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Introduction

Historically, building egress systems have evolved in response to specific large loss
incidents. Currently, systems are designed around an antiquated concept of providing
stair capacity for the largest occupant load floor in the building with little or no
consideration of occupant behavior, needs of emergency responders, or evolving
technologies. Aggressive building designs, changing occupant demographics, and
consumer demand for more efficient systems have forced egress designs beyond the
traditional stairwell-based approaches, with little technical foundation for performance
and economic trade-offs.

Underlying any building system designed to provide occupant protection in the event of a
fire emergency is the need to provide a sufficiently safe environment for a period of time
long enough to allow the occupants to take appropriate protective action. Passive and
active fire protection systems in buildings such as compartmentation, structural integrity
design, sprinklers, or construction and furnishing materials controls limit the extent of
fire growth and spread to provide greater times for occupant actions (typically referred to
as the available safe egress time or ASET). Conversely, egress system capacity, the use
of protected areas of refuge, occupant training, emergency planning efforts, and
understand occupant behavior in the event of an emergency can all aid to a reduction in
the time necessary for occupants to reach a point of safety (typically referred to as the
required safe egress time or RSET). The NIST/GSA program focuses on optimizing
RSET.

This report addresses one aspect that has the potential to significantly impact the RSET,
the use of elevators during fire emergencies. Summaries are included of NIST research
conducted as part of a cooperative effort funded in part by the U.S. General Services
Administration (GSA). This research has formed the technical basis for significant
revisions to building code provisions that consider the impact of all aspects building
design including the use of elevators by occupants and first responders, appropriate
design of stairwells, the use of refuge areas, and other active and passive fire protection
measures that may be included in a building design.

The papers included in this report describe the history and scientific underpinnings of
current egress requirements in model codes'?. Provisions for egress stairways are traced
from the early 20" century where a minimum stair width of 510 mm was first
recommended to the now more typically used 1.12 m width. While based largely on
common practice in the 1930s, this width was also seen as appropriate to allow the entire
population of a building to fit on a single flight of stairs and remain in the relative safety

' Bukowski, R.W., Emergency Egress from Buildings, Part 1: History and Current Regulations
for Egress Systems Design, 7th International Conference on Performance-based Codes and Fire
Safety Design Methods, Auckland, NZ, SFPE, 2008.

* Bukowski, R.W. and Kuligowski, E.D., The Basis for Egress Provisions in U.S. Building Codes,
InterFlam 2004, Edinburgh, UK, July 2004.



of the stairwell during a fire event'. Details of current prescriptive requirements are also
described and related to estimates of building egress times for a range of specific building
occupancies”.

Like stairwell provisions, the use of elevators during fire emergencies was considered as
well. As early as 1914, properly protected elevators were seen as essential in taller
buildings, but automatic elevators were deemed unsuitable in a 1935 report'.

More recently, there has been considerable attention to the use of elevators to speed up
building evacuation. This included studies of the feasibility of elevator evacuation,
human behavior, and the use of elevator lobbies as areas of refuge’. Protection from heat,
flame, smoke, water, overheating of machinery, and loss of electrical power were seen as
important to elevator design®. Using model calculations for example buildings, elevator
evacuation was estimated to speed evacuation by 16 % to 25 % compared to evacuation
by stairs alone; the taller the building the greater the impact.

Detailed studies of smoke protection for elevator hoistways*”, the need for enclosed
elevator lobbiesé, use of elevators for evacuation of disabled occupants7, structural,
sprinkler, and elevator control designs’, and egress procedures® have provided the
technical basis for new requirements for elevator use. Working with the American
Society of Mechanical Engineers (see, for example, reference 5), the International Code
Council (ICC), and the National Fire Protection Association (NFPA), and others, NIST
and GSA, through this research, led a revolution in code provisions for the use of
elevators by occupants and first responders during fire emergencies. The 2009 edition of
the Life Safety Code’ and Building Construction and Safety Code" includes adoptable
(though not required) provisions for elevators for occupant evacuation prior to Phase |
recall and for fire fighter emergency operations. The 2009 edition of the International

? Klote, J.H., An Overview of Elevator Use for Emergency Evacuation. CIB-CTBUH
Conference on Tall Buildings. Proceedings. Task Group on Tall Buildings: CIB TG50. CIB
Publication No. 290. October 20-23, 2003, Kuala Lumpur, Malaysia, Shafii, F.; Bukowski, R.;
Klemencic, R., Editors, 187-192 pp., 2003.

