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Risk-Informed Performance-Based Design

Abstract

A new framework for a risk-informed performance-based approach to fire safety analysis and design has
been proposed. It is structured around a paradigm in which the performance analysis is conducted relative
to the performance of a building-occupant system within a broader context of the managing risk of an
acute event (e.g., fire) on the chronic state of the system. The role of risk characterization, targets and
vulnerabilities, direct and in-direct impacts, and approaches for assessing and mitigating the likelihood of
disruptive events on the desired performance of the building-occupant system are addressed. In addition, a
test-bed environment, embodied within a web-based platform, has been proposed to facilitate a common
location for data and information in support of risk-informed performance-based design. A key benefit
will be the ability for practitioners, students and others to interactively use building geometries, data and
analysis tools to gain and share experiences in the application of the new process. To support the test-bed
environment, data have been collected and made available on heat release rate curves and associated
information as part of a database on design fire curves, and a selection of building geometries for use fire
effects, evacuation and other modeling and analysis have been compiled.
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1 Introduction

Performance-based building codes have been implemented in numerous countries world-wide. In
addition, performance-based approaches to fire safety analysis and design are widely used, both in
countries with performance-based building codes as well as those with prescriptive-based codes.
However, most building codes — prescriptive- or performance-based — lack quantitative risk, safety or
performance criteria, and decisions regarding acceptance criteria often rests with the fire protection
engineer and design team, often with no benchmarking against other buildings. As a result, there is a high
degree of variability in fire engineered building design solutions and in the review and approval of these
solutions, and therefore in the levels of fire safety provided in buildings that have been designed using
performance methods. There have been few fire-related failures that can be attributed to “unacceptable”
fire safety performance being delivered under the current performance-based fire safety design
framework. However, performance failures under prescriptive codes and in other regulated areas,
perceived quality concerns, and a desire to be more transparent have motivated several countries to try
and better understand and quantify the level of fire safety and performance being provided in deemed-to-
satisfy solutions (acceptable solutions, approved documents) and to establish quantitative measures for
use in next generation performance-based building codes and performance-based fire safety design
approaches.

In order to help address issues of risk and performance quantification, this effort began with the lofty
goals of developing a methodology that could be used for identifying, quantifying and agreeing the level
of building fire risk as reflected in building codes and in practice, and providing guidance for the
development of quantified design fire loads and performance criteria which can be used in the next
generation of performance-based building codes and fire safety design. The intent was to structure the
methodology and guidance so as to achieve target levels of tolerable building fire safety and performance.

While significant progress was made in each of these areas, no ‘magic bullet” was found which addresses
all of the concerns in any particular area. There are several reasons for this, many which are obvious and
generally understood in practice, while others which are more subtle, having been revealed during the
course of this work. First, the problem is highly complex — combining social and political aspects of risk
perception and tolerability with technological approaches to risk and performance assessment — in a data
poor environment where a broadly agrees and comprehensive taxonomy is lacking. Second, fire risk
assessment tools and methods exist, but targets or levels of ‘tolerable’ risk and methods to characterize
them are not broadly agreed across social, technical, economic and political arenas. This starts with
simple concepts such as who or what is at risk, from what, and what level of safety or protection is
appropriate.

Similar challenges exist with respect to characterizing and defining performance expectations. While
many engineering disciplines have defined ‘performance’ within their area, and assessment tools,
methods and (some) data exist to support performance assessment, a common understanding across
disciplines is lacking, and a structure for holistic performance characterization of a building is absent.
This is particularly challenging with respect to development of a performance structure for regulation,
which necessarily should consider all performance aspects in delivering a ‘well-performing’ building
under the conditions expected and operation and use desired over the life of the building. This is not just
an issue of different disciplines (e.g., structural versus fire), but manifests even when limited to a single
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discipline / performance area, such as fire. In the current paradigm, building fire performance related to
life safety might be defined differently than building fire performance for property protection, which
might be different from building fire performance for protection of mission. In the end, however, it is the
performance of the building against fire — with respect to all performance objectives — which is important
[1]. This can be illustrated by example.

On March 17, 2000, lighting struck the industrial plant of Philips NV, located in Albuquerque, New
Mexico, USA [2]. As a consequence a small fire started within the facility but was extinguished by
sprinklers and staff in less than 10 minutes. There were no injuries and the fire fighters arrived at the plant
just to record a minor blaze. Considered solely from a fire performance perspective, this event and
response could be considered a success. For example, following current performance-based design
guidance, the objective may have been to limit the spread of fire, criteria may have been established for
controlling a fire to a certain size, a sprinkler system was determined to be appropriate for fire mitigation,
and in the end, the sprinkler system operated as intended and limiting the fire. However, this 10-minute
fire ultimately resulted in some US$2b in losses. How did this occur? It could be argued that the loss
occurred as a result of focusing on code requirements, or even on a fire protection objective for the
facility (e.g., limit fire size), and missing the impact of the facility fire performance on the company and
those clients which this facility supplied. If the focus was on the broader performance of system in which
the facility was only one part, things might have turned out very differently.

In this case, the Philips plant was engaged in manufacturing of semiconductor chips for some 30 clients,
including the mobile phones companies Nokia and Ericsson, whose orders accounted for 40 percent of the
Albuquerque plant’s production. As one might expect, a semiconductor manufacturing facility such as
this cannot tolerate any dirt or particulate in normal activities, in any of its clean rooms, much less soot in
case of a fire. While the fire was small, therefore, the first order impacts could be anticipated to be high,
particularly if soot or other products of combustion from the fire could affect the fabrication process or
chip storage. This in fact occurred. However, that was not the sole contributor to the loss. Not only did the
fire destroy the chip batches in the furnace (with an equivalent of thousands of mobile phone production)
but also smoke, soot and the tramping of staff and fire fighters from the fire scene (in the mix of dirt and
water) contaminated chips at every stage of the production, increasing that loss to millions of mobile
phone chips. Unfortunately, the losses for Philips did not stop at the ones related to property damage.
Phillips estimated that removing the dirt from the clean rooms would result in one week of down time.
However, after two weeks, Philips staff realized that the disruption caused by the fire would take several
weeks before production could restart. This had a significant impact relative to the responses to the fire
from the facility’s main clients, Nokia and Ericsson.

When Nokia and Ericsson were informed about the fire and Philip’s initial estimate of downtime, they
each dealt with the situation differently. The Nokia response was to work closely with Philips and other
chip providers so to maintain its own production of mobile phones and satisfy its customers in a period of
time when demand for this type of product was booming worldwide. Ericsson’s reaction was different:
they treated the fire incident at the Philips plant as a ‘technical matter’ which would result as a chip
production disruption of one week only (Philip’s original estimate), which is something that could easily
be taken care of. Unfortunately for Ericsson, the disruption lasted longer and by the time it realized the
size of the disruption, it was too late and Ericsson failed to deliver mobile phones to its customers.
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Having failed to deliver its new generation of mobile phones, Ericsson reported losses between US$430
and US$570 million in the first disruption-affected quarter. In addition to the fire disruption effects,
incorrect product mix and marketing problems which followed contributed to what ultimately became a
US$2.34 billion loss for Ericsson’s mobile phone division by the end of 2000. Results from this included
loss of market share to Nokia, and to a merger of Ericsson with Sony for them to continue in the areas of
design, production and marketing mobile of phones. By contrast, Philips's chip sale loss, estimated to a
US$40 million, was almost covered by a 39 million Euro settlement with its insurance company.

