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Objective: In modern societies, crowds and mass gatherings are recurrent. A combination of inadequate
facilities and inefficient population management can lead to injury and death. Simulating people’s
behavior in crowds and mass gatherings can assist in the planning and management of gatherings,

especially in emergency situations.

Methods: We aimed to determine the crowd pattern and the critical density point in the grand bazaar of
Kerman in Iran. We collected data by use of a census method with a questionnaire. To determine the
critical density point, height and weight data were placed in the equations = | /58 and the outer body
surface of all the individuals in the bazaar was calculated. The crowd was simulated by use of flow-
based modeling. Flow rate was determined by using the equation (flow rate = density * speed). By use
of SketchUp Pro software (version 8; Trimble, Sunnyvale, CA), the movement of each person and the
general flow rate were simulated in the three-dimensional environment of Kerman bazaar.

Results: Our findings showed that the population critical density point in Kerman bazaar would be 6112
people. In an accident, the critical density point in Kerman bazaar would be created in about 1 minute

10 seconds after the event.

Conclusion: It seems necessary to identify and provide solutions for reducing the risk of disasters caused
by overcrowding in Kerman bazaar. It is suggested that researchers conduct studies to design safe and
secure emergency evacuation of Kerman bazaar as well as proper planning for better and faster access
of aid squads to this location. (Disaster Med Public Health Preparedness. 2017;11:674-680)
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are recurrent. A sporting or comedy event can

attract up to 70,000 people. Mass gatherings can
lead to problems. The combination of inadequate
facilities and inefficient population management can
lead to injury and death. A stampede to watch a football
match in Hillsborough, England, in 1989 led to 95
deaths and 400 injuries.! On July 2, 1990, during a
religious ceremony in the MENA region near the city of
Mecca, about 1400 pilgrims died because of crowd
pressure.” The World Health Organization defines a
mass gathering as any organized or spontaneous situation
in which a large number of people are present and the
host of the event suffers effort and pressure in order to
plan resources and respond to them. Crowd or overcrowd
is the term known as another level of mass gathering
in dome resources, which is mainly associated with
replacement and population mobility.® Lorenzo defined
a crowd as an excessive and intolerable density of people
at a specific time and place.* Soomaroo and Murray
defined a crowd, in a study conducted in 2012, as the
movement of a dense crowd in a specified environment,

which disables people to move.” The World Health

In modern societies, crowds and mass gatherings

Organization as the most important research center
on mass gatherings and crowd in the world classifies
mass gatherings as follows: mass gathering, large mass
gathering, ultra large mass gathering, very large
mass gathering, and extremely large mass gathering. The
size and number of the gathering, the location of the
gathering, and the purpose and duration of the gathering
are among the factors affecting management and
accidents resulting from mass gatherings. In terms of
the number of victims and injured, gatherings and
overcrowding can be classified into slight (without
any casualty or injured), medium (between 1 and 10
casualties), severe (11 to 100 casualties), devastative
(more than 100 to 1000 casualties), and terrible (more
than 1000 casualties).® Two crowd patterns of identical
movement and direction and troubled movement are
presented in terms of the crowd and the individuals’
behavior in gatherings, which can lead to accidents.
Mass gatherings caused by accidents or mental stimula-
tion of the people in the area can lead to crowds and can
lead to injury or death due to population pressure.’
Sudden escape due to disasters such as fires, explosions,
or natural disasters such as floods and earthquakes, and
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Aerial Map of Kerman Bazaar and the Ganjalikhan Complex of Kerman.
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the rumors and panic present at the gathering, can underlie the
lack of control and collisions between individuals.®

Among the areas in ancient and modern cities that have
always been considered a crowded area are bazaars and
commercial complexes. These places accommodate thousands
of visitors and customers daily.” Kerman’s bazaar, which is the
longest indoor bazaar in Iran dating back to about 400 years,
is located in the center of Kerman city. An average of 5000
people visit the grand bazaar in Kerman every day. The whole
length of the bazaar from East to West—from the Arge square
to Mozaffari bazaar—is about 3 km, with an average width of
448 m and a height of 7.10 m from the bazaar floor to the
center of the vault. The walls are made of brick and adobe in
the Isfahani style and the Safavid era.'®

Simulating people’s behavior in crowds and gatherings can assist
in the planning and management of gatherings, especially in
emergency situations such as fire. Emergency evacuation
of people in gatherings and crowds requires prediction and
determination of population behavior patterns.'’ Simulating
crowd behavior allows for locating of emergency exits, access
roads for aid groups providing humanitarian aid, and resources
needed to manage the crowd.'