* Klote, J. H., Hazards Due To Smoke Migration Through Elevator Shafts -Volume I: Analysis
And Discussion. Final Report. National Institute of Standards and Technology, NIST GCR 04-
864-1, June 2004

> Bukowski, R. W.; Fleming, R. P.; Tubbs, J.; Marrion, C.; Dirksen, J.; Duke, C.; Prince, D.;
Richardson, L. F.; Beste, D.; Stanlaske, D., Elevator Controls, NFPA Journal, Vol 100, No 2, 42-
57, March/April 2006.

® Bukowski, R.W., Is There a Need to Enclose Elevator Lobbies in Tall Buildings?, Building
Safety Journal, Vol 3, No 4, 26-31, August 2005.

" Bukowski, R.W., Protected Elevators and the Disabled, J Fire Protection Engineering, 42, 44-
46, 48-49, Fall 2005.

¥ Bukowski, R.W., Emergency Egress Strategies for Buildings, Interflam 2007. (Interflam '07).
International Interflam Conference, 11th Proceedings. September 3-5, 2007, London, England,
159-168 pp, 2007.

’ NFPA 101, Life Safety Code, 2009 Edition, National Fire Protection Association, Quincy, MA
September 2008.

" NFPA 5000, Building Construction and Safety Code, 2009 Edition, National Fire Protection
Association, Quincy, MA October 2008.



Building Code will also include similar requirements on elevator use for fire fighter
access and occupant egress.

The following papers were published as part of this research.

e Bukowski, R.W., Protected Elevators for Egress and Access During Fires in Tall
Buildings, Strategies for Performance in the Aftermath of the World Trade
Center. CIB-CTBUH Conference on Tall Buildings. Proceedings. Task Group
on Tall Buildings: CIB TGS50. CIB Publication No. 290. October 20-23, 2003,
Kuala Lumpur, Malaysia, Shafii, F.; Bukowski, R.; Klemencic, R., Editors, 187-
192 pp., 2003.

e Klote, J.H., An Overview of Elevator Use for Emergency Evacuation. CIB-
CTBUH Conference on Tall Buildings. Proceedings. Task Group on Tall
Buildings: CIB TG50. CIB Publication No. 290. October 20-23, 2003, Kuala
Lumpur, Malaysia, Shafii, F.; Bukowski, R.; Klemencic, R., Editors, 187-192 pp.
2003.

-

e Kuligowski, E. D., Elevators for Occupant Evacuation and Fire Department
Access. CIB-CTBUH Conference on Tall Buildings. Proceedings. Task Group
on Tall Buildings: CIB TG50. CIB Publication No. 290. October 20-23, 2003,
Kuala Lumpur, Malaysia, Shafii, F.; Bukowski, R.; Klemencic, R., Editors, 193-
200 pp, 2003.

e Kuligowski, E.D., and Bukowski, R.W., Design of Occupant Egress Systems for
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(ASME International); National Institute of Standards and Technology (NIST);
International Code Council (ICC); National Fire Protection Association (NFPA);
U.S. Access Board and International Association of Fire Fighters (IAFF). March
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Building Codes, InterFlam 2004, Edinburgh, UK, July 2004.
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In tapered buildings the number or width of the egress stairs can be increased for the
lower floors to accommodate the increased occupant load. However, for tall buildings of
uniform cross section the cumulative occupant load can lead to congestion, and the
number of stairs needed to accommodate simultaneous egress would require so much
space that the building would not be economical. Here, emergency plans rely on phased
evacuation; but this should theoretically include fire endurance for any building elements
that might impact egress at least as long as the required egress times.

