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SUMMARY

A detailed method of analysis of people movement by elevators during emergency building
evacuation is presented. The time to evacuate a number of people using one group of elevators
includes the sum of all the round trip times divided by the number of elevators plus the times
needed to start up the elevator evacuation and to travel from the elevator lobby to the outside or
to another safe location. A trip inefficiency is used to account for trips to empty floors and trips
to pick up a few stragglers. The method includes detailed analysis of elevator car travel including
constant acceleration, transitional acceleration, constant velocity, transitional deceleration,
constant deceleration, and leveling. The time for people to enter and exit the elevator car is
addressed including inefficiencies for elevator door sizes and types. The impact of elevator
arrangements is addressed, and the difference between commonly accepted and unusual
arrangements is presented. A computer program, ELVAC, was written to calculate elevator
evacuation time, and an example calculation of evacuation time is provided using this program.

I NTRODUCTION

Throughout most of the world, signs next to
elevators indicate they should not be used
in fire situations; stairwells should be used
for fire evacuation. These elevators are not

intended as means of fire egress, and they
should not be used for fire evacuationl. The
idea of using elevators to speed up fire evacuation
and to evacuate persons with disabilities
has gained considerable attention2-8.

This paper was part of a project sponsored
by the U.S. General Services Administra-
tion (GSA) to study occupant use of eleva-
tors during building evacuations. Aspects of
emergency elevator evacuation addressed
in this project were systems concepts, engi-
neering design considerations, human be-
havior, and elevator smoke control9. A dis-
cussion of this research, related research,
industry concerns, and recent ideas about
elevator evacuation is provided by Klote et
all°. For information specifically about hu-
man considerations concerning elevator

evacuation, the reader is referred to Groner
and Levinll.

This paper presents a detailed method for
calculation of people movement time needed
for evacuation by elevators during an emer-
gency, based on principles of elevator engi-
neeringl2. Bazjanac3 and PauIS4 have devel-
oped methods of calculation of evacuation
time by elevator, but the method presented
here incorporates more detail about eleva-
tor motion and elevator loading and unload-
ing. A computer program, ELVAC, for cal-
culation of elevator evacuation time is de-
scribed including an example. ELVAC cal-
culates the evacuation time for one group of

elevators, but ELVAC can be used a number
of times to calculate the elevator evacuation

times for a building with more than one
group of elevators. For a listing of the pro-
gram and example calculations see Klote
and Alvordl2.

The sequence of elevator operation for emer-

gency evacuation is complicated and has
many possible variations. The followinggeneral
sequence is presented to provide a frame-
work for the method of analysis presented
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in this paper. Upon activation of emergency
evacuation, elevators in normal service will
go to a discharge floor where any passen-
gers on the elevators will exit. This dis-

charge floor may either lead to the outside
or lead to an area of relative safety where
people may stay during the fire. The eleva-
tors will make a number of round trips to
transfer occupants from other floors to the
discharge floor. During evacuation, the el-
evators may be under a special emergency
evacuation mode of automatic control or under
manual control.

The evacuation time addressed in this pa-
per is an idealized time for people move-
ment which does not account for the com-

plex human behavior that often occurs dur-
ing emergencies. It is believed that the analysis
of this paper is about as accurate as that for
evacuation by stairs*. There is little guid-
ance available regarding the extent to which
actual evacuation time is greater than the
idealized times for stairs or elevators, but
Nelson and MacLennanl3 indicate that ac-
tual evacuation time can be two or even
three times as long. The approximate na-
ture of such calculations should be taken
into account in any applications of the methods
presented in this paper.

EVACUATION TIME

Analysis of people movement during eleva-
tor evacuation must take into account the
number and arrangement of elevators in a
building. Generally elevators are located in
groups of up to eight elevators. Elevators in
a group are located near each other and are
controlled together to efficiently move people.
Arrangements of elevator groups are dis-
cussed later. The method of analysis and
the computer program of this paper are for
the calculation of the evacuation time for
one group of elevators. For buildings with
multiple groups of elevators, the approach

presented in this paper can be applied sepa-
rately to each group of elevators.