In the present study, we determined the crowd pattern and
the critical gathering point in the grand bazaar of Kerman
with regard to personal behavior in emergency conditions.
Explaining individuals’ movement orientation and ultimately
determining the orientation of an individual’s movement
pattern may aid groups and responsible organizations in crowd
management and planning to reduce injuries and human mass

movement at the time of accidents such as fire explosion,
emission of toxic gases, roof collapse, or natural disasters.
Such planning may reduce losses with overcrowding as
the result of weakness in aiding and predicting high-risk
situations in the Kerman bazaar.

METHODS

This study aimed to determine the population crowd pattern
and the critical density point in the grand bazaar of Kerman.
First, the length and width of the grand bazaar of Kerman
were derived from reputable resources and maps in the
Kerman Administration of Cultural Heritage (Figures 1 and 2).

An Interior Image of Kerman Bazaar.
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Estimated Population Speed in Terms of Density
Average Speed Density Average Speed Density
(m/s) (p/m?) (m/s) (p/m?)
1.30 1.40 1.34 0.50
1.20 1.51 1.34 1.00
1.10 1.65 1.21 1.50
1.00 1.82 091 2.00
0.90 2.02 0.73 2.50
0.80 2.27 0.61 3.00
0.70 2.60 0.52 3.50
0.60 3.03 0.45 4.00
0.50 3.63 0.40 4.50
0.40 454 0.36 5.00

Then, along with interviewing experts and people who were
regularly present in the bazaar, the right time was selected for
the study regarding the day and time of implementation.
In order to collect data, reliable maps of the Kerman bazaar were
initially prepared. Next, the total length of the Kerman bazaar
was divided into 20 sections of 26.5 by 4.5 m?. Three statistical
volunteers in each section proceeded to collect the required data
by a census method using a questionnaire, which included
questions about age, gender, weight, height, accurate current
position, and the escape direction of people who might be
present in the bazaar after an accident. To determine the critical
density point, height and weight data were placed in the formula

L*M
*=V 3600 (Eq 1)

and the outer body surface of all the individuals in the bazaar
was calculated. In this formula, s represents the body surface in
square meters, L represents height in centimeters, and M
represents weight in kg. The number resulting from this formula
was the outer body surface of anyone in the bazaar. The outer
surface can be used to determine the vertical occupancy rate of
each individual. The land area occupied by the individuals was
determined with respect to their shoulder width.” The average
shoulder width of the Kerman people to the ratio of height and
the relevant age group was extracted from the results of a pre-
vious study." By studying the relationship between the occupied
land area and the total usable area in Kerman bazaar, the crowd
densities in normal conditions were determined by the formula

A (Eq 2)

P=73
where D, A, and S are density, area, and body surface,
respectively.

Then, the crowd density was increased by gradually adding
the number of people in different age groups and with a
constant coefficient. This process continued until the avail-
able space to each person reached 0.085 m?. The number of
people at this point equals the critical density point of
Kerman bazaar. Simulating the crowd was conducted by using
flow-based modeling and according to data obtained from
distributed questionnaires.'* In this way, using the equation

Impact of Population Density in Different Situations on
Adjacent Areas and Individuals
Impact on Impact on  Individual Population

Population Neighboring Those Balance Density
Movements Regions Nearhy (Stability) (p/m?)
very no no very 3
moderate  low low moderate 5
low moderate moderate low 6
Immobile  very very unstable 8

(Flow rate = Density * Speed), the flow rate was determined
and by use of SketchUp Pro software (version 8; Trimble,
Sunnyvale, CA), the movement of each person based on
4 directions and the general flow rate were simulated in the
three-dimensional environment of Kerman bazaar. Crowd speed
was obtained from the average population speed/density
(Table 1)."” Using the calculated density at the critical gathering
point and the movement speed of the crowd, the crowd pattern
was simulated after an accident in Kerman bazaar. The effect of
population density (number of people per square meter) on
adjacent individuals and spaces will differ in various positions.
To determine the effects of critical crowd density in different
positions, the results of the study by Oberhagemann,” which
studied fixed and mobile population densities at large social
events, were used (Table 2). According to a study conducted by
Hagman’, if population density in an area reaches 50 cm” for
every person due to the overpopulation, the population may
reach its critical crowd density. In these conditions, the created
gathering and crowd changes to crisis and its primary outcome
will be damage to the individuals; however, individuals walking
in a large or a moving crowd need 2.3 m* of space in normal
conditions. In a space less than 30 cm?, the individuals uninten-
tionally and involuntarily put others under pressure. In the case
where physical space in a crowd is reduced to 20cm?
per individual, the population pressure and subsequently the
psychological pressure would reach a higher degree of danger.