Up to and including the Empire State Building these tall buildings were typically Type
1A (4 hr) construction. Thus a reasonable limit on egress times would be 2 h (the 4 h fire
resistance time with a safety factor of 2). From a flow and egress time perspective, using
a conservative 1 min per floor descent rate would limit heights of Type 1A buildings to
100 floors. A rate of 50 floors per hour is used to allow for notification, pre-movement,
and horizontal travel times as well as some rest stops in the stairs.

Beginning with the World Trade Center Towers it became common to permit Type 1B
construction (3 hr). With an occupant load of 390 per floor (110 floors) and three egress
stairs (6 '2 units of total exit width) total (simultaneous) evacuation times were estimated
at about four hours (including congestion, queuing, and transfer corridors), which is
consistent with the egress times observed in the 1993 bombing. Applying the criterion of
a total egress time of half the fire resistance time, one would want the building to
withstand a fire for 8 h or until complete burnout of all combustibles, whichever occurs
first.

PEOPLE ARE BIGGER AND LESS FIT

In the early 20" Century the 22
in (1.1 m) unit of exit width

Morbid Obesity Rate (BMI>30)

was sufficient for the 95 35

percentile US adult male. In 30 ~ Japan

the 21% Century this is no | 2 norvay
longer the case. The American | § 2 —~ Sweden
male is larger with a 95 | &% o
percentile shoulder width of 20 e ~ Canada

in (510 mm), which requires a z med Knadom
28 in unit if exit width and a 56 198‘0 o 1‘98‘5 T 1‘99‘0 o 1‘99‘5 T 2‘00‘0 ‘ United States

in (1.4 m) stair (applying Year
Templer’s 4 in on each side to

account for body sway and Figure 3 - Obesity rates by country
personal space). Templer did Data: International Obesity Task Force, EU Briefing paper, 2005

not allow the 4 in to a handrail
since people were narrower at the waist and hip than at the shoulder, but this is no longer
true.

The physical condition of the average occupant is such that the exertion of descending
many flights of stairs is no longer possible without frequent rest stops and a slower pace.



High percentile (95™) average weights have increased substantially in recent years (Fig 3),
and the number of people reporting that they need assistance due to physical conditions
has also increased.

The WTC Investigation found 6 % of occupants reporting the need for assistance in
traveling down stairs. These increases can be attributed to the widespread adoption of
modern accessibility regulations that have made it easier for people with mobility
limitations to be more active in society, and to the recognition that there are many
conditions not generally considered to be disabilities that can limit the ability of people to
move down many flights of stairs.

NEW TECHNOLOGIES

A number of new technologies are available to address limitations of the past. One of the
most promising is the ability to design and operate elevators safely and reliably during
fires. Here the ability to provide reliable power, sophisticated operational protocols, and
real time monitoring of critical functions, permit the use of protected elevators as a
primary means of egress in fires. Further, fire departments have recognized the need for
protected elevators to provide logistical support to operations in tall buildings.

Modern fire alarm systems combine reliability, flexibility, and advanced functionality
that permits real time monitoring and tactical support for incident management not
previously possible. With the advent of the industry
standard®* fire service interface in the U.S., it is
possible for the incident command to actively
manage the evacuation process for improved safety
and efficiency. For example, it is possible to
monitor conditions in the stairways in real time and
to advise occupants to change stairs to avoid
congestion, especially where crossover corridors or
refuge floors are provided. Inexpensive cameras
and digital image processing software make it
possible to present images for action to fire service
personnel only when issues arise, permitting a few
personnel to monitor many locations.

Advances in photoluminescent materials now
permit issues of lighting levels and contrast within
stairs to be addressed without the need for complex
emergency power systems(Fig 4). When fully
charged by continuous ambient light these materials
provide more light for longer periods and can be Figure 4 - Photoliminescent materials can be
applied to hi.ghli'ght stair nosing and handrails and lslf)?ictzlll\lllllzn(]:“g;fn;:::r(::g; with permission)
as path lighting in transfer hallways.