Ideally the time to evacuate a number of
people using one group of elevators consists
of the sum of all the round trip times divided
by the number of elevators plus the time
needed to start up the elevator evacuation
and the travel time from the elevator lobby
to the outside (or to another safe location).
Accountingfor inefficiencies of elevator operation,
this evacuation time can be expressed as

where t~,, is the time for round trip j, m is
the number of round trips, J is the number
of elevators, 77 is the trip inefficiency, ta is
elevator evacuation start up time, and to is
the travel time from the elevator lobby to
the outside or to another safe location. The
round trip time depends on the travel time
of the elevator and on the number of people
carried by the elevator as discussed later.
The travel time from the elevator lobby to
a safe location can be evaluated by conven-
tional methods of people movement [i.e. Nelson
and MacLennanl3 or Pauls14]. The trip inef- .
ficiency accounts for trips to empty floors
and trips to pick only a few stragglers. The
elevator evacuation start up time is dis-
cussed in the next section.

The number of elevators, J, used in Equa-
tion 1 may be less than the number of eleva-
tors in the group to account for out-of-ser-
vice elevators. The probability of elevators
being out-of-service depends on a number of
factors including the age of the elevators -

and the quality of maintenance. Because
the out-of-service condition can significantly
increase elevator evacuation time, any analysis
of elevator evacuation should take this con-
dition into account.

* 

For a discussion of times for people movement during emergency evacuation on stairs,
readers are referred to Nelson and MacLennanl3 and Paulsl4.
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START UP TIME
The elevator evacuation start up time is the
time from activation to the start of the round

trips that evacuate people. For automatic
elevator operation during evacuation, a simple
approach is to start elevator evacuation after
all of the elevators have been moved to the

discharge floor. For this approach, the start
up time, ta, consists of the time for elevators
to go to the discharge floor plus the time for
the passengers to leave the elevators. This
can be expressed as

where tT is the travel time for the elevator
car to go from the farthest floor to the dis-

charge floor, tu is the time for passengers to
leave the elevator, td is the time for the
doors to open and close once, and J1 is the
total transfer inefficiency. These terms are
discussed in detail later.

An alternative to the simple approach dis-
cussed above consists of starting the evacu-
ation operation individually for each eleva-
tor when it reaches the discharge floor. This
alternative could result in slightly reduced
evacuation time. However, this alternative
is not discussed further here, because of its
limited benefit and added complexity.

For manual elevator operation, the time for
elevator operators to be alerted and then
get to the elevators must be included in the
estimate of start up time. This additional
time may be considerably greater than that
calculated from Equation 2.

ELEVATOR ROUND TRIP TIME
The round trip starts at the discharge floor
and consists of the following sequence: el-
evator doors close, car travels to another
floor, elevator doors open, passengers enter
the car, doors close, car travels to discharge
floor, doors open, and passengers leave the
car. The round trip time, tr, is can be written
as

where t8 is the standing time and tT is the
travel time for one way of the round trip.
This equation is based on the elevator only
stopping at one floor to pick up passengers.
It is expected that most elevators will fill up
on one floor and proceed to the discharge
floor. What constitutes a full elevator is
discussed later. If an elevator stops to pick
up passengers at more than one floor during
a round trip, Equation 3 can be modified
accordingly. However, the trip inefficiency
accounts for such multiple stops.

Standing Time

The standing time is the sum of the time to
open and close the elevator doors twice, the
time for people to enter the elevator, and
the time for people to leave the elevator.
Considering transfer inefficiencies, the standing
time for a round trip can be expressed as

where

The basic transfer inefficiency, a, allows
for rounding off of probable stops, door op-
erating time, door starting and stopping
time, and the unpredictability of people.
Typically a value of 0.10 is used for the basic
transfer inefficiency for commonly accepted
arrangements of elevator groups as illus-
trated in Figure 1. For each of these ar-

rangements, the configuration of the eleva-
tor lobby is such that passengers can recog-
nize which elevator has arrived and get on
the elevator without excessive delay. Fur-
ther, these lobbies have sufficient space so
that people exiting one elevator will have a
minimal impact on the flow of people leav-
ing another elevator.