Based on the above table, when the population density
reaches 8 people or more per square meter, external pressure
resulting from the population density increases and leads to
severe movement restriction. In case the population density
reaches 8 people per square meter, signs of asphyxia appear
due to pressure on respiratory muscles of the chest wall. After
about 2 to 3 minutes, loss of consciousness and irreversible
damage to the brain will occur due to oxygen deficiency. In
fact, these symptoms may occur when a force of 800 to 900 N
imposes on the chest. In other words, the required force for
such a lethal pressure may be due to the pressure of 10 to 12
rows of people in a population with a density of 8 p/m’.
Mechanical injuries such as fracture of the organs can be
caused by a force of 10 kN or the push-forward force by 120
rows of people in a crowd. In order to determine the critical
population point of Kerman bazaar, the maximum population
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density per square meter was calculated. The maximum
population density based on the minimum space required for
an individual was calculated (0.085 m?) according to the area
of usable space for pedestrians in the bazaar. The critical
density in a moving population is an average of about 8
people per square meter. The space available to every person

in this situation would be about 0.68 m”."?

RESULTS
The demographic characteristics of the people in the studied
area of the Kerman bazaar as collected by questionnaire are

shown in Tables 3 and 4.

Population density at the time of the study and with 2412
people was determined to be 1.73 on the basis of the above
results. Since the minimum required space for a person under

such as fracture in the ribs. Reaching the critical point density
can occur after disasters, especially manmade accidents and a
sudden injection of population from the lateral and main bases
of the bazaar. In the case of an accident, followed by population
density in the extent of 8.1 p/m?, population density side effects
without an increased number of people are observed in the
bazaar, especially in entry and exit (Tables 5 and 6).

According to Figure 3 and based on the population flow rate
in events such as an explosion or fire, the population density
in Kerman bazaar will reach the critical crowd density in
1.10 minutes after the event. This density will be created at a
167-m distance from the eastern exit of Kerman bazaar and
the lateral port.

normal conditions is about 0.085m” and according to the Total External Surface (S) in Different Population
average S of the crowd present in the research environment, Situations
in an accident, if the population of the Kerman bazaar
reached 6112 people with a total S of 10458.58 mz, the Percentage of Population Growth Population S (Total)
minimum space required for each of the people present in the Without increase (normal conditions) 2412 4117.47
crowd would reach 0.085m?. In other words, under such
circumstances, the population density would reach 8.1 p/m? 5% 2532 4323.34
and the critical point. In such a situation, the psychological 10 f’ 2653 4529.21
ffects resulting from the crowd would unintentionally lead to 20% 2894 4940.96
N g ¥ 30% 3136 5352.71
increased population pressure and secondary damage such as 40% 3377 5764.45
asphyxia due to pressure on the chest and mechanical damage 50% 3618 6176.20
60% 3859 6587.95
80% 4341 7411.44
90% 4583 7823.19
. q q 100% 4824 8235.17
Demographic Data of the Research Population in 102% 4872 8317 51
Kerman Bazaar 120% 5306 9058.66
Gender (No) 140% 5789 9882.15
Age _— 150.5% 6042 10314.48
Group, Average Average  Frequency Total (S), 154% 6112 10458.58
years No Female Male Weight, kg Height, cm Percentage m? 155% 6150 10499.77
26 9% 54 42 115 112 42 5.67 160% 6271 10705.65
6-12 57 78 93 213 117 7 142.02
1217 171 51 36 484 168 3.8 127.8
1725 372 239 144 518 176 15.2 591.69
2545 1095 651 444 745 175 452 2045.61
>45 591 318 273 79.8 172 24.6 1153.56
Total 2412 1380 1032 47.8 153.3 - 4117.47
Population Density at Time Intervals After an Accident
Average Ratio of Area to
_ N . Area, Population  Number of Individuals, Population
Demographic Data of the Population Groups Studied in Time  m? Speed, m/s m? Density, p/m?
Kerman Bazaar
00:00 2375.3 1.34 0.98 1
Age Group,  Average Shoulder Space Needed Total Area Required 00:10 2244.1 121 0.93 1.4
years Width, cm per Person, m?>  in Age Group, cm 00:20 2116.5 091 0.87 21
00:30 1993.2 0.51 0.82 34
2-6 27.19 0.055 5.28 00:40 1878.5 0.39 0.77 4.7
6-12 28.4 0.057 3.24 00:50 1802.3 0.35 0.74 53
12-17 40.79 0.083 14.19 00:60 1738.2 0.18 0.72 6.6
17-25 42/74 0.086 31.99 01:10 1661.7 0.09 0.68 8.1
25-45 42.49 0.086 94.17 01:20 1632.4 - 0.67 8.2
More 41.77 0.085 50.23 01:30 1598.1 - 0.66 8.2
than 45 01:40 1576.7 - 0.65 8.2
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Population Density and Critical Gathering Point
(Density) of Kerman Bazaar After an Accident.
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In this situation, as a result of par falling of the escaping people,
interruption in the population flow toward the exit doors,
lack of emergency exits, obstacles caused by hawkers on the
main passageway, the roofed and encapsulated environ-
ment of the bazaar and the psychological effects resulting from
it, the opposite population flow from the main entrances of the
bazaar, smoke and the lack of horizontal vision caused by fire or
explosion, and the altitude difference of the bazaar surface with
some secondary routes (non-par falling) will lead to sudden
population density at the bazaar’s entries and exits and
secondary routes (Figure 4). The dominant density pattern will
be the identical movement pattern with positive pressure
(Figures 5 and 6). The frequencies of the selected directions in
which people would move to get out of threatening situations in
Kerman bazaar are shown in Table 7.

