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A Study on Risk-based Evacuation Safety Design Method

Takeyoshi TANAKA™, Yoshikazu DEGUCHI™, Daisaku NII"3, Mamiko KUJIME™

ABSTRACT

While buildings are indispensable to protect people from various dangers, it is undeniable that the buildings have
adversely induced dangers by fire. Since ancient times, people have made various efforts to prevent the dangers of
building fire. Currently, the dominant means for ensuring fire safety is to control building features by imposing
prescriptive regulations. On the other hand, due to the rapid change of various environment surrounding buildings,
e.g., building technologies, economic activities, people’s lifestyle, it has come to be gradually recognized that the
prescriptive regulations are not always efficient means to safeguard building and application of performance-based
fire safety design method (P-B FSD) has come increasingly the worldwide trend. Nevertheless, P-B FSD is not a
completed but developing method, so there remains a lot to do before its completion.

It is not always easy even for fire experts to exactly understand the purposes, significance, effectiveness for safety,
etc. of the prescriptive provisions for evacuation safety since those are not explicitly stated. On the other hand, the
verification method of evacuation safety performance, 2000, reduced the evacuation safety design to simply the issue
of evacuation time and smoke filling time and prescribed occupant load density and design fire according to type of
occupancy, while the basis of the design fire is ambiguous and the reliability issue of fire safety systems is untouched.

The design seismic load for seismic design of a building will be determined based on the observed seismic
intensities and frequency, with additional consideration on the importance of the building. Since fire data are available
from fire investigation, the design fires for evacuation safety design should be determined based on such fire data for
avoiding unrealistic setting of design fires.

As often reported, non-operation or malfunction of fire safety systems tend to be involved in the event of serious
fire incidents. Since fire safety systems do not operate in normal time, it may be inevitable that some of them may
not operate in the event of fire. Such inconvenient possibility should be well taken into consideration in evacuation
safety design.

The risk-based verification method of evacuation safety performance is the methodology to determine the design
fire and fire scenarios to be selected. The subjects are to rationalize the design fire and fire scenarios.

Risk-based Verification Method of Evacuation Safety Performance in this report is outlined as follows:
1. Evacuation risk and Casualty probability
(1) Evacuation Risk R

In this method, ’Evacuation risk’ ‘of a building space, R, is defined as the product of fire occurrence probability, P,
and expected casualty, C, where the fire is limited to hazardous fire for evacuation excluding small fires, and C is the
product of the number of occupants in the space, C,, and the casualty probability when a fire occurred in the

Space, Peas-

(2) Acceptable evacuation risk, R,, and Benchmark building space

Evacuation risk of any building space, R, must be smaller than a unique acceptable value, R,
regardless size and occupancy type.

It 1s necessary to select a benchmark building space to determine the value of the acceptable
evacuation risk, R,. The benchmark building space is selected from the building spaces of which the
evacuation risk is generally agreed to be at acceptable level. Then, R, is obtained from the fire
occurrence probability,P, occupants’ number, C,, and casualty probability, p..s, of the space. Here,
detached house with ordinary size is selected as the benchmark building space.

(3) Design base acceptable evacuation risk,R?, and acceptable casualty probability, p&..



Although the evacuation risk, R, include fire occurrence probability, P, evacuation safety design of
a building space starts taking occurrence of fire as a given. Let the evacuation risk in this case be the
design base evacuation risk, R? = R/P. Then the design base acceptable evacuation risk, R? = R, /P,
and the design base acceptable casualty probability p&,, = R2/C,.

2. Acceptable casualty probability and design fire

A usual t-square type fire, Q = apt?, is used as the design fire, except that the heat release rate, Q,
reaches plateau restricted by the condition of ventilation or sprinkler.

If the conditions of occupant load and exits of a space are the same, the evaluation of the
adequacy of the evacuation plan can differ depending upon the design fire. So it is important to
determine the fire growth factor, ap, based on sound basis, particularly for the early stage of fire. In
this risk-based method, a, which makes the probability of « = aj equal to the acceptable casualty
probability, pZ,,, is selected.

3. Design fire scenarios according to success and failure of fire safety systems

Several kinds of fire safety systems, e.g., sprinkler, smoke vent, fire door, are installed in building spaces. However,
it is not always certain that all of those systems normally operate in the event of actual fire. Depending on whether
they work normally or not, fire behavior and evacuation environment can differ greatly.

The evacuation risk of a building space is a set of evacuation risk of each scenario caused by such fire safety
systems. Using event tree is a convenient way to identify the scenarios and the occurrence probability of each scenario,
P; can be calculated if the actuation probabilities of the fire safety systems are known.

The design base evacuation risk, R? (i), and casualty probability, p.,s(i), of a scenario i is given by R? (i) =
P; X Pras(i)Co and poqs (i) = RP (i) /P;C,, respectively.

4. Allocation of design base acceptable risk, R2, to each scenario

If the number of scenarios involved in the fire in a building space is N, the evacuation risk of the space, R? is the
summation of evacuation risk of the N scenarios. Since R” cannot be greater than acceptable evacuation risk, RZ,
restriction of R? = ¥ RP (i) < R? is imposed. On the other hand, since this is the only restriction for R” (i), a lot
of freedom exists in the combination of RP (i) to satisfy the restriction. Therefore, it is possible to allocate R2 to each
scenario and verify the safety by each scenario.

It is possible and more straight forward to allocate the acceptable casualty probability of building space, pd,s, to
each scenario under the restriction of ¥ p,qs (1) < ps.

Once pqs(i) is determined, the design fire for scenario i can be obtained following the procedure
described in 2. above, which follows the verification to confirm that no casualty arises in any scenario.

5. Case studies

The objectives of this study on evacuation safety assessment is two folds; one to develop a method to rationally
determine the design fire; and the other to develop a method to take the effects of operational reliability of fire systems
into account.

The methods are not enough unless they are usable in actual evacuation safety planning of buildings. Hence, case
studies are carried out applying the methods to fire room evacuation and fire floor evacuation to examine if the
methods are practicable in actual evacuation safety design practices.

By the way, case studies should have been done for total building evacuation too, but it was given up in this report
due to the lack of time for the work

6. Annex
A part of the technical studies and data concerning the development of the risk-based

verification method of evacuation safety performance are added as Annexes to avoid the
complication of the main text.
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