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ABSTRACT
Evacuation performance is crucial for gymnasium
design and occupant safety. This paper uses Simulex,
an agent-based model to simulate and optimize the
evacuation performance of a typical medium-size
university gymnasium. Simulated results show that the
current design is susceptible to evacuation problems,
such as long egress time, insufficient exits and severe
imbalance for stair usage. Design solutions are
introduced to improve these conditions by optimizing
circulation systems. Simulation experiments are again
conducted to compare the evacuation performance
after circulation optimization. Results show that in the
revised design proposal, evacuation time and
congestion in corners are significant decreased, exits
using ratios are dramatically increased and well
balanced.

INTRODUCTION
Gymnasium accumulates large number of spectators
simultaneously during matches and performances,
thus crowd safety and efficient evacuation are very
important. In China, the size of gymnasium is divided
by seating capacity: gymnasium with over 10000 seats
is oversize, 6000-10000 seats is large, 3000-6000 seats
is medium-size, and less than 3000 seats is small
(Design Code for Sports Buildings, 2003). Where
medium-size gymnasiums are usually built and
frequently used in most cities and universities in in
China recently. The size of gymnasium has significant
influence on both prescriptive and performance-based
egress requirements. For example, the egress time for
medium-sized gymnasium should be within 3-4
minutes. Additionally, there are requirements
regarding passage width in both building and fire
codes. Building codes require each gymnasium exit to
evacuate 400-700 persons on average, with minimum
effective width of exit doors, passages and stairs,
while fire codes suggest total egress width for
different types of seating areas, including both phased
and whole building evacuation (Table 1). Because the
most distinctive area of large spaces in gymnasium is
normally larger than one fire zone, and terraced stands
have massive occupants of high density nature, which
often leads to longer travel distance and stranding of
crowds. Performance methods (simulation and/or
calculation) are often introduced to compare required

Table 1
Passage width requirement in fire codes
SEATING
AREA
Common
spectator
Media
VIP
Guest
Athlete

VOMITORY
WIDTH (M)
27.5

EXIT WIDTH
(M)
30.8

2.2
4.4
2.2
2.2

2.2
2.2
2.2
2.2

In the past 20 years, agent-based simulation tools have
been developed and widely used for assessing
occupant evacuation safety. Evacuation simulators
such as Simulex, STEPS, BuildingEXODUS, Legion
etc. have been applied in designing and evaluating
egress system of assembly occupancies, eg. sport
venues (Junying & Zeyang 2009; Liu et al. 2011,
2014), high-rise buildings (Nuria and Ali 2008), large
commercial complex (Owen et al. 1996), subway
stations and interchanges (Jiang et al. 2010), airport
terminals (Chow and Candy 2008), stations (Zhong et
al. 2008), passenger ships and plane (Klüpfel et al.
2001, Turner and Penn 2002) and transportation (Bie
et al. 2012, Ma et al. 2014). Under fire scenarios, FDS
(Fire Dynamics Simulator) is frequently used to
generate RSET for each floor, and assess life safety
capability together with evacuation simulation tools
(Zhi-Xiang et al. 2011). The rapid development and
extensive use of computer modelling is very beneficial
for large projects, where as real-time experiments are
expensive, time-consuming and have potential danger
of crowd safety.
In this study, a typical medium-size university
gymnasium is simulated by the agent-based model
Simulex. By recording real-time user crowd
distribution on three floors, and calculating total
number of evacuees through each egress door and stair,
problems are revealed regarding evacuation
performance. Egress time goes slightly beyond the
limitation of the building code, the number of
evacuees through three egress doors exceed 700,
indicating the insufficiency of exits, severe imbalance
of stair usage and congestion on the vertical aisle.
Design solutions include the increase in total width
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and repositioning of egress doors, change the position
of aisles for direct passage to exits are introduced to
improve these problems. Simulation experiments are
conducted again to compare the evacuation
performance before and after circulation optimization.
Simulated results show that in the optimized proposal,
evacuation time and congestion in corners are
significantly decreased, exit usage ratios are
dramatically increased and well balanced.

considers all obstacles and direction changes in
buildings.