REFUGE FLOORS

The incorporation of refuge floors in tall
buildings in Asia also represents a new
approach worthy of review. As
discussed earlier, these are arranged
every 20 to 25 floors (generally on
mechanical floors) to provide a protected
area for occupants to rest temporarily on
their journey down the stairs and to
cross over from one stair to another.
Refuge floors are also intended as
protected space in which people with
disabilities can await rescue by the fire
department (fire service elevators are
generally arranged to be able to stop at
the refuge floors).

Figure S - Refuge floor in a Hong Kong high-rise during a
fire drill Source: Arup (used with permission)

Since these requirements are fairly new there have been no emergency evacuations of
buildings so equipped, but there have been evacuation drills that have shed some light on
performance (Fig 5). One issue identified in drills is that many occupants decide to wait
on the refuge floor for the “all clear” which fills the available space, preventing
additional people to enter the floor from the stair. Without wardens or fire service
personnel stationed on the floor to keep people moving, the purpose is defeated. It is not
clear in a real emergency if this will be a problem since occupants may be motivated to
get completely out of the building.

PERFORMANCE METRICS FOR EGRESS SYSTEMS

In the U.S., Australia and Japan, the design of egress systems are based on the population
of the largest, single floor. In U.K., Spain, and China the number of floors served by the
stair impacts the total number of people served by a stair of a given width. Yet in any
performance analysis of an egress system in these or other countries, regulators require a
timed egress analysis to estimate Required Safe Egress Time (RSET) which is compared
against Available Safe Egress Time (ASET). ASET is generally determined by fire
modeling to estimate conditions in the egress path that might lead to injury or death.

Clearly the appropriate performance metric is time, yet there is no regulatory
performance objective nor design criterion for egress systems in terms of time in any of
the codes examined. As early as 1914 the Safety to Life Committee recognized that
designing egress stairs on the basis of flow (of occupants down the stair) required some
“assumed time in which it is safe to exit the building” which is the ASET mentioned
above.

For compliance with the life safety objective of any building regulation, it is reasonable
to determine ASET as the time to reach potentially incapacitating or lethal conditions



anywhere within the means of egress. Considering the fact that the means of egress is
designed to protect people within it from exposure to fire or smoke, it is also reasonable
to assume that a limiting ASET would be the time to fire-induced partial structural
collapse. If burnout occurs before collapse, there is no theoretical limit to the ASET
though a reasonable value may be prescribed instead. Currently, the fire resistance time
of structural components and assemblies rated by a standard fire exposure in units of time
has not been shown to correlate with the time to structural failure of the component,
assembly, or system as a whole for an arbitrary real fire. Clearly, some factor of safety
that is appropriate for the level of uncertainty is needed in order to approximate ASET by
the fire resistance rating in cases where local collapse is estimated to occur before
burnout.

Based on these arguments an appropriate performance objective for egress systems
design may be that the time needed for total evacuation of the building be less than the
required fire resistance time for the primary structural frame (i.e., the columns and other
structural members including girders, beams, trusses, and spandrels having direct
connections to the columns and bracing members designed to carry gravity loads).
Where the fire resistance time is determined by test against a standard fire curve (i.e.,
ASTM E119 or ISO 834) a safety factor could be applied that is large enough to account
for the variability of egress performance and the uncertainty in the fire resistance time
representing the time to failure of at least one element of the primary structural frame.
Where the fire resistance time is determined by engineering analysis following the
Natural Fires or other similar method which accounts for the actual design level fire event,
some lower safety factor could be applied
since the predicted time to structural failure
would be expected to be less uncertain
although the egress variability would be the
same. For the sake of this discussion factors
of safety of 2.0 and 1.5, respectively will be
used; however, the actual values represent
policy decisions that need to be established
through the model code development and
regulatory adoption processes.