Arrangements of elevator groups other than
those commonly accepted can be less effi-
cient and require an increased value of
the basic transfer inefficiency. These un-
usual arrangements include cars separated
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Figure 1. Commonly accepted elevator arrangements

(Figure 2a, too many cars in a line Figure
2b, angular arrangement Figure 2c, and cornered
arrangement Figure 2d.) Separation of el-
evators results in increased boarding time
for passengers waiting by one elevator to

walk to another when it arrives. If the sepa-
ration is too large, some passengers choose
to let elevators go by without boarding. Use
of too many elevators in a line has similar
inefficiencies. With the angular arrange-
ment Figure 2c, cars at the narrow end tend
to be to close together while cars at the wide
end tend to be too far apart. In the cornered
arrangement Figure 2d, passengers enter-
ing or leaving corner cars tend to interfere
with each other.

The door inefficiency, E, is used to adjust
for any increase in transfer time over that
of a 1200 mm (48 in) wide center opening
door. Values of E are listed in Table 1. The

inefficiency, y, is used to account for any
other inefficiencies in people transfer into
or out of elevators, such as increased move-
ment times within an elevator car due to an
unusual elevator car shape or limited physi-
cal capability of passengers. For example,
y often is chosen to be 0.05 for hospital
elevators. Generally for office buildings, y
is taken as zero.

The time, td, for the doors to open and close
depends on the width and type of the doors
as listed in Table 1. The kinetic energy of

closing doors is limited by elevator safety

Figure 2. Unusual elevator arrangements resulting in inefficient people movement
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Figure 3. Types of elevator doors

codes and is usually not more than 0.29 J
(7 ft poundal~). This is why doors from dif-
ferent manufacturers take about the same

time to open and close. Types of elevator
doors are shown in Figure 3. Door operating
time is important because of the many times
that doors open and close during an evacu-

ation. Further, an elevator can not leave a
floor before the doors are closed and locked,
and passengers can not leave an elevator
until the doors are fully opened or nearly
fully opened. Generally elevator doors do
not open until the car has stopped and is
level with the floor. However, some center

t The poundal is the unit of force in the pound mass-poundal system of units, and one poundal
equals a force of about 0.138 newtons (0.0311 pounds).
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opening doors start opening while the car is
leveling, and the times listed in Table 1

should be reduced by one second for these
preopening doors.

The time, ti, for people to enter an elevator
depends on the number, N, of people enter-
ing and on the door operation. As previously
stated, it is expected that most elevators
will fill up on one floor and proceed to the
discharge floor. However, elevators will be
less than full when there are not enough
people waiting in the lobby to fill an elevator
or elevators. Thus the analysis must include

partially filled elevators. Strakosch 16 has
observed elevator loadings for which pas-
sengers will not board an elevator and choose
to wait for the next one. These observed
values are based on 0.22 m2 (2.3 ft2) of floor
space in the elevator car per person. It should
be noted that the ASME Al 7,115 elevator
standard allows a maximum loading at 0.14
m2 (1.5 ft2) per person, but this high density
is not achieved in normal practice. For this
study, the observed values of Strakosch are
used as the number of persons in a full
elevator car, and these loadings are listed
in Tables 2 and 3.
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When elevator doors open, the doors remain

open for a least fixed time referred to as the

dwell-time, t dw* The time that the door is
open can be extended beyond the dwell-time
by blocking of the light beam across the door
opening or by pushing the door safety edge.
The time, ti, for N people to enter an eleva-
tor car can be expressed as

where the Ndw is the number of people en-
tering the elevator during the dwell time,
and tio is the average time for one person to
enter the elevator. The number of people
entering the elevator during the dwell time
is the term Ctdw/tio) rounded down to the
nearest integer. The time for N people to
leave an elevator can be expressed in a

similar manner.

For the computer program of this paper, the
dwell-time is taken to be 4 seconds, the
average time for one passenger to enter an
elevator is taken to be 1 second, and the
average time for one passenger to leave an
elevator is taken to be 0.6 seconds.

