participants could have experienced
difficulty in operating the door handles because of the use of non-transparent eyepatches. Participants
wearing non-transparent eyepatches did not knowing which handle type was installed, which was
evident in the longer movement times recorded for participants wearing non-transparent eyepatches
(panic bar/limited visibility: 2.50 s), relative to those observed for participants who were not wearing
non-transparent eyepatches (panic bar: 1.18 s). In this study, there were limitations to using eyepatches
in place of actual smoke. However, an eyepatch can fully reproduce pedestrians’ visibility depending
on the concentration of smoke [11]. Additionally, the use of only one characteristic eyepatch (extinction
coefficient 1.0, visible distance 1-2 m) was intended to prevent participants from recognizing the door
opening direction and handle type before arriving at the door. Therefore, the eyepatches used in this
experiment sufficiently simulated the limited visibility situation.

With respect to the door opening direction, movement times were fastest when the push door
opening direction was used. As with door handle type, all cases were considered when comparing
movement times, to control for the effects of other variables, and the push opening direction showed
significantly shorter movement times relative to those for the pull opening direction. Based on
experience, it is optimal for doors to open in the direction of an evacuation. This idea is supported by
building and fire safety codes in various countries (e.g., NFPA101; National Fire Protection Association).
However, considering exceptions based on installation standards and fire situations, it is necessary
to consider cases involving the pull opening direction, as individuals could pass through various
pull-direction doors depending on the building and fire situation. Therefore, analysis of pull-direction
doors is necessary for the inclusion of this type of door in an evacuation model.

In contrast to our expectations, no significant difference in movement times was observed
between handle types. To control for the effects of door opening direction and limited visibility,
differences between handle types were compared with various combinations of these two factors,
but no significant differences were observed. It is noteworthy that movement times were fastest
for the panic bar handle in situations without limited visibility (panic bar: 1.18 s and lever: 1.35 s),
whereas movement times were fastest for the lever handle in situations involving limited visibility
(lever: 2.13 s, panic bar: 2.50 s; and opening direction: push). There are two possible explanations
for this result. First, participants did not know the location of the door because they were wearing
non-transparent eyepatches. This explanation is supported by previous studies indicating that smoke
made it difficult to perceive one’s route [10-13,38]. Second, participants were unaware of the handle
type because they were wearing non-transparent eyepatches and were unable to perceive the panic bar,
which is not commonly used in Korea (although panic bars are installed and used in specific buildings,
such as hospitals, their use is limited in general buildings in Korea). Therefore, participants were
unable to perceive the panic bar when their visual fields were impaired, because they were unfamiliar
with this type of handle. However, this is the authors” opinion and should be examined further in
future research.
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Based on the current results, we aimed to present the difference in movement times between cases
with and without the DOP as delay time. The delay time was defined as the DOP delay time and was
calculated as follows.

T=t-ty, 1)

T indicates the delay time for the DOP, t indicates the movement time for the whole section for
each case (Table 2), and tj indicates the movement time for the whole section when the door was open
(see Table 2). The results calculated using Equation (1) are shown in Table 11. However, the delay
time in cases involving limited visibility conditions (Cases 4-1 to 6) could change depending on the
concentration of smoke or fire. In addition, this was a simulation experiment; therefore, application of
the data from Table 11 should be performed with caution depending on the population and region
(participants were aged between 20 and 40 years and had no physical abnormality).

Table 11. Delay time for DOP.

Category Handle Type  Opening Direction = Visibility = DOP Delay Time (s)

Case 1-1 Knob Push Normal 2.88
Case 1-2 Knob Pull Normal 443
Case 2-1 Lever Push Normal 1.96
Case 2-2 Lever Pull Normal 3.91

Case 3 Panic bar Push Normal 2.56
Case 4-1 Knob Push Limited 9.93
Case 4-2 Knob Pull Limited 16.35
Case 5-1 Lever Push Limited 7.38
Case 5-2 Lever Pull Limited 12.88

Case 6 Panic bar Push Limited 12.56

Abbreviations: DOP = door opening process.

One factor that should be considered in future research is the effect of the DOP on movement
times with multiple pedestrians. When multiple pedestrians are passing through a door, which is
affected by door width and pedestrian speed and density [40-43]. The flow rate (product of walking
speed and crowd density) for pedestrians can be used in engineering calculations and evacuation
models. However, the results observed in real situations and simulation experiments show values
below the maximum planned flow rate [44]. This could be attributed to familiarity between pedestrians
when exiting the door [45], competition between pedestrians (or selfish behavior) [3,9,46], and the
degree to which the door is open [21,26]. For example, flow rate increases as competition increases,
but if this exceeds a certain level, evacuation efficiency decreases [3]. In addition, depending on
pedestrian density, the location of following pedestrians could change, and the door might not close
completely, which could impede evacuation [21,26]. Therefore, to develop an accurate evacuation
model, other factors excluded from the flow rate equation (product of walking speed and crowd
density) for pedestrians should also be considered. Examination of the effects of the DOP on movement
times with multiple pedestrians would contribute greatly to the development of an accurate evacuation
model. Moreover, the comparison of results obtained with the DOP and existing research results
related to flow rates would be a useful topic for future research.

5. Conclusions

In the current study, we analyzed changes in pedestrians’ movement times according to two door
characteristics (opening direction and handle type) and limited visibility, to enhance understanding of
pedestrian flow in cases with the DOP. To date, a number of studies have involved door passage to
understand pedestrian flow, but few have considered the DOP. However, in general, people evacuate
by passing through the door of the room in evacuation situations, and there is a strong probability that
the final or emergency exit will be a door. Taking these facts into consideration, we determined that
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there is sufficient need to take the DOP into account. The following conclusions were drawn from
the study.

(1) There was a statistically significant difference between movement times with and without the
DOP. Based on this finding, it is appropriate to include the DOP in the calculation of pedestrians’
movement times.

(2) When visibility was limited, movement times with DOP inclusion increased significantly
regardless of the door opening direction and handle type.

(3) When the door opening direction was ‘push’, regardless of limited visibility and door handle
type, movement times with DOP inclusion were significantly lower.

(4) The handle type did not show a significant difference in movement times with DOP inclusion.

(5) Based on the experimental results, the DOP delay time was calculated as follows: push 1.96-2.88
s and pull 3.91-4.43 s/(visibility is limited) push 7.38-12.56 s and pull 12.88-16.35 s.

DOP delay time could be applied to an evacuation model for the calculation of movement times
for pedestrians passing through a door. However, the current results lack representativeness and are
limited in that only a few factors were considered. Nonetheless, this was a basic study on the DOP,
which has not been considered in evacuation models previously. The results of the current study could
be useful for improving the accuracy of evacuation models designed to assess building safety.
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