SIMULATION
Simulation input
This study selects pedestrian simulation model
Simulex (version 2012.0.1.1) as simulator. In the
evacuation process, occpants choose exits based on
the shortest routes. Building plans are broken into
0.2m × 0.2m grids in the model, each grid could
connect 16 nodes, equally belonging to fine
grid cellular automata model. In a complex building
simulation, hundreds of thousands of nodes ensure
accurate expression of obstacles and exact location of
occupants in buildings (Thompson et. al, 1995).
Simulex supports multi-floor plan and multi-stair
evacuation simulation, and direct import of DXF file
from AutoCAD, simulating thousands of occupants in
complex built environment, recording the movement
process and calculating the number of remaining
occupants at each exit in 5 second intervals.
In the Simulex system, buildings consist of 4 parts:
plan, stair, link and exit. Link is the connection
between stair and plan. The evacuation process is
considered to be finished when occupants pass
through exits. Occupants are represented by three
circles, a larger circle in the middle for the main body,
two small circles suround it like shoulders (Figure 1).
It simulates not only occupants’ free movement, but
also velocity decrease, surpass, rotate and collision
avoidance to reflect actual evacuation processes.

Figure 2 The distance map
Occupant movement is based on the type of crowd.
When density is lower than 2 persons/m2, occupants
will slow down and change directions if blocked by
persons in front, or overtake when there is space
permitting. When occupants merge into a narrow
passage, queuing behaviour occurs. The initial crowd
velocity is determined as normal free walking speed,
and in the movement process, velocity is determined
by personal distance. Velocity on stairs is
approximately 50% of a level surface (Thompson et.
al, 1995).
Building model
The selected gymnasium project is located in the
university campus in North China, which has 20,000
full time students (Figure 3). The total building area of
gymnasium complex is 23,000 m2, which includes
gymnasium, natatorium and training centres. The
gymnasium can be used for regional and national
single-event sports competitions. The natatorium on
the other hand is for daily teaching in the university.
The building area of gymnasium is 12,000 m2, the
number of seating capacity is 4151, in which there are
1052 fixed seats, and 3099 movable seats.

Figure 3 The gymnasium

Figure 1 Occupant model
Distance map is used to describe the travel distance
from any point in the builidng to the exits. Different
color bars show the optimal distance changes in
meters towards exits (Figure 2). This calculation

In the gymnasium section, there are four exits on the
ground floor: athlete exit, staff exit, training hall exit
and media exit. VIP area has no separate entry and/or
exit. VIP occupants were merged with media reporters.
On the spectators’ level, there are six evenly located
exits for spectators to enter and leave the building
through outdoor platform on the 2nd floor.
Occupant circulation
Occupant areas on the spectator stands are composed
of three parts, VIP area on the movable seating, other
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areas on the movable seating and fixed seating. Fixed
seating is located on the third floor and connects to the
spectator level via stairs. When evacuation process
starts, spectators move from seats to the closest
vertical gangway, and then take stairs to spectator
level, evacuate to the outdoor platform via six exit
doors. By this time, occupants are considered to arrive
at the safe zone and finish the evacuation process.
Spectators in VIP area go to the playing field through
vertical gangway, then evacuate to outdoor through
exit doors on the ground floor. All the other spectators
in movable seating walk upward along vertical
gangways, then evacuate though exit doors on the
spectator level (Figure 4-5). Other personnel and
occupants on the playing field could evacuate through
four exit doors on the ground floor.

1.07m, therefore, 1.1m is set up for two occupants to
stand and walk shoulder to shoulder according to
design code. Spectators on the third floor evacuate to
the second floor through stairs after passing through
vertical gangway. Stairs are corresponded to the
vertical gangway, width 1.15m. Four egress stairs,
each of which 2.3m in width are located in corners to
assist upper stand spectators’ evacuation.
After evacuating to the second floor, spectators will
leave the building via the exit doors. There are six exit
doors in total on the second floor, in which four doors
are evenly located along the long sides, each of which
is 6.2m in width; two exit doors are located along the
short sides, each of which is 12m in width. The total
width of the exit doors are 48.8m, far beyond the
minimum code requirements for gymnasium with
4151 seating capacity, which should be 17.85m by
calculation.
Model simplification
In the evacuation simulation of sports venues, each
row on the terraced spectator stand is normally
considered as flat surface. The evacuation simulation
study of national stadium “bird nest” and New
Zealand stadium both adopted this method (Junying et.
al, 2009; Kristin 2004). Planarization of terraced
stands has been widely used in practice because it not
only lowers simulation complexity, but also shortens
computation time. When evacuation starts, spectator
crowds move towards vertical gangways, where
bottleneck areas occur. Large number of people
gathering would cause congestion, thus lowering
walking speed. On this occasion, personal distance
becomes the major factor that affects movement
velocity. Planarization of terraced stands seems
reasonable in the representation of crowd movement.
Therefore, this study keeps the width of vertical
gangway and neglects elevation differences as well.
Import the oval facade shape to the simulation system
is another challenge. All splines have to be changed
into circular arcs in AutoCAD. Even so, some arcs
with shorter length still could not be directly imported.
In such cases, arcs are redrawn by polylines. The oval
shape in simulation program is approximately the
same as in AutoCAD to maintain the precision of
movable spaces in the building.