While one can argue that Philips ended up ok, at least as compared to Ericsson, the point is that a focus on
fire protection system performance, as opposed to the overall system performance (manufacturer, insurer
and client), led to intolerable outcomes. Examples such as this made it clear that ‘performance’ had to be
recast in a more holistic way, such that the focus is not specifically on the fire and how people and
systems respond to the fire, but on the impact that a fire (or other event) might have on the safety and
operational performance of the ‘system’ within which the building resides. Likewise, at a building level,
the focus needs to be on the broader ‘building-occupant system’ performance, and not just the fire
protection systems performance. This is critical because the overall risk and vulnerability profile and
operational and safety performance expectations of a building are ultimately a function of the ‘building-
occupant’ system and how that system might be disrupted by a fire or other event, and less about the
‘event-mitigation” approach commonly used today.

In reviewing the Philips fire and others [3], it also became clear that in order to better characterize the risk
posed by fire within a ‘building-occupant’ system, specifically how likely it might be to have an event
(fire) that results in an intolerable outcome (consequence), there is benefit to decoupling the frequency
(probability, likelihood) of event occurrence from the analysis of potential consequences and the
likelihood that they will occur [4]. It is also necessary to introduce the concept of targets and vulnerability
in the assessment for both direct and in-direct consequences. The role of fire safety management over the
life of the building is an important part of the assessment as well. It was also found that evaluation of the
fire protection measures, in isolation and independent of how the building will be used throughout its life,
might lead to a “disconnect’ between these measures and the context of the building in use. In numerous
instances, investigation reports of fire events reflected how the interaction between the building, fire and
occupants influence each other during events, and how normal use of the building could have a negative
impact on fire system performance. This led to the understanding that the system within which fire
protection is being designed needs to be considered in two states: chronic, or normal operation, and acute,
or operation at the time an event such as fire occurs [1,4]. The fire disruptive event itself needs to be
considered between two chronic states of the system, because of the importance of the recovery phase
after fire extinguishment.

One sees this type of behavior happening over and over in the literature, often with respect to how people
use buildings during a fire (acute state) in much the same manner as they have come to use the building
during the normal (chronic) state (e.g., exiting the way they came in, failing to close doors behind them
which might help control fire, ...). In a fire, evacuation becomes an acute response by building occupants
for whom fire is a disruptive event, which occurs during the otherwise normal or chronic building use.
Since means of egress are not completely independent from the other building components, such as rooms
or other spaces delimited by doors, corridors, atria, both the chronic and acute environments need to be
considered. If the chronic situation is to prop open the doors to facilitate normal use, for example, but
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there is an expectation that the doors will be closed during an acute condition (e.g., fire), then the
expected building fire performance may not be achieved. This is a significant contributor to the risk
assessment — reliability of expected system performance.

Analysis of the situation with current approaches to performance-based design also highlighted issues
associated with lack of data for frequency and consequence analysis, and with wide variation in the
application of tools and data for each. On the frequency (probability, reliability) data side, current
guidance often points engineers to such resources as National Fire Protection Association (NFPA)
statistics on fires in buildings of different occupancies. However, the data are often aggregated, and the
classification NFPA uses is different than the building uses identified in the International Building Code
(IBC) [5], which can be in turn have variations when one goes from a general classification (such as
Institutional) to a specific type of institution (e.g., ambulatory care), to a specific building (hospital)
design. The net result is that readily available data might not provide all that much guidance for a specific
building design, and that more specific data and guidance as to how to use the data may be needed [6].

The same is true for the consequence analysis component. There is a wide range of tools available for fire
effects, evacuation, structural analysis and more. Within each component, there is wide variation in the
tools, the data required for the tools to be used, the certainty in predictive capability, user concerns and
more [7,8]. More specific guidance is helpful, and is indeed needed. In addition, however, data in a
format which can be consistently applied would also be helpful, especially in key areas such as design fire
data. If one could collect data into a readily accessible place and present it in a readily useable format,
provide guidance on how to use the data appropriately in the analysis tool, and provide users a platform
for learning and applying the data and tools to common building configurations, the overall uncertainty in
the performance-based design process and confidence in application of tools and data would go up. This
research explored these issues in some detail, proposing a web-based environment (test-beds) within
which data could be found, applied using tools to a variety of building configurations, to address a broad
range of building fire performance issues, within the risk-informed performance-based framework [1, 7-
9]. Of particular benefit to practicing engineers right away is the database of design fire curves and
template for engineers and scientists to upload more for all to use [see Annex F and G]. In due course
these and other data, tools and methods will be available via the Vulcan Initiative website, a portal
established to facilitate information exchange, test-bed studies and more (http://www.vulcan-
initiative.net/index.html, Beta version, last accessed 30 June 2014).

Ultimately, the above components and more have been integrated into a new framework for a risk-
informed performance-based fire design [1, 4] and integrated into the Vulcan Initiative platform. While
much more work is needed, the foundation has been laid by the effort to describe the necessary
components needed to fully realize the new approach. Of particular need, in addition to data, is the
development of detailed guidance documents, focused on specific occupancy types. A structure for how
the guidelines can be prepared, and the type and level of detail of information required, is outlined in [1].
It is hoped that the Vulcan Initiative platform can serve as a mechanism for facilitating development of
these guidelines in the future.
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2 Report Structure

As reflected in the introduction, a significant amount of research and development has resulted from this
project, including publication of a Ph.D. dissertation and numerous journal and conference papers,
compilation of design fire data for use in consequence analysis, and Beta-version launch of a web portal
for facilitating collection, use, and advancement of data, tools and methods for use in a risk-informed
performance-based environment. Given the availability of the publications in particular, this report has
been structured to provide a brief overview of each research focus area and outcomes, with reference to
the publication in which details can be found. In addition, where permitted, the publications are reprinted
as annexes to this report. Several of the annexes have been provided as unique files as they are awaiting
NIST CGR numbers.

The major sections of the report are as follows:

Section 3 — Need for New Performance-Based Desigh Approach: this portion of the report and associated
reference papers discusses shortcomings in current codes, guidelines and practice, and where efforts
should be focused to address these in next generation guidelines.

Section 4 — Need for Paradigm Shift to Accommodate New Approach: this portion of the report and
associated reference papers discusses why a new way of thinking is needed in terms of considering the
whole of building performance, and the role of the building and targets, as part of an integrated system.

Section 5 — Framework for Risk-Informed Performance-Based Design: this portion of the report and
associated reference papers outlines the new framework, highlighting the major components.

Section 6 — Risk Characterization and Analysis Issues: this portion of the report and associated reference
papers looks to the future in terms of thoughts for how risk characterization can be better accomplished,
providing a potential approach.

Section 7 — Consequence Analysis Issues: this portion of the report and associated reference papers
discusses issues with selecting the right tool for the job, addressing uncertainty and variability, and
reminding engineers of the need to consider the dynamic integration of fire-people-building interaction as
part of consequence assessment.

Section 8 — Data: this portion of the report overviews data collected as part of this effort, including data
on HRR curves for use in modeling provided in associated spreadsheets.