Travel Time

Elevator motion is depicted in Figure 4 for
most trips. Motion starts with constant

acceleration, followed by transitional accel-
eration, and constant velocity motion. Con-
stant acceleration ends when the elevator
reaches a predetermined velocity which is
typically about 60% of the normal operating
velocity (V, = 0.6Vm). For office buildings,
the normal operating velocity is generally
from 1 to 9 m/s (200 to 1800 fpm), and
acceleration is from 0.6 to 2.4 m/s2 (2 to 8
ft/s2). Deceleration has the same magnitude
as the acceleration, and the total accelera-
tion time equals the total deceleration time
(t 2= t 5- t 3). The method of analysis that
follows takes advantage of this symmetry.

Analysis of elevator motion that reaches the
normal operating velocity is presented next.
For short trips elevators do not always reach
the normal operating velocity, and methods
of analysis for these short trips are pre-
sented later.

Motion Reaching Normal Operating
Velocity

The time to complete constant acceleration
motion (going to point 1 on Figure 4) is

Figure 4. Velocity of elevator reaching normal operating velocity, Vm
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The distance traveled during constant ac-
celeration is

Transitional acceleration is approximated
by considering the product of velocity and
acceleration to be a constant. The time to
reach the end of transitional acceleration

(point 2 of Figure 4) is

Then considering the product of velocity
and acceleration as constant is an idealization
that results in a motion curve that is not
smooth near point 2 on Figure 4. At point 2
there is a discontinuity of acceleration re-
sulting in jerk (time rate of change of accel-
eration). The presence of jerk tends to dam-
age elevator machinery, thus elevator
manufacturers avoid jerk in practice. How-
ever, more accurate equations of transitional
acceleration are not available. Transitional
acceleration is a small part of elevator motion,
so the errors of Equation 9 result in small
errors in travel time. Uncertainties associ-
ated with people loading and unloading and
other people movement are much larger than
the uncertainties associated with elevator
motion. Thus for the application of this paper,
the approximate nature of Equation 9 is not
a concern.

The distance traveled by the end of transi-
tional acceleration is

The one way travel time is

The leveling time must be added to the
above time to get the total travel time for a
one way trip.

Usually elevators do not stop exactly at the
desired floor at the end deceleration, so the
elevator must be moved slowly up or down
to get it nearly level with the floor. For
calculations in this paper, leveling time, th,
is taken to be 0.5 seconds.

Motion Reaching Transitional
Acceleration

If the trip is too short for the elevator to
reach the normal operating velocity, but it
reaches transitional acceleration, the veloc-
ity is represented by Figure 5. The time, tl,
and distance, Sl, traveled during constant
acceleration are given by Equations 7 and 8.

Figure 5. Velocity of elevators not reaching normal operating velocity
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The velocity at the end of transitional accel-
eration is

The previous comments about the approxi-
mate nature of Equation 9 also apply to

Equation 13. The time at the end of transi-
tional acceleration is

The one way travel time is

Motion Not Reaching Transitional
Acceleration

When the trip does not go beyond constant
acceleration, the motion can be thought of
as that illustrated in Figure 5b. The motion
illustrated in Figure 5b results in jerk and
would be avoided in practice. As with tran-
sitional acceleration, the approximate na-
ture of this motion is not be a concern for the

application of this paper. The one way travel
time is

EXAMPLE OF EVACUATION TIME
CALCULATED BY ELVAC
In this example, the time needed for eleva-
tor evacuation of all the people from the
upper 11 floors of a 21 story building is

estimated. Additionally, 3% of the people on
the other floors are included in the elevator
evacuation. The rest of the people on the
lower floors will use the stairs. Each floor
is occupied by 90 people. A group of six 1600
kg (3500 lb) elevators are used for the evacu-
ation, and the elevator doors are 1200 mm
(48 in) wide, center opening. One of the six

cars is considered out-of-service, thus only
five of the cars are used in the analysis.
Other parameters of this example are listed
in Table 4.

ELVAC was developed to be easy to use. The
following is a discussion of running ELVAC
for this example, where the data for this
example is given in bold type. However, there
are some digressions to explain some of ELVAC’s
features. If readers want to make an ELVAC
run of this example, they should enter data
as described in this section. The ELVAC

program, written in Quick BASIC, is available
from the Building and Fire Research Bulletin
Board System (BFRBBS). There is no cost
to down load ELVAC from BFRBBS other
than the telephone call (301) 921-6302.