Figure 4 Circulation on 2nd Floor

Figure 5 Circulation on 3rd Floor
Egress width
There are 22 vertical gangways in the gymnasium,
each of which is 1.1m in width on the second floor, in
which two gangways are for VIP service only.
According to the building code in China (Design code
for sports building, 2003), 1.1m is the minimum width
requirement for vertical gangway with seats on both
sides. In addition, for gymnasiums with 3000~5000
seating capacity, gangway width per hundred people
on stepped surface should be no less than 0.5m. In this
project, the maximum number of evacuees for single
gangway is 213 persons. The calculated width is

Occupancy distribution
In former evacuation simulation cases, occupants were
randomly distributed in the spectator stands. For
instance, in the evacuation simulation of the national
stadium “bird nest” in Beijing, occupants were not
only located in the seating areas, but also occupied the
gangways and exits (Junying et. al, 2009). This
resulted in a significant number of occupants with a
shortened egress distance, and further created
differentiation in the egress time calculation.
For achieving accurate initial locations of spectators,
this study locates occupants randomly by rows. This
method ensures the emptiness of the lateral gangways
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Figure 6 Occupants initial position on the 2nd Floor
Occupants distribution and movement can be recorded
in real-time in the simulation program. Figure 7 shows
occupants distribution every minute in three main
floors of the gymnasium, which gives a clear and
pragmatic image of the evacuation process of the
whole building in terms of spatial usage, congestion
areas and egress choices. A design optimization step
will be implemented in regard to the egress problems
and simulation using the same settings to compare the
evacuation performance before and after optimization.

Evacuation time for the VIP audiences from the
ground floor is much less than spectators of the
symmetric positions who evacuate from the second
floor. The whole evacuation simulation process on the
ground floor shows that almost all evacuees get out of
the building in about two minutes, while on the
spectator level, there are still large number of spectator
crowds gathering and queuing, most of the queuing
crowds are seated in the front rows. The
implementation of playing field evacuation would
help these people evacuate more efficiently especially
in emergencies.
Egress usage
Evacuees via six exit doors are calculated every 30
seconds. The dynamic change in numbers of evacuees
through each exit door on the spectator level is shown
in Figure 8. The simulated results indicate that number
of evacuees through three out of six exit doors exceed
700 persons, which does not meet the requirement of
building code, “the average number of evacuees via
each exit should not exceed 400~700 persons”.
Moreover, the number of evacuees through the other
three exit doors are 652, 636 and 673 respectively,
which are also close to the upper limit of the building
code requirements on medium size gymnasium. So
that the results also indicate that the number of exit
doors in the gymnasium are not adequate enough.
800
700
NO. of evacuees (person)

and exits, while maintaining the free flow of vertical
gangways. Occupants’ initial positions are maintained
to a great extent in the actual competition scenarios
(Figure 6). The number of spectators on the stands are
established according to the seating capacity, while
the office area on the ground floor is determined as 0.2
persons/m2 as suggested in the building code (Design
code for sports building, 2003). The total number of
evacuees in the gymnasium is 5005.