Section 9 — Vulcan Initiative Website: this portion of the report and associated reference papers
overviews the current Beta version of the website and the plans for future enhancement.

Section 10 — Outcomes, Ongoing Efforts and Recommended Future Research
Section 11 — Summary and Conclusions
Annex A — Alvarez Ph.D. Dissertation (NIST GCR pending)

Annex B — High-Level Comparison of IFEG, SFPE PBD Guide, BS 7974, and ISO 13387 (NIST GCR
pending)
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Annex C — Alvarez unpublished manuscript for Building Research & Information which discusses the
paradigm shift and associated components.

Annex D — Albrecht life safety risk assessment of room-corridor arrangement
Annex E — Albrecht life safety risk assessment of atrium arrangement

Annex F — Guidelines for using “HRR Catalog”

Annex G — Interflam 2013 paper on Vulcan Initiative

Annex H — Structure and pages of Beta version of the Vulcan Initiative website
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Need for New Performance-Based Design Approach

To understand the context for why change is needed, a review was undertaken of worldwide experience
using standards, codes and guidelines related to performance-based fire protection design for buildings
over the past twenty or so years [1, 3], building upon prior research of a similar nature [10-12] in order to
obtain an up-to-date understanding of the situation. This benchmarking exercise identified examples of
shortcomings in the interpretation, application and implementation of the performance-based design
process, apparent inconsistency in the resulting levels of performance achieved and several opportunities
to enhance the process, as summarized below [1, 3, 4].

The application of generic guidance, as embodied in current performance-based design and fire safety
engineering guidelines, to specific projects may result in important fire performance concerns being
missed, especially but not exclusively by inexperienced engineers. Advising someone to ‘develop fire
scenarios’ and ‘consider occupant characteristics’ is a good starting point, but does little to help
identify how to actually construct a fire scenario, or what occupant characteristics to consider, or how
occupant characteristics might change by building use or by country where it is located, etc. This
need is also highlighted in [6], presented as Annex A.

There are numerous shortcomings with the definition, use and quantification of performance / design /
acceptance criteria by the fire protection engineer (FPE) on a one-off, project-specific basis, as
opposed to applying them to all facilities of like type and characteristics. The first issue is that these
criteria should be determined by policy makers, since they reflect minimum risk, safety and
performance targets for public safety. This should not be an individual fire protection engineer
decision. This is not to say that the fire protection engineering community cannot suggest criteria
based on scientific and engineering knowledge, data and tools of evaluation, but that the policy
makers should decide which criteria to implement and to achieve what targets.

In current practice, the selection of design fire scenarios is focused on the evaluation of fire protection
systems performance, often in isolation, rather than to test the holistic building fire safety
performance and the performance of the building as part of a larger system. As discussed with the
Philips example in the Introduction, failure to consider what ultimately determines acceptable or
tolerable performance can result in fire protection designs which are ineffective when needed.

Given the lack of data for undertaking quantitative risk assessments with a high degree of confidence,
many engineers conduct comparative analysis between the levels of expected performance resulting
from an engineered solution with the levels of expected performance based on prescriptive
requirements that are devoted to protect building occupants. However, as reported in the literature
these are often undertaken without an appropriate or comprehensive basis of comparison, especially
considering that the prescriptive provisions most likely did not consider any specific fire scenarios or
guantitative performance targets. There are risk-informed approaches, however, which can be
effective comparative analyses (see Annex D).

Current fire engineering guidelines contain insufficient guidance to determine the most influential
factors affecting the efficacy of proposed fire protection design solutions. In part this comes from the
lack of guidance identified above, but also the lack of requiring identification and treatment of
uncertainty, and demonstration of robustness of the design through sensitivity analysis and other tests.
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e There is significant shortcoming in current practice associated with assuming “idealized’ performance
of fire protection measures (i.e., they will always work and they will always be in the same condition
as at the time of design, omitting deficiencies resulting from age, users, etc.) as compared with ‘real
life’ performance of installed measures. In reality, the efficacy of fire protection systems can be
lowered by human action (e.g., blocking sprinkler heads, closing valves, blocking doors open,
increasing fuel load) and general component aging and reliability issues. While current practice might
require certain testing, inspection and maintenance be undertaken, there is widespread evidence of in-
use systems not being in appropriate condition to perform as expected at the design stage.

e There is generally too specific of a focus on consequence analysis of design fire scenarios around
narrow aspects of building component or fire safety system performance, without having the entirety
of the required or desired performance picture adequately defined. This again touches on the Philips
type problem: the sprinkler system worked as designed, but the overall performance of the fire safety
system (which should have included post-fire procedures) failed.

e There appears to be significant use of ‘literature values’ (i.e., input parameter values found in the
literature) in analysis and modeling without demonstration that the values are appropriate to the
specific problem at hand, or that the values are the appropriate ones to use (as selected from multiple
options).

In a related effort, evaluation of a set of existing, English-language guides and standards on performance-
based design for fire and fire safety engineering was undertaken to identify commonalities and areas of
significant difference (see [13], included as Annex B). As with the review by Alvarez, it was found that
while common structure exists, and some guides / standards go into more detail than others, as Alvarez
also found the guidance is generic with respect to how one specifically identifies occupant and building
characteristics of concern, fire scenarios of concern, design basis fires that are appropriate, and suitable
criteria to apply, as well as the extent to which uncertainty and sensitivity should be addressed in the
evaluation of proposed mitigation options.

In order to overcome the challenges identified during these reviews, it is suggested that the solution is to:
(1) re-center the performance-based fire protection design process on the subject of its application, that is
to say the system formed by the building and its occupants, as opposed to fire protection systems
assessment; (2) create a risk-informed performance-based fire protection design process wherein the level
of detail in guidance documents is increased and focused on specific occupancies and characteristics; and
(3) provide a mechanism to help fire protection engineers select the most appropriate tools and data for
the types of applications they are considering. How this can be achieved is addressed in subsequent
sections.
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4 Need for a Paradigm Shift to Accommodate New Approach

While a wide range of definitions and criteria exist in the literature, it is suggested that main drivers for
application of performance-based design (PBD) include demands from stakeholders for better building
performance in use across a wide range of stakeholder expectations, in conjunction with a change in
legislation allow a broader use of engineered options instead of simply fulfilling prescriptive
requirements. Within a PBD framework, the demand of the ‘end users’ of the building (i.e. building
occupants) become priorities so that PBD provides a more ‘client’ oriented process than the one used
when following building code regulations. Conceptually, a PBD approach can be applied to all the
components of a building project, including among others, acoustics, aesthetics, operability,
sustainability, and safety. It involves numerous actors, including on one hand the building users who
should define the level of performance of the building, and on the other hand, the building industry which
should create optimal solutions in order to achieve this level of performance within a regulatory
framework established by policy makers.