Since high-rise buildings in any of the codes
examined for this paper are required to Figure 6 — Interior of skybridge connecting the
have a primary structural frame of not less Petronas Towers at mid-height Source: Bukowski
than 3-h fire resistance as determined by (used with permission)

standard test, the total evacuation time would be required to be no more than 1 ’ h,
reflecting the safety factor of 2.0 discussed above. Recent analyses have shown that
evacuation times of 1 h may be achievable with stairs in buildings up to about 50 stories
and with a combination of protected elevators and stairs for most buildings of any height,
without increasing the number or size of the stairs or elevators above current practice;
this objective is clearly practicable™.



These same arguments can be applied to the issue of a performance objective for fire
department access. Since U.S. codes require provision of 30 min of local water supply in
high rise buildings, it is reasonable to say that it should be possible for the fire
department to be able to put water on a fire at any height within 30 min. The 30 min
local water supply requirement includes both sprinkler and standpipe flows, and in that
initial 30 min there would be no standpipe flow, so this results in a safety factor. Using
protected elevators fire departments can meet the 30 min objective for buildings of any
height. Using fire department response time and a conservative estimate of 2 min per
floor for ascent with equipment it is straightforward to determine the height threshold for
fire service access elevators.

RETHINKING EGRESS SYSTEMS DESIGN

Some will argue that, other than some specific extreme events like the World Trade
Center attacks, there have been no reported failures to evacuate even the tallest buildings.
Therefore there is no reason to change what has been done for more than 100 years.
There are several things wrong with this argument.

First, there have been some failures in tall building evacuations. A real evacuation of
both Petronas Towers for a bomb scare in 2001 resulted in an evacuation time of several
hours when the skybridge (Fig 6) jammed with occupants crossing to the opposite tower
in accordance with the original evacuation plan. By incorporating elevator egress for
floors above the skybridge the total time for total (simultaneous) evacuation of both
towers was observed in a drill to be 20 min”®. For Taipei 101 an evacuation drill
conducted prior to opening showed a total
evacuation time of about 2 2 h. The fire brigade
reported being uncomfortable with this time.
Incorporating protected elevators for egress from
the upper floors reduced that time to just under one

2
hour?’.

As discussed previously, buildings have become
much taller and heights continue to increase beyond
the ability of anyone from the upper stories to
egress down stairs. Also, these buildings are much

less  tapered ,Wlth height comp areq to early Figure 7 —Typical powered wheelchair with
skyscrapers, with larger occupant loads in the upper  4¢tached ventilator is used by people with
floors. People today are larger and less fit, and severe disabilities such as Christopher

accessibility regulations have resulted in a growing Reeve. He could only survive away from his
fraction of occupants with mobility limitations ¢hair for a few minutes, and he and the

. - . . chair weighed 300 kg (660 1b) (photo used
requiring egress assistance. Increasingly, there are _ . .

. S with permission)

people in buildings who cannot be moved down
stairs under any circumstances (Fig 7). Following the collapse of the WTC buildings,
occupants of tall buildings are reluctant to delay egress and are not comfortable with long
egress times.




STRAWMAN EGRESS SYSTEM PERFORMANCE METRICS

Based on the prior review and discussion the following suggestions are provided to
facilitate the needed rethinking of the philosophy and details of egress system design for
buildings. Thresholds and performance levels are public policy decisions that need to be
made in conformance with the methods in place for making regulatory decisions in an
individual country. These usually require public consultation and a legislative or
administrative process. The suggestions provided in the following sections include
provisions that would be formatted as code requirements (in bold) followed by
explanatory material.

Performance Objectives

Buildings shall be designed and arranged such that the responding fire brigade can
access a fire on any floor and begin suppression operations within 30 minutes of the
transmission of the original alarm, 95 % of the time.

It is expected that this objective will require the provision of a fire service access elevator
in buildings with occupied floors more than 30 m (100 ft) above the level of fire
department access. The 95 % criterion is intended to recognize that conditions may exist
that prevent the objective from being met on occasion, but that most expected conditions
should be considered. The 30 min limit is based on the U.S. requirement for local water
supply for automatic suppression systems.