RESULTS
Travel time
The required evacuation time of gymnasium is 3-4
minutes in China (Design code for sports building,
2003). While the average egress time of gymnasiums
with seating capacity 2000-5000 in fire drill is 3.17
minutes (Code for fire protection design of buildings,
2014). Ideally, the egress time of upcoming projects
could be close to the fire drill. However, the capacity
in each fire drill varies considerably, which could
result in very different egress times. Therefore, in
practice the average egress time is generally used as a
reference. The upper limit of 4 minutes in building
code is used as maximum allowable egress time.
The evacuation time of the studied gymnasium is four
minutes plus two seconds according to the simulated
result from Simulex. The seating capacity of this
project is 4151, thus its evacuation time is slightly
beyond the specification of the building code. This
gymnasium project can not be built if there are
unsolved problems related to evacuation performance,
particularly egress time.

600
500
400

Exit door 1
Exit door 2
Exit door 3
Exit door 4
Exit door 5
Exit door 6

300
200
100
0
0

30

60 90 120 150 180 210 240
Egress time (s)

Figure 8 Number of evacuees through each exit door
by time
Stairs between the second and third floor are essential
in the egress system of this gymnasium. The
evacuation process show that spectators on the third
floor are the last batch to leave the building (Figure 7).
The number of evacuees via each egress stair
connecting the second and third floor is shown in
Figure 9. It is obvious that these 16 egress stairs are
unevenly used. Only less than 10 persons evacuate
through stair 13, 14, 15 and 16. While stair 1, 6, 7 and
12 accommodate over 120 persons.
The four low usage stairs are located in the building
corners relatively far from most spectators’ seats.
Besides, after evacuating to the main spectator level
on the second floor, the distances to building exits are
still far. So most spectators would not choose these
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stairs as their optimal egress choices, as it is against
the shortest route behaviour in evacuation process
(Santos & Aguirre 1995). Number of evacuees via
stair 2, 5, 8 and 11 are also significantly lower than the
other eight egress stairs. The reason is that after
crowds evacuate to the spectator level, connecting
egress routes are blocked by restrooms. Crowds need
to make a detour to reach the exits thus increasing
evacuation distance.

Optimization
Based on the above simulation experiments and results
analysis, the main problems of existing gymnasium
plans in terms of evacuation performance are (but not
limited to):

160

NO. of evacuees (person)

140
120
100
80
60



Oversized but inefficient building exits on
main spectator level;



Uneven usage of egress stairs between the
second and third floor;



Restrooms block the egress route thus make
detour and increase the travel distance;



Corner column located in the passage block
the crowd flow;



40
20
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Egress time (s)

Figure 9 Number of evacuees of each egress stair
Congestion areas
The observation and analysis of the simulated
evacuation process show that congestion areas on the
spectator level are mainly on the vertical gangway,
where large crowd stream gathering and queuing
occurs. Around the corner of restrooms on the second
floor also gathers large numbers of evacuees. Crowds
have to take a detour bypass around the restrooms to
reach the building exits. At the turning point,
evacuation crowds merge with one pedestrian stream
from the other vertical gangway and another
pedestrian stream from the third floor going down via
egress stairs. High density merging behaviour causes
congestion (Liu et al. 2011).
Congestion happens around the corner on the ground
floor as well (Figure 10). The evacuating crowds
gather inward during the turning process because of
cut-corner behaviour, which creates bottlenecks
(Steffen & Seyfried 2009). In the proposed plan, one
room exit is also located at this corner, which seems
to be optimal egress choice for many evacuees. The
corner hug and merging behaviour together make
congestion at this corner more severe.

Figure 10 Congestion around the corner on the
ground floor

Room exits around the corner result in
merging flow and queuing.
Therefore, circulation system is optimized to solve the
above problems. Optimization mainly focuses on the
evacuation of spectator crowds, namely second and
third floor of the gymnasium. Because the seating area
is closely related to the building form and layout, and
the seating capacity is predetermined, optimization
efforts are committed to make as few plan changes as
possible and maintain the original facade locations.
Strategies include the relocation of building exits,
change of exit number and improve crowd flow on the
spectator level. Detailed problems in original plans
and optimized egress systems are as follows:
1.

Each of the original building exit is over 6m in
width, but has poor performance. Studies have
shown that when the exit width is 3.2-4.2m, the
exit width and egress efficiency is approximately
linear relationship; and when exit width over 5m,
the width increase has little impact on the
evacuation time (Liu et al. 2014). Therefore, we
divide 6 large building exits into 16 small exits,
each of which is 3m in width. Relocating exit
positions to correspond to stairs or passages, and
reduce the turning points in egress routes.