However, because of the complexity of the engineering thinking related to these building components,
PBD guidance has been (a) segmented such that each engineering discipline has to consider separately
how clients' objectives connected with each of the building components should be achieved, and (b)
‘genericized’ to accommodate multiple solutions. This applies not only to design of building components
dedicated to the normal use of the building (e.g., mechanical components including heating, ventilation,
and air conditioning (HVAC) and plumbing) but also to building components installed to address
disruptive events, such as fires, earthquakes, or any type of emergencies susceptible to affect the safety of
building occupants or damage the building contents and structure. As such, while PBD guidance has thus
far been elaborated to treat discipline-specific ‘normal’ building performance (e.g., energy, HVAC) and
specific safety objectives (e.g. fire and earthquakes) those conducting analyses must have specialized
expertise, and there is little integration across or between disciplines. In practice, however, the building
end users are not really interested in the performance of individual building components and systems, but
rather, the performance of the building as a whole. To achieve this, the design team is expected to address
the multitude of building components and systems and have them co-operate in order to achieve this
seamless daily performance for both normal use and during and after disruptive events. This does not
always occur as well as would be hoped.

Therefore, given the shortcomings in the existing approaches relative to needs of uses, a new paradigm
for building performance was developed around the concept of ‘building-occupant’ systems, for which a
new risk-informed, performance-based analysis and design approach was structured based on how
‘disruptive events’ perturb the system. In brief, the idea is that instead of focusing on the performance of a
particular technical system to function as intended (e.g., defining acceptable performance of a sprinkler
system as activating at a certain fire size), the performance assessment should be conducted in the context
of how the technical system helps to achieve the user-defined performance of the building during and
after the event (e.g., fire). For PBD for fire, this means moving away from performance defined in terms
of performance of mitigation systems in isolation, to fire performance of the building-occupant system in
achieving more global life safety, building performance, operational performance or related objectives. A
summary of key elements of the new paradigm are provided below and detailed in Annex A [1] and C
[14] and overviewed in [4].
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4.1  Building-Occupant System

In many countries, buildings are classified in terms of the general class of use, such as places of assembly,
business occupancies, residential, and so forth. However, these general descriptions lack the complexity
to describe the interaction of the building users in the context of the building. To address this, it is
recommended to identify more appropriate ‘building-occupant’ systems. An obvious way to categorize
the different existing ‘building-occupant’ systems is to follow the classification established in building
regulations. However, as pointed out in the Introduction and detailed in [1, 14], there is significant
inconsistency in classification systems, and insufficient detail to adequately characterize building hazards
and occupant risks. After reviewing several taxonomies and classification systems, a definition was
developed: a ‘building-occupant system’ is a system defined by a structure (i.e., building) inside which
occupants are engaged in a primary activity which can be quantified (e.g. activity number carried out by
day or week) such that the performance of the system can be estimated by the level of the activity. In this
paradigm, occupants are defined as persons who are physically inside the system, independently of the
duration of their stay, and building components are defined as physical portions of the system, which can
include spaces dedicated to a particular occupant activity (e.g., room for sleeping) of the system or in
support of that activity (e.g. HVAC system).

If one looks at a hospital, for example, there are different building areas which can be identified according
to the functions they provide, such as reception areas, emergency rooms, examination rooms, operating
rooms, patient rooms and intensive care units. Any area which can be grouped by function is defined as a
“functional’ zone, as they are created to fulfill the functions related to the daily objectives of the facility.
In addition, there are utility areas which provide support functions, such as power, heating, ventilation
and air-conditioning (HVAC), throughout the facility. These utility areas are to be identified as ‘utility’
zones, either as individual spaces (i.e., mechanical rooms, electrical rooms, cafeteria...) or throughout the
building (such as the HVAC system). When designating zones, care should be taken to define them based
on the *building-occupant’ system characteristics of importance. It is also important to identify direct and
indirect relationships between the different areas of a system.

For example, Figure 1 illustrates the required level of detail for different functional zones of a hospital,
describing the types of population in each of the zones. For instance, people located in the reception area
are future in-patients, visitors and staff and almost all of them are mobile and conscious. This is important
as they would require no or little assistance in case of a hazardous disruptive event such as a fire. In-
patients located in emergency rooms or in operating rooms are undergoing surgery and are connected to
life-supporting machines. This is important as extracting them during a fire would require following
procedures and requiring time that may not be compatible with a rapidly growing fire. In addition, while a
utility zone supporting a reception area may be important to facilitate the comfort of the occupants, a
utility zone supporting an operating room functional zone is essential. If a fire occurs in the utility zone
supporting a reception area the impact in the reception area could be limited to an ‘inconvenient’ loss of
power or lighting. If a fire occurs in the utility zone supporting the operating room, the impact could be
life-threatening.
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Hospital

Reception Staff + in-patients (mostly mobile) +

Examination Staff + in-patients (not mobile and

Emergency rooms Staff + in-patients (not mobile)

Operating rooms Staff + in-patients (not mobile)

Intensive care In-patients (not mobile)

Patient rooms In-patients (not mobile and mobile) +

Figure 1. People description according different functional zones of a hospital

To summarize, characteristics of occupants within specific locations of a building, as well as the intended
function of spaces in a building and contents in those spaces which are essential to achieving the required
function need to be clearly understood, identified and categorized. This constitutes essential information
required by the fire protection engineer (FPE) in order to address stakeholder objectives for *building-
occupant system’ when elaborating a fire safety strategy. However, no current performance-based design
process directs one to examine a building at such a level of detail, explains the reasons why such a level
of detail is important, or provides guidance how to approach the assessment. In large part this is because
current processes are focused too much on the fire event itself instead of being target-oriented, focusing
on the objectives of concern within the specified functional zones or a well-defined ‘building-occupant’
system.

4.2  Chronic and Acute Operation

One can view buildings as having two states: chronic, or normal operation, and acute, which reflects some
perturbation to the system (e.g., fire, power outage...). As long as things are generally fine in the chronic
state, no thought is given to actions required during acute states. As noted above, this logic carries over to
the performance of individual systems in a building. Generally speaking, building end users (e.g., owners,
managers, occupants...) are not really interested in the performance of individual building components
and systems, but rather, the performance of the building as a whole in maintaining acceptable conditions
and operations in the chronic state.® If the users can function well in the building, everything is fine.
However, this can result in complacency with respect to maintaining systems which are infrequently used.
This is especially true of systems which are only in place for emergencies, such as fire protection systems.
As has been shown by reviewing the literature [1, 3], if the chronic state of the building is not considered
during the design phase, assumptions about the efficacy of systems installed for use during acute states
may be inappropriate (e.g., if it is assumed that fire doors will provide separation, yet it can be expected

! Building users clearly have some concern with systems which impact daily use (chronic operations), such as
lighting, HVAC, elevators, etc. However, owners and managers are focused more on the fact that the building works
to support their operations, without significant concern for small disruptions in individual support systems.
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that occupants will prop open the doors, the expected performance of the fire doors during an actual
emergency may not be achieved. As such, as part of the paradigm shift, it is deemed imperative to
consider how the building-occupant system is expected to operate in its chronic state, and from that assess
the efficacy of mitigation measures during acute states (fire, other).