Buildings shall be designed and arranged such that 98 % of the expected occupants
are able to evacuate the building without outside assistance in a time not exceeding
half of the required fire resistance time of the primary structural frame.

In the U.S. model building codes buildings taller than 4 stories are required to be Type I
construction with either 3-h (Type IA) or 2-h (Type IB) fire resistance as determined in
ASTM E119 for elements comprising the primary structural frame. Thus the maximum
total egress time (applying a safety factor of 2.0) would be either 1.5 h or 1h, respectively.
The 98 % reflects an expectation that there may be some occupants who will require the
assistance of the fire brigade for egress, but that even most occupants with disabilities can
either self-evacuate or require only assistance from other occupants. It is expected that
this requirement would result in occupant egress elevators in Type IA buildings taller
than 80 stories and Type IB buildings taller than 50 stories.

Protected Fire Service Access Elevators

Where required, at least one elevator serving every floor shall be designated for use
by the fire service in emergencies. This elevator shall be powered by normal and
emergency power, with both power and control wiring protected by fire resistant
construction at least equal to the fire resistance requirement applicable to the
primary structural frame. Any alarm transmission to the fire brigade shall result in
the designated fire service elevator being taken out of normal service and recalled to



the designated level. The designated fire service elevator shall open on every floor
into a protected lobby with direct access to a building stair containing a standpipe
and any other required equipment for fire department use. The elevator equipment
shall be protected from compromise by water from sprinklers or firefighting.
Reliable communication with fire service personnel using the elevator and
monitoring of critical functions in the fire command center shall be provided.

Fire service access is not normally considered part of the egress system design except to
the extent operations within the building can have an impact on the evacuating occupants.
The only code found where this is explicitly discussed is in UK Approved Document B
which suggests that in tall buildings one stair may need to be discounted because it will
be blocked by operations on the fire floor and one or two floors below. It should also be
recognized that this “attack stair” may be compromised on any floor(s) above the fire due
to smoke leakage into the stair from the fire floor when the hose is advanced onto the
floor, since the standpipe is located within the stair. Only where a vestibule is provided
(in the U.S. called a smokeproof tower or fire tower) would the stair itself be kept mostly
smoke free. However, the evacuation assistance provided by the fire service, especially
by the fire service elevator, will have a significant impact on the success of the
evacuation.

Protected Occupant Egress Elevators

Where required, all elevators except any designated fire service elevator(s) shall be
designed and arranged to permit their safe use for occupant evacuation. These
occupant elevators shall be powered by normal and emergency power, with both
power and control wiring protected by fire resistant construction at least equal to
the fire resistance requirement applicable to the primary structural frame.
Occupant egress elevators shall operate in a hoistway protected from the adverse
effects of water and opening into a protected lobby on each floor that serves as an
area of refuge while awaiting the elevator. The lobby shall be sized to accommodate
75 % of the occupant load of the floor at 0.5 m* (5 ft?) per person. Elevator lobbies
shall have direct access to an egress stair and be provided with two-way
communications to the fire command center and approved means to provide real
time information to waiting occupants.

On a fire alarm the elevators shall begin evacuating occupants of the fire floor and
two floors above and below the fire floor, taking them to the level of exit discharge
before returning for another load until all 5 floors are evacuated. On a decision for
a full building evacuation by the official in charge the elevators shall evacuate all
remaining occupants from the highest floors and proceeding downwards, shuttling
occupants to the level of exit discharge before returning for another load.
Information systems on all floors except the level of exit discharge shall
communicate to occupants the status of the system and the estimated wait time.
Information systems on the level of exit discharge shall indicate that the elevators
are out of service and people should not enter.



Occupant egress elevators are by far the fastest means of evacuating a tall building. In
normal service the number, size, and speed of passenger elevators in most buildings are
designed to be able to move approximately 10 % of the total population of the building
from random floors to the level of exit discharge in 5 min. This means that any building
of any height can be totally evacuated by elevator in one hour or less without increasing
the number, size, or speed of the elevators normally provided. Modern elevators utilize
computerized controllers capable of sophisticated operational protocols, and the addition
of real time monitoring and information systems can add the necessary reliability and
guidance to users to permit their use for egress during fires. In addition, occupants use
the building elevators every day for normal ingress and egress. The use of the elevators
for egress in fires is not appreciably different as long as the people are provided with
sufficient information to make decisions.