2.

In the original plans several restrooms blocked
egress passages, spectator crowds have to make
long distance detour. We divide those restrooms
into several smaller ones to contribute to this issue,
and make the passages shorter and more direct for
spectators to evacuate from egress stairs and
vertical gangway walk towards exits.

3.

There are several columns in the original plan, the
one close to the external corner has created a
barrier for evacuating crowds turning the corner
(Figure 10). The optimized proposal suggests to
relocate these column inside the wall by changing
local column grid to fit with the division of rooms
and ensure the free flow of egressing pedestrians.

Then simulation experiments are conducted over
again on the optimized proposal based on the same
settings, the results show that egress time of optimized
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proposal is 3 minutes 49 seconds, which is 12 seconds
(5%) shorter than original plan. Statistical data
analysis also reveals the differences in number of
evacuees per exit and stair before and after
optimization. (Figure 11-13)

minutes after evacuation starts, the unit time
evacuate number from circulation optimization is
more than before, and the evacuate rate decreased
after 2 minutes. At the time of 2 minutes, number
of evacuees after project optimization are 559
persons more than before, which shows a
significant improvement in terms of safety and
efficiency in performance.

Number of evacuees (persons)

600
500
400

2.

By comparing the usage of egress stairs before
and after project optimization, a greater
equilibrium is achieved. Four egress stairs located
in corners are used more effectively (Figure 13).
The maximum number of evacuee through each
egress stair is decreased from 135 persons to 105
persons after optimization, which brings higher
evacuation efficiency under both normal and
emergency situations. Especially during an
emergency, one or more egress stairs could be
blocked, the uniform stair usages could reduce
evacuation time even more and largely increase
the possibility of saving lives.

3.

After circulation optimization, the number of
evacuees of all exit doors are less than 500
persons, which meets the 400-700 persons per
exit requirement in building code (Design code
for sports building, 2003). Congestion,
overcrowding and queuing situation in corner
turning on the ground floor after circulation
optimization is largely improved as well.

300
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0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 11 Number of evacuees of each egress stair
after project optimization
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By comparing with empirical data, previous study
showed that among several commonly used
evacuation simulation tools with reasonable accuracy,
Simulex could predict the location of each person
more accurately (Frantzich et al. 2008). Also, Each
model in this study was ran three times to ensure
statistical variation don’t affect the results.

Figure 12 Comparison of number of evacuees by
time before and after project optimization
160
Before

Number of evacuees (persons)

140

After

120

CONCLUSION

100
80
60
40
20
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 13 Comparison of number of evacuees of
each egress stairs before and after project
optimization

DISCUSSION
Evacuation performance of the gymnasium before
and after circulation optimization is compared:
1.

Evacuation time decrease to lower than 4 minutes
to meet building code demands. The line diagram
on the relationship between egress time and
number of evacuees show that in the first 2

Egress design has significant impact in the evacuation
performance of circulation systems in assembly
occupancies. The simulated results for the present case
show that even though the total width of exits in largescale buildings meets the prescriptive requirements of
building codes, evacuation problems may still exist
due to the uneven usage of egress system. This paper
reveals such circumstances by performing a whole
building evacuation simulation on a typical mediumsize university gymnasium using an agent-based
modelling tool. Problems not in compliance with
building codes’ specifications are identified in terms
of travel time, egress usage and congestion areas.
Egress design modifications for circulation system are
proposed accordingly, simulation experiments with
the same settings proved the effectiveness and
substantial improvement of the optimized proposal.
The simulated results may have contributed to the
competitiveness in the competition of this project, and
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the determination of building plans before making
construction documents.
Agent-based simulation of pedestrian evacuation can
be used to optimize and evaluate the performance of
egress design of complex circulation system in large
projects. Support of simulation is very useful for
detecting problems related to evacuation performance
of buildings, in particular calculation of available safe
egress time and identification of congestion areas in
real time. Pedestrian simulation can also provide
insights into the usage of each egress component and
spatial temporal distribution characteristics of evacuee
crowds, which is highly beneficial for large-scale
buildings, given the difficulties in real-time
experiments for financial reasons, time consuming and
life safety concerns.
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Figure 7 The evacuation scenarios on three floor plans of the gymnasium.
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