4.3  Disruptive Events

Primary stakeholders in a building project, including the building owner and the potential users, generally
define building performance objectives in terms of the everyday uses of the building (chronic state). In a
hospital, for example, this performance is related to the type of treatments offered, the number of patients
who can be treated, the types of equipment and services needed to treat patients, and so forth. For a
school, performance is related to delivering education to the target student population, the number of
registered students, the numbers and qualification of teachers or faculty required to deliver education, etc.
For a museum, it is related to the exhibits and holdings, number of exhibition attendees who can be
accommodated, security of the holdings, etc. Unfortunately, the owners and operators of these buildings
do not always think about events which can disrupt this daily use (acute states). This has an impact not
only during use, but with respect to decisions made at the design stage. Disruptive events can be of
different natures [2], such as: supplier business disruption leading to operational vulnerabilities; fires,
earthquakes, severe weather, accidents or terrorism leading to hazard vulnerabilities; currency exchange
fluctuations leading to financial vulnerabilities; or new foreign competitors leading to strategic
vulnerabilities. Such disruptive events can significantly impact the operation of a building and the mission
it supports. If the building owner and other key actors are unprepared, the disruptive event can have
catastrophic effects on continued operations [15]. Thus, in the new paradigm, fire should be viewed as a
disruptive event which causes a transition in the building-occupant system from a chronic state to an acute
state, and assessment of the overall system performance should be made with consideration of both
conditions, up to the establishment of a new chronic state.

4.4  Summary of Key Concepts

In summary, there are several key concepts in the ‘building-occupant system’ paradigm which need to be
incorporated into the next generation risk-informed performance-based approach:

e Functional zones: spaces which are directly linked to the performance of the system (e.g. in
hospitals, visiting areas where patients are checked in, patient rooms where patients are being
prepared for surgery, operating rooms, intensive care units and patient rooms where patients recover
before checking out);

e Utility zones: spaces which indirectly contribute to the performance of the system, often providing
support to the "functional zones" (e.g. storage rooms, electrical rooms, mechanical rooms);

e Targets: key elements whose performance is of concern within systems (the actors or users of the
functional zones). For example, targets can be building occupants (patients including their visiting
families and friends and staff in hospitals, pupils and teachers in schools) or building contents
(important piece of equipment required to contribute to the performance of the system such as a
newly developed micro-chip in high tech industry or a priceless artifact in a museum);
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o Disruptive events: every possible event (technological events, natural events, socio-economical
events) having an effect on the performance of the system. A disruptive event lasts between two
chronic states of the system.

e Chronic states of the system: which represent the situations of the system while it is operating as
designed or after each modification of its design (e.g. normal use of the system).

e Chronic objectives: objectives the system is designed or subsequently modified, to attain during its
chronic states;

e Acute objectives: objectives the system is designed or subsequently modified, to attain during
disruptive events;

o Event effects: damaging effects of a disruptive event on a target. These can be ‘direct effects’ or
‘indirect effect.” With respect to fire as a disruptive event, ‘direct effects’ reflect fire-induced
damage upon targets, such as heat, toxic, corrosive, irritant effects. ‘Indirect effects’ reflect loss of
building components which are vital for the targets to perform in the system. For example, a fire can
through “direct fire effects’ such as heat directly damage power cables to a life supporting
equipment, which then has an indirect effect on the safety of people connected to this equipment.

Going forward, these concepts have a significant impact on how a risk-informed performance-based fire
protection design should be structured. To understand and characterize the risk, one needs to understand
the building-occupant system, how the users expect the system to work in its chronic state, and how a
disruptive event can affect the overall system during acute states. Analysis cannot be ‘genericized’ to
broad groups, such as ‘occupants’, but should be focused on targets (which may be occupants) in the
context of the functional and utility zones of a building, as the criteria for acceptable performance may
vary by location for the targets (e.g., a patient in an ICU will have different tolerances to fire effects than
a nurse working in the same ICU). Analysis of the risk must then be considered for disruptive events
which impact the chronic states of performance in each functional and utility zone in terms of both direct
and in-direct impacts. This holds true for quantification of likelihood of disruptive event and estimation of
the consequences. Risk and consequence analysis should consider the likely response of systems required
only during acute states, and the likely response of occupants given their propensity to think in terms of
chronic operations. Reliability and efficacy of the systems designs should be assessed in this context as
well.
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5 Framework for Risk-Informed Performance-Based Fire Design

Given the challenges with existing performance-based fire protection design approaches, and the benefits
to be gained from a paradigm shift which revolves around assessment of overall performance of a
‘building-occupant’ system during chronic states and as disrupted by unwanted events (acute states),
considering target vulnerabilities across functional and utility zones, a new framework for risk-informed
performance-based analysis and design was developed [1, 4, 13]. While developed with an eye toward
fire as the disruptive event, the framework is robust enough to be used with any disruptive event (e.g.,
natural hazard, power outage), as the focus is on response of the system to perturbations rather than
performance of individual system components with respect to their operation.

First, the new framework separates the political aspect from the technical one, concentrating the political
aspect at the very start and the very end of the analysis and design process, leaving only the technical
aspects to the fire protection engineer (FPE). In the context of this framework, the political process
includes regulated issues as well as stakeholder decisions. The principle of this separation is illustrated in
Figure 2. At the start of the process, the stakeholders define the project and present all of the
characteristics of the ‘building-occupant’ system to be examined: building parameters, occupant
parameters and functional/support zones used during ‘chronic states’ of the system. The stakeholders still
have to agree on the main ‘chronic’ goals and objectives related to the considered ‘building-occupant’
system and indicate if specific building attributes are of concern (e.g., atrium, high rise configuration).
These are considered political aspects of the problem, as decisions are required by others than the FPE
alone. Once decided, all of this information is transmitted to the FPE who starts the technical aspect of the
process by selecting fire risk acceptance metrics that corresponds to the considered project.

Stakeholders’
project
definition
Political
Fire risk o quluation_of
Target analysis Fire risk the integration
Risk vulnerability A analysis of the fire Cost-benefit
. L (quantification A h -
characterization criteria of the (quantification protection analysis
estimation likelihood) of the impact) measures in
the system
Technical steps of the new PBFPD process
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The first technical step, risk characterization, is about translating the fire safety engineering problem from
a stakeholders' perspective to a FPE perspective, where the FPE has must consider all the targets and
define risk metrics relevant to the different targets of the studied system. During Step 1, fire risk curves or
matrices are used to translate stakeholder risk and performance objectives into the process for assessing
the performance of the system to withstand fire threats, according to how often and how damaging these
threats are. This is schematically illustrated in Figure 3 [4].
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\ Level 5
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Level 3

\@» Level 2

> Level 1
Damage metric

Frequency of the
disruptive event

Gravity

transcription of this information in a wa@that is relevant to the stakeholders

A
Current "chronic" state of the "building-occupant™ system, as a baseline of the study of the disruptive event

U0

Time

Performance metric

Figure 3. Risk Characterization [1, 4]

The stakeholders can then assess whether the performance of the building-occupant system meets their
objectives, and if not, how they would modify the risk or performance objectives accordingly. This is
illustrated in Figure 4. In this example, for a “frequent’ disruptive event, the stakeholders allow the
performance of the system to be less than the one defined in the risk characterization: in other terms, they
allow more property loss or a longer recovery time, depending on the damage metric. For a ‘less frequent’
disruptive event, the stakeholders allow the performance of the system to decrease as the one defined in
the risk characterization. For a ‘rare’ disruptive event, the stakeholders do not allow the performance of
the system to be less than the one defined in the risk characterization. Based on their performance
requirements, a new fire risk curve can be constructed and fire disruptive events will then be assessed by
their locations, in terms of (probability and consequences), relative to this new fire risk curve.
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Figure 4. Risk Criteria Adjustment [1, 4]

In Step 2, the FPE gathers target vulnerability metrics according to the nature and characteristics of each
target of concern (as provided by the stakeholders). The FPE must then quantify the vulnerability criteria
for each target in case of the disruptive event (e.g. evaluating the mechanisms by which the disruptive
event can have direct and indirect effects on each listed target while taking into consideration the
capacity/incapacity of the target to absorb the damage from the disruptive event and still be
functional/loses its functionality). These could be, for example, tenability criteria for occupants (which
may vary by occupant characteristic or functional zone), thermal heat flux criteria for cabling or other
critical equipment or utilities, whose loss might have an indirect effect on other targets as well (e.g., a
patient on life support), and so forth.