Considerable effort by NIST, the elevator industry, the American Society of Mechanical
Engineers (ASME), and the building code organizations is being put into the
development of standards and code requirements for protected elevators both for fire
service access and for occupant egress. The language suggested above for both purposes
is consistent with that effort but the activity needs to play out to arrive at a consensus on
requirements for the elevator equipment. Similarly, proposals are being considered by
the model building code organizations for the building code related parts of the systems.
Again, the performance objectives above are consistent with those proposals but the
process should play out to arrive at a consensus of the involved parties.

Stair Width

Where stairs are the primary means of vertical egress in fires and other emergencies
such stairs shall be a minimum width of 1400 mm (56 in). Where protected
elevators are provided as the primary means of vertical egress in fires and other
emergencies stairs shall be a minimum width of 1100 mm (44 in).

Wider stairs are needed to accommodate the increased body size of occupants but this
additional width is not needed where most occupants would be expected to egress by
elevator. Further, any building provided with occupant egress elevators would also have
fire service access elevators, eliminating the issue of counterflow except for the fire floor
and one or two floors below in the attack stair.

Stair Capacity

Where stairs are the primary means of vertical egress in fires and other emergencies
sufficient stair capacity shall be provided to accommodate the maximum number of
building occupants on all floors except any with direct access to the outside, within
the stairways. Where protected elevators are provided as the primary means of
vertical egress in fires and other emergencies sufficient stair capacity shall be
provided to accommodate at least half the maximum number of building occupants
on all floors except any with direct access to the outside, within the stairways. Any
floor containing an assembly space that results in a higher occupant load when



provided with an area of refuge sized to accommodate 100 % of the occupant load
of that floor with direct access to a stair and an occupant egress elevator, shall be
permitted to neglect the additional occupant load for the purpose of determining
stair capacity.

While the philosophy of “storing” stationary occupants in stairs is not intended, the stairs
remain a more protected space within the building. Some occupants may choose to use
stairs (particularly on the lower floors) and the ability to find refuge in stairs is an
important redundancy. Where occupant egress elevators are provided it is expected that
most occupants will use them, but some minimum capacity for refuge is needed.
Likewise, the provision of assembly occupancies (restaurants, bars, conference facilities,
observation decks, ...) that result in local concentrations of additional people traditionally
required additional stair capacity that continued through the building to the level of exit
discharge. With occupant egress elevators most of these people will egress by elevator
and it is only necessary to accommodate them temporarily while they await the elevators.

The capacity of an egress stair is defined as the number of occupants who can
descend the stair in a time equal to one half the fire resistance time of the primary
structural frame, at a flow rate of 47 occupants per minute per meter of stair width
(26 occupants per minute per unit of exit width). (The design flow rate is a policy
decision among (81, 47, or 30) occupants per minute per meter with 47 being used in
this example).

The number of occupants that could be served by a stair should be based on the flow or
discharge rate (Flow Method as defined in the 1935 NBS report) over 1h (Type IB) or 1
72 h (Type IA). Table 1 below shows discharge rates per hour, per (22 in) unit and per
meter, and for a 1100 (44 in) and 1400 (56 in) stair, based on assumed flows of 45
occ/min/unit (which has no specific scientific basis but is used in the UK Approved
Document B), 26 occ/min/unit (based on the work of Togawa and Pauls), and 16
occ/min/unit (based on estimates from the NIST WTC report). If one used a flow rate of
26 occ/min/unit, a single 1100 mm (44 in) stair could serve 2160 people (4320 for two
stairs) and a 1400 mm (56 in) stair could serve 2750 people (5500 for two stairs). This
would be the total number of occupants served by the stair(s) on all floors except those
with direct egress to the outside (who would not use the stairs). This would also be
limited to 50 or 80 stories since it would take longer than (1 or 1 }2) hours to descend
from greater heights.