First ELVAC asks if the user wants to read
about the model (Y or N). If this is a user’s
first experience with ELVAC, the user may
want to type Y so that the computer will list
the basic concepts of the model. ELVAC
asks for the title of this run, and the user

types Example 21 story elevator group.
The user is asked to select a unit system (1
for SI units and 2 for English units), and 1
was entered for SI units. The user then is
asked to enter the floors that the elevators

serve, and 1-21specifies floors 1 through 21.
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If the building of this example had no 13th
floor, the user would have entered 1-12 14-
21. If the user had wanted to specify eleva-
tors that serve the basement (B), ground
floor (G), and floors 1 through 6; the user
would have entered B G 1-6.

The user is asked for the typical floor to
floor height, and 3.2 m was entered. The
user is asked to enter any exceptions to the
typical value. In this example, there are no
exceptions so the user enters end to stop
the exceptions. The user could have speci-
fied any number of exceptions. This same
approach is used later to specify the number
of people on each floor and the percent of
people on a floor that use the elevator. This
approach takes advantage of the repetitive
nature of most buildings, but allows devia-
tions from the typical on any number of
floors.

In the same interactive manner the pro-
gram asks for the discharge floor (1), the
time to the outside after leaving the eleva-
tor (30 s), the trip inefficiency factor (0.1),
the number of elevator cars in the group (5),
the normal operating velocity (3 m/s), the
car acceleration (1.2 m/s2), and the elevator
full load (16 people).

ELVAC prints out a menu of elevator door
types (Table 1), and the user selects H for
center-opening 1200 mm (48 in) wide. If the
door type desired was not on the menu,
users have the option of specifying their
own type. The program asks for the other
transfer inefficiency (0). The computer then
calculates that the startup time for auto-
matically operated elevators would be 41.3 s
for this example. The computer asks if the
user wants another startup time (Y or N):
N. ELVAC asks for the typical number of
people per floor (90). The computer asked
for exceptions, and as before end was en-
tered to stop the exceptions. ELVAC asks
for the percent of people on a typical floor
that will be using elevators, and 100is entered
to specify 100% usage is typical. The com-
puter asks for a percent usage exception -
floor range, percent, and 2-10 3 indicates
that on floors 1 through 10 only 3% of the

people use the elevators. The computer asks
again for a percent usage exception, and
end is entered to stop the exceptions. The
computer prints a summary of the input
data, followed by the calculated evacuation
times which are listed in Table 5. ELVAC
asks if the user wants to save the output to
the printer or to a file. The user has the
option to run the program again with differ-
ent percent usages.

From Table 5 the evacuation time using five
elevators is calculated at 1258 s or about 21
minutes. The round trip time for floor 21 is
89.1 s. In order to move 90 people from floor
21, the elevator trips are considered to con-
sist of five trips with a full car (16 people)
plus one trip of a partially filled (10 people)
car. The time for the partially filled round
trip is 78.6 s (not shown in Table 5). Thus
the total trip time to move 90 people from
floor 21 is 5(89.1) + 78.6 = 524.1 s. This time
is listed under the heading &dquo;Time per Floor&dquo;
for floor 21 in the table.

On floor 10 of this example, 3% of 90 people
are evacuated by elevator. This is rounded
up to three people evacuated by elevator.
Because this is done by one trip, the round
trip time of 45.8 s listed in Table 5 is for
moving 3 people rather than the full car
load of 16. The total round trip time of
5395.6 s is sum of all the round trips to move
people from all the floors. The evacuation
time of about 1260 s (21 min) using 5 eleva-
tors was calculated from Equation 1.

CONCLUSIONS

1. The ELVAC program can be used to ap-
proximate the time needed for a number
of people to evacuate using a group of
elevators. (For a building with more than
one group of elevators, the ELVAC program
will need to be used to calculate the
evacuation time for each group individually.)

2. The analysis of the elevator motion equations
show that they have unrealistic compo-
nents, i.e., jerk (time rate of change of
acceleration) would result from such
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equations. In practice manufacturers avoid this motion to protect elevator machinery.

3. The errors due to this unrealistic motion are not significant for the applications of this
paper. This is because of the small contribution of this component to the total evacuation
time and the extent of the other uncertainties of elevator evacuation.
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