The FPE then needs to gather information and functional descriptions of the building-occupant system,
identifying critical components such as functional zones, utility zones, location, characteristics and
vulnerabilities of targets... With this information the FPE can then undertake fire risk analysis, which is
purposely disaggregated in the framework as frequency analysis (Step 3) and consequence analysis (Step
4). In Step 3 it is anticipated that the FPE will apply various fire hazard analysis (FHA) and fire risk
analysis (FRA) tools, including failure mode and effects analysis (FMEA), fault tree analysis (FTA),
event tree analysis (ETA), as appropriate. ETA can be used with zones containing targets to assess
performance of mitigation measures, using most probable fire ignition locations from NFPA data or other
statistics as initiation points of these trees. In conjunction, FTA can be used with ‘affected targets’ being
the final/top point in order to capture the indirect threats to the considered targets. Overall, the aim of Step
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3 is for the FPE to assess and address fire events and associated responses that are relevant to the
performance of the system in a quantified manner (i.e., assessment of fire events that could affect the
stakeholders’ targets and fire protection measures or safety barriers to prevent these events from
occurring, with a frequency estimated on fire ignition frequencies and reliability of the considered fire
protection measures).

Step 4 involves evaluation of event impact on the system targets. This involves analyses familiar to the
FPE, including assessment of fire development and spread, response of people, structures other targets to
fire, time for occupants to reach a place of safety, and so forth. However, the consequences should not be
restricted to narrow areas of focus, such as occupant evacuation, but should be conducted within the
context of the larger building-occupant system (again, consider the Philips case: the analysis may have
demonstrated that the sprinkler could control the fire within 10 minutes of initiation, but likely missed the
$2B loss). Even when focused on a particular component (e.g., occupant safety), the issue of different
target characteristics, different zones, and direct and in-direct impacts needed to be considered, as
outlined in the hospital example above.

A key aspect of consequence analysis is quantification of design fires for use in assessing the potential for
possible mitigation measures (trial design options) to deliver expected performance for the scenarios
identified. A critical component of this analysis is selection of the design fire curve. Presently, little
guidance exists on specifically how to construct a design fire curve, or from what data one should select
suitable curves, and how to address associated uncertainty. In addition, a significant issue from the
regulatory side is variability in the fire curves selected and used from one project to another and one fire
to another. More on design fire curves and data can be found in Section 8 of this report.

When conducting consequence analysis, it is important to consider the dynamic conditions of fire
development and target response in an integrated manner. Currently, for example, safety of building
occupants is often estimated via the (RSET/ASET) concept. While this can be appropriate if applied
correctly (that is, considering each occupant relative to the fire as the fire and evacuation progresses), the
ASET/RSET concept is currently applied in too much of an independent manner: fire effects models are
used to estimate the time to reach untenable conditions, while separately egress models are used to
develop estimates the time required for the building occupants to reach a place of safety, and often there
is no time-based integration of the separate models and the influences on each other. In addition, current
guidelines do not contain enough guidance on how to treat uncertainty and variability: how changes in
building, fuel or human factors affects fire growth, or how human factors impact time to reach a safe
place, and overall how uncertainty impacts the results of the evaluation of fire scenario consequences.

With respect to the dynamic nature of the problem, the proposed framework focuses FPEs on the
building-occupant system, which requires integrated analysis to be conducted of the building-occupant-
fire interactions. In addition, the framework includes a forum for collaborative projects, called ‘test bed’
environments [7-9], developed to facilitate the determination of the most appropriate tools, data and
methods for FPESs to apply in order to quantify fire impacts for specific ‘building-occupant’ systems and
for specific issues such as occupant evacuation, property protection or building structural response. With
respect to uncertainty and variability, there are ways that this can be treated in a risk-informed manner.
These include use of probability distributions on input variables for fire effects and evacuation models,
and considering the cumulative probability function that is produced, such as described by Notarianni
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[16], Baker et al. [17], Lord et al. [18] and others. There are also reliability-based approaches which can
be applied, such as described by Albrecht [19-21]. Examples of how Albrecht’s are applied, and how fit
into the new risk-informed performance-based framework, are presented in Annex D and E [21].

Ultimately, when the frequency and consequence analyses are complete, the FPE can propose sets of fire
protection measures in order to minimize the occurrence of the damaging fires and mitigate the impact of
these fire events on the system performance (i.e. the consequences of the fires events affecting the system
targets). The benefits of various mitigation options, in terms of decreases of fire frequencies and impacts,
can be synthesized in a risk curve as illustrated in Figure 5, with no protection measures, and with one or

two sets of protection measures.
>g
(2)

Damage metric

»
»

Frequency of the
disruptive event

Figure 5. Impact of Mitigation Options on Risk [1, 4]

Step 5 of the new process is aimed to avoid critical situations where the fire protection measures installed
in a ‘building-occupant’ system are ignored, or ‘rejected’ by this system, potentially leading to a
catastrophe in case of a fire occurring. It does this by requiring the FPE to analyze how protection
measures are used in the ‘chronic’ state of the building so as to try and prevent the measures from being
counterproductive or ‘rejected’ by the system due to competing objectives or simple ignorance of the
operation or benefit of the safety measure by building users. An example of a ‘rejected’ measure can be
seen in the photograph in Figure 6, taken in a relatively new hotel (less than 10 years old).

Figure 6. Hotel Stairway Lobby Vestibule [1, 4]
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The photograph shows a vestibule with two fire rated doors, designed to protect the single stairwell within
the 5-story hotel, from being invaded by smoke in case of a fire [4]. The *acute objective’ is that the
closed doors will prevent smoke spread. However, the ‘chronic objective’ is to the ease of passage of
guests with luggage between the hotel rooms and elevator lobby, which is shared with the stairwell. In
this case, the ‘chronic objective’ is achieved by blocking the doors open, which negates the protection
designed for the ‘acute’ event.

Step 5 goes beyond the documentation of how the fire protection measures are designed, installed and
maintained in the current PBD processes, which primarily focus on telling the building/owner manager
what they should do to keep the protection systems operational, but do not take into account failure in the
design process (e.g., see NFPA 101 Design Scenario 8), requiring the FPE to evaluate how the fire
protection measures previously considered in the fire risk analysis would be integrated into the studied
system, in other terms, if they are going to be compatible with the system components which are used on
an everyday basis so they are not counter-productive and therefore ignored or worse rejected by the
system.

Step 6 of the technical process is for the FPE to perform a cost-benefit analysis of the fire protection
measures established during the fire risk analysis. Cost-benefit analysis is only suggested in current PBD
guidance. However, a clear aim of stakeholders is to cost-effectively mitigation fire risks in the context of
overall system performance, so this needs to be a required step. Returning to the Philips example, the fire
safety system that was in place ultimately contributed to a $2B loss: it is likely that had the expected
value of the supply chain interruption was included in the overall assessment, it would have been possible
to allocate more resource to preventing that situation.