Table 1 — Total Number of Occupants Served by an Egress Stair Based on Flow

Flow Flow Dis Rate Dis Rate Dis Rate Dis Rate
occ/min/unit | occ/min/meter | occ/h/unit* | Occ/h/meter* | Occ/h/1.1 m* | Occ/h/1.4 m*
45 81 2700 4860 5350 5830

26 47 1560 2820 3100 3380

16 30 960 1800 1980 2160

* Multiply by 1.5 for Type IA Construction where ASET is 1 /2 h




In a system designed by the flow method it is important to ensure that the flow through
doors is equal to or greater than the stair flow so that flow restrictions and congestion is
avoided. This raises an interesting issue. There seems to be consensus that flow through
doors is about 60 occupants per minute per door regardless of width. If a design stair
flow rate of 26 occupants per minute per unit is selected, the stair flow in a 2-unit (44 in,
1100 mm) stair is 52 per minute which can be accommodated by a single door. Ina 2 ',
unit (56 in, 1400 mm) stair the flow is 65 per minute which will theoretically result in an
accumulation of 5 people per minute at the upstream side of a single door. It needs to be
determined if 56 in stairs need double doors to prevent congestion, as this can be a
significant cost issue in design.

Stair Geometry

Current requirements in the building codes reviewed are consistent with the research
recommendations.

Refuge Floors

Horizontal transfer corridors designed as means of egress components shall be
provided every 25 floors (generally on mechanical floors) to link all egress stairs and
to provide the ability to safely move between stairs.

The initial experience with refuge floors indicates that the provision of a means to
transfer stairways has merit but the provision of a large space to “rest” encourages delays
in evacuation that may be counterproductive to safety. The protected lobby with direct
access to a stair provided as part of the occupant egress elevator system can provide for
rest stops if needed, but most occupants would use the elevators and not need to rest.
Thus, it is recommended to not provide refuge floors but to consider a protected
horizontal transfer corridor linking all stairways on the mechanical floors. The 25 floor
increment is based on the Asian requirement for refuge floors but could be flexible where
only stairway crossovers are provided.

Evacuation Management

Video cameras shall be installed every S floors in every egress stairway and in every
egress elevator lobby with the images displayed in the fire command center. Image
analysis software shall be employed to minimize the fire department burden for
monitoring these images.

The potential for changing conditions impacting the safety and efficiency of the
evacuation suggests that full building evacuations need to be actively managed. The
addition of cameras in the stairs and egress elevator lobbies which can be monitored in
the fire command can facilitate such management. Using available software developed
for the security industry the monitoring burden in fire command can be minimized.
Images from cameras in stairs would be kept in background except when no movement is
detected for some time interval, indicating no people or no movement of people. Images



from lobby cameras would be kept in background except when movement is detected,
indicating there are people in the lobby needing pickup. If that floor has not yet been
evacuated this information can be registered with the elevator controller. If the floor has
already been evacuated the presence of stragglers would be noted to the fire department.
Placement every 5 floors is considered reasonable for the purpose. More frequent is
probably not necessary for active management of egress but less frequent might permit
unobserved blockages.

CONCLUDING REMARKS

The increasing height of buildings coupled with changing demographics and public
concerns about the safety of tall buildings have led to a call for a fundamental rethinking
of egress systems. This paper provides a review of the approaches currently found in
building regulations internationally, and attempts to identify the origins of these
specifications including the extent to which they may be based on scientific data or
consensus opinion. The case for moving to a performance metric of time is presented and
a set of criteria for evaluating egress systems against safe egress time is suggested.
Performance criteria based on practical objectives are suggested but these and suggested
regulatory thresholds need to be vetted through the existing consensus process of model
code development and regulatory adoption followed in the adopting jurisdiction. The
result should be a design approach that addresses the needs of occupants and buildings of
all heights with criteria based on sound engineering principles.
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