DISCUSSION

Our findings show that the population critical density point in
Kerman bazaar would be 6112 people. In the case of an
accident, the critical density in Kerman bazaar will be created

in about 1 minute 10 seconds after the event. Jordao et al'®

estimated the critical gathering point around Wall Street in
New York City at about 5000 people, which is consistent with
the present study given the extent and area of the passages in
comparison to the Kerman bazaar. Shendarkar et al'” simulated
crowd evacuation in Washington, DC, by using the BDI (belief,
desire, intention) model. In that study, the critical crowd in the
National Mall subway station in a terrorist explosion scenario
was about 4000 people, which differs from the results of the
present study of 6112 people. Time needed to reach the critical
density point and evacuation process from the subway station in
the Shendarkar et al study was about 40's, whereas in the present
study it was about 1.10s.!7 According to this study, the increase
in population density in order to reach the critical point in
Kerman bazaar was estimated to be 20% in the maximum
time of 70s post-event, which is inconsistent with the study
conducted by Pellegrini et al,'® who reported this value to be
50% in an enclosed virtual space and in the time interval of
3.5 minutes. Helbing'? estimated the critical density at London’s
Wembley Stadium as 65,302 people in 1.45 minutes post-event,
which is consistent with the present study regarding the
formation of the critical density. Yu and Johansson®® calculated
the population flow rate at the maximum density point as 2 and
the critical density point with maximum social pressure as 8.8 by
using the social power model and the formula m;x dv;(t)/dt
= fi(t). Jablonski and Argyriou?' simulated the crowds in the
street area in London using the method used in this research and
by collecting information about passersby. The results of that
study are fully consistent with those of the present study in the
Kerman bazaar in terms of population density and the area of
the study.?! Other studies have merely used simulator software
to determine critical density point and crowd simulation. Also,
studies about the social psychology of populations used only
psychological factors in society. In the present study, however,
we used a combination of psychological and personal factors in
emergency situations based on the people’s self-expression and
by using a questionnaire to determine movement direction
(Table 7) and more accurate software that may be noteworthy
to other researchers in this area.

Simulation of Overcrowding at the Main Exit (Eastern) of Kerman Bazaar After an Accident.
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FIGURE 5

Simulation of Overcrowding at Site Number 1 of the Secondary Exit of Kerman Bazaar After an Accident.

FIGURE 6

Simulation of Overcrowding at Site Number 2 of the Secondary Exit of Kerman Bazaar After an Accident.

TABLE 7

Selected Direction of Kerman Bazaar Population in
Emergency Situations
Number of Frequency
Selected direction Individuals  Percentage, %
The direction opposite the accident 516 64.2
scene (getting away)
The direction toward the accident 61 7.6
scene (getting close)
Lateral movement (to the left) 88 10.8
Lateral movement (to the right) 113 14.1
Immobility 26 33
CONCLUSION

The present study used accepted methods related to popu-
lation behavior and crowds in determining the critical
gathering point and simulating the population; hence, the
study provides a proper method for investigating and simulating
population density in enclosed environments by applying
information related to the behavior of simulated agents
(pedestrians) as well as a bazaar-based approach to the spatial

features of Kerman bazaar. The results of this study indicate that
the crowd in Kerman bazaar has greater vulnerability in the field
of relief aid in emergency situations owing to the bazaar’s
location and lack of necessary provisions. Regarding estimation
of the critical gathering point and stimulation of the crowd in
this study, it seems necessary to identify and provide necessary
solutions for reducing the risk of disasters caused by over-
crowding in Kerman bazaar. It is suggested that researchers
conduct studies to design safe and secure emergency evacuation
of Kerman bazaar as well as proper planning for better and
faster access of aid squads to potential victims at this location.
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