At the end of the new risk-informed performance-based design process, a political decision is taken by the
stakeholders based upon a technical analysis by the FPE, including results from a fire risk analysis
describing how often and deep fire events would degrade the overall performance of the system, a
document showing how the selected fire protection measures would be integrated into the system and a
corresponding cost-benefit analysis of these measures.

While this framework might be unfamiliar to many FPEs, it actually mirrors quite well the risk-informed
performance-based approaches which already exist in specific industries. In the nuclear power area, for
example, the risk metric is based on core damage frequency (CDF) — not on fire in particular. The CDF is
a political ‘risk tolerance’ criteria, in the USA set by the Nuclear Regulatory Commission (NRC), and
reflects an unacceptable outcome from any ‘acute event’ (e.g., accidental failure, earthquake, attack,
whatever — not just fire), and the fire risk assessment component focuses on potential for a fire in either a
“functional zone’, such as turbine hall or control room, or a fire in a “utility zone’, such as a cable vault or
switchgear room, to result in an unacceptable outcome. The ‘targets’ in the analysis are then any system
or component that could lead to CDF, including cables, control equipment, operators, etc.

More detail on the framework and component parts can be found in the associated references and annexes
to this report. In addition, a few critical issues and associated further research needs as outlined in
Sections 6 and 7 that follow. Section 8 discusses data used and developed as part of the framework
development, with Section 9 overviewing the web-based test-bed environment discussed above.

Grant 60NANB10D228 23 Final Report



Risk-Informed Performance-Based Design

6 Risk Characterization and Analysis Issues

Tools and techniques for fire risk analysis are fairly well developed (e.g., see [22]). However, guidance
and techniques for fire risk characterization, while discussed in the literature and in guidance documents
in broad terms [22-26], is lacking at a detailed level. A possible path forward has been identified as part
of this research [1] but was not able to be advanced within the period of study. The proposed approach is
briefly overviewed below.

Since risk characterization metrics are tied to the systems they represent, a possible formulation for these
metrics is a fraction, where the numerator deals with the fire events in a defined period of time and the
denominator describes a relevant parameter of the system. Different objectives may be considered by the
different stakeholders. All stakeholders are concerned by life safety so the metric numerator should
include parameters dealing, for example, with annual deaths and injuries caused by fires affecting the
considered systems; the denominator would include some information relevant to the activity of the
occupant in the considered building. For property protection, the numerator of the corresponding metric
could include parameters describing, for example, the amount of damage due to fires, including direct and
indirect fire damage. For business interruption, the metric numerator could include the number of days
lost in production due to fire events in similar industrial systems. This approach was taken by Kobayashi
and Nozaki [27]. Table 1 presents their findings related to commercial buildings, defined in terms of four
different classes based on floor area and number of stories. Figure 7 presents the corresponding fire risk
with an estimation of the damage area as a function of annual exceedance of probability.

Table 1. Calculations conditions for example risk curves [27]

Classification Median floor area (m?) Median Number of Stories
Group "H" 36,597 10
Group "LL" 31,124 5
Group "LM" 11,239 4
Group "LS" 2,148 2
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Figure 7. Example of fire risk curves for commercial buildings [27]
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Risk matrix or fire risk curves such as the one presented in Figure 7 can be established for ‘building-
occupant’ systems, based on the corresponding fire statistics which describe the appropriate metric for
each objective considered by the project stakeholders. For example, Tsujimoto [28] presented fire risks to
Japanese occupants in residential buildings, hospitals and hotels from 1969 to 2000, as annual deaths per
10° users’ year stays in each kind of place with the corresponding metrics:

annual deaths by residential fires

Residential buildings:

population

annual deaths by hospital fires

Hospitals:

(total number of sickbeds in Japan) x (annual used rate)

annual deaths by hotel fires

Hotels:

annual total number of hotel guests

Based on these metrics, he presented the death risk a person takes at one night in each place:

. 47 ——Residence —— Hospital Hotel

s 3.5

2 3

325 -

o

2 24

e

15 -

[a]

g 1 N "*W

05 - N

< 0 \/\"v‘\/\:—l -
1970 1975 1980 1985 1990 1995 2000

Year

Figure 8. Death risk trends in selected Japanese buildings between 1969 and 2000 [28]

Particular care should be taken when aggregating buildings into a similar category. This situation is not
only due to the evolution with time of building characteristics (e.g. open space office floors versus
compartmented office floors) but also due to the evolution with time of building code prescriptive
requirements regarding fire safety. For example, Tsujimoto [29] also looked at establishing a correlation
between fatalities in hospitals and the number of beds with or without sprinklers.

Table 2. Transition of Requirement for Sprinkler Installation of Hospital (Fire Code in Japan) [28]

1961.4 patients room over 4" floor = 1500 m?

1967.7 4" floor to 10" floor; floor area more than 100 m? over 11" floor

total floor area is over 6000 m? except one-story hospital; over 11" floor; floor area more than

19736 1000 m? which floor is underground or without window
1974.6 retroactive application to existing building
1988.4 total floor area is over 3000 m? except one-story hospital
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Figure 9. Correlation between Fatalities in Hospital and Number of Beds [28]

It should be noted that some information output collected while performing research for the risk
characterization Step (e.g. information related to the characterization of fires and of the considered
systems) can be used as input for the next steps related to fire risk analysis (fire likelihood and fire
consequence evaluation). For example, while assessing information about fire statistics and past fire
events, elements of information related to scenarios, fire ignition, fire propagation in terms of frequency
and intensity of damage should also be collected. Also, within the ‘building-occupant’ system paradigm,
characteristics of the different types of systems should also be collected so to have more information
about the potential targets located inside the different parts of the systems.
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7 Consequence Analysis Issues

Most fire protection engineers (FPEs) are familiar with consequence analysis in terms of estimating
outcomes of fire scenarios via fire effects modeling and evacuation modeling, and in some cases
explosion analysis, structural response analysis and other specialized tools. However, as the use of
computational tools for consequence analysis increases, there are associated concerns with predictive
capability of the tools, both in terms of the tool itself and with respect to user decisions, including
selection of the appropriate tool for the problem, selection of appropriate input data, proper
characterization of the reliability of the prediction given uncertainty and variability of the input, and
adequately linking dynamically-related issues, such as occupant influence on fire growth and spread
during evacuation and how that is modeled [1, 8]. In a risk-informed environment, various techniques can
be applied to address variability in the overall risk prediction, as discussed in Section 5 (e.g., see [16-22]).
However, at the consequence analysis stage, it is still important to develop reliable estimates.

As discussed in [7-9], the reliability of estimates can be increased with selection of the right tool for the
problem, having reliable and consistent characterizations of the design fire, and taking care to integrate
between fire-people-building interactions in the analysis. With respect to selecting the right tool, the
decision should be made in the context of the level of accuracy needed in the prediction, predictive
capability of the tool, and the availability of input data that is representative of the scenario being
modeled. These issues are impacted by knowledge and time. As such, the ‘right tool for the job” might
change as a project develops. At the start of the project, in the feasibility and concept design phases, the
level of detail in the analysis is quite low as the FPE can only provide an idea of the measures to install
(based on the prescriptive requirements and the possible deviations to them) as data required to perform
any analysis is still scarce. If fire effects tools are needed, algebraic models are mainly used, with a high
calculation speed. During the scheme design, data related to the interior design of the building becomes
available and more sophisticated tools can then be used, such as zone models. In the detailed design
phase, the details of the project are known and 3-D simulations can be used — if needed and if time allows
— as the time for analysis is shorter as we go along the project, running these complex simulations
requires a considerable amount of time, compared to the use of previous tools, and since these tools
generate a lot of useful information, data treatment of 3-D simulations is also time consuming.
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Figure 10. Fire effects tools domains as a function of a new building project phases [7]
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Figure 10 is applicable to the whole building project. If a specific safety point is known at the concept
design phase, and if it is also known that the degree of details would require a more complex tool than an
algebraic model or even a zone model, the FPE would have to somehow obtain, from the design team, the
data needed in order to use such a more complex tool at the earlier stage. As stated previously, performing
such calculations uses significant time and resources and the results are highly dependent on the input
parameter values. Using input parameter values at the start, which in the end would be quite different
from the ones that would be finally needed, could lead to dramatic changes in the design, not only of the
fire protection features but also in the design of the building itself, and could mean expending
considerable resource for limited value.

However, if a set of 'test bed' studies existed, which reflect similar projects, the information could place
the FPE in a better position to ask the design team for needed input parameter values, or at least range of
values, based on the experience of the test bed studies. This is one focus of the Vulcan Initiative (see
Section 9), where on-line test-bed environments are envisioned to allow engineers to gain experience on
determining what level of sophistication of tool is needed for what type of problem by conducting various
exercises, and to obtain parameter values based on the exercises. An example of a parameter study which
uses this concept is described in [29].

With respect to selecting design fires, there is a concern that while some sources of data exist, such in the
SFPE Handbook of fire Protection Engineering, there can be inconsistency in which materials and
associated heat release rate curves one selects (e.g., see [30], the format required for implementation of
the HRR curve and related fire parameters into different tools, and the proper implementation by the user
of the curve and associated data into a tool [6-9]). To help address these issues, data has been collected on
fuel packages for use in fire effects modeling (see Section 8) and a test-bed environment is being created
via the Vulcan Initiative (see Section 9).

Finally, it is important that while the future is integrated tools capable of managing fire and egress
modeling, fire and structural effects, and until then, engineers need to develop guidelines on how to
conduct the dynamic analysis which integrates fire-people-building interactions throughout the analysis
process.
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8 Data

Risk-informed performance-based design is necessarily data driven. While some data sources exist, such
as NFPA statistics on fires by occupancy types, or heat release rate curves in the SFPE Handbook of Fire
Protection Engineering, the discipline still generally lacks qualified data for use in fire engineering
analysis. In this project, the team looked at developing a mechanism to facilitate collection and use of
data of all types — building configurations for analysis, fire frequency data, heat release rate curves, and
more — in an environment that is readily accessible to practicing engineers, and which can be added to by
practicing engineers, researchers and others. The mechanism is the Vulcan Initiative, as described in
Section 9. Along the way, however, data of various types was gathered, in part to populate the initial
generation of the Vulcan Initiative and well as to illustrate to others the type and level of data and
information being sought to enhance the effort.

8.1 Building Geometries

This effort resulted in the collection of the following representative building configurations for use in
performance-based analyses within the test-bed environment:

e A b5-story library, including shelves, individual booths, classrooms, storage areas, etc.

e A 3-story dormitory building including sleeping rooms, kitchen areas, etc.

e The reconstruction of the Station Nightclub, based on the simulations performed by NIST in the
NCSTAR reports

e A two-story duplex based on the simulations performed by NIST in the Keokuk fire investigation

e A high rise hospital including patient floor, operating rooms, intensive care units, cafeteria, and an
atrium

e A one-story hospital

e Several high-rise office buildings

Several of these building configurations have been formatted for fire effects analysis using FDS or other
fire effects tools, as well as for evacuation analysis with two different evacuation tools (Pathfinder from
Thunderhead Engineering Consultants and STEPS from Mott MacDonald Group). These building
configurations will be available via the Vulcan Initiative website.

8.2  Design Fire Data

As part of this project, a “HRR catalog” in the form of an Excel spreadsheet has been established to be a
free repository of information about one of the major components of risk-informed performance-based
design: the Heat Release Rate (HRR) of a fuel item. One of the main sources of HRR data embodied in
the HRR Catalog is the chapter by Vytenis Babrauskas in the SFPE Handbook of Fire Protection
Engineering (Section 3, Chapter 1 for the 4™ edition). The objective for the HRR catalog is to collect heat
release rates of “real products” or items that could be considered in an engineering analysis requiring fire
modeling. Thus, the HRR catalog contains HRR evolution with time (called “HRR curves”) of mattresses
and wardrobes or of office worker cubicles that could be used to assess the consequences of a fire in a
hotel guestroom or an office open space, respectively.
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The origin of the HRR catalog came after noticing that even if the SFPE Handbook chapter is unmatched
in terms of extent of data it provides (as it includes real products alphabetically ranging from beddings to
windows made of plastics), its printed format could be improved in the era of information technology. For
instance, publication restrictions of the SFPE Handbook generate updates every few years (3" edition:
2002, 4" edition: 2008) and it is not practicable to devote hundreds of pages on this particular but
essential topic in a single book covering all the aspects of fire protection engineering. As a result, it was
thought that providing information on the Internet would remove these restrictions in terms of space and
content update. Attempts were made and webpages can be found but, unfortunately, instead of expanding
the paper format, these webpages condensed even more the information presented in the SFPE Handbook
under the form of tables.

Within the Vulcan Initiative, participants would have the opportunity to help implementing a database or
catalog for heat release rates. A more pragmatic approach than a webpage configuration has been taken so
that the information would not be contained (and therefore restricted) to the limits of webpage
visualization but expended, as needed in separated and self-supported files. By its own nature, the heat
release rate data is graphic and consists of the evolution of the HRR with time. Other information related
to the test performed to obtain the HRR data can be associated with parameters such as the nature of the
test, time to the maximum HRR or if additional measurements were made during the test (soot, CO...).
As a consequence, it was decided to use a Microsoft Excel spreadsheet to gather all the information
regarding heat release rates of real products. Excel presents the advantage to be relatively easy to use,
widely known in Academia and work environment and with the latest version, it is possible to share the
same document “on the Cloud” so that a single document is used and can be updated by multiple
participants of the Vulcan Initiative.

The organization of the contents of the HRR catalog spreadsheet, and how a participant to the Vulcan
Initiative can help implementing it for the benefits of the Fire Protection Engineering community, is
provided in Annex F.

In addition, a “Test. HHR_Catalog_raw_data” (raw data) spreadsheet has been developed. The Test HRR
spreadsheet expands on work by a WPI student [31], who had collected approximately 50 heat release
rate curves and associated information. Students in the Performance-Based Design course at WPI were
asked to add HRR curves. However, many of the students deviated from the given format so a decision
was made to compile all of the HRR curves into a single spreadsheet of ‘raw data’ to be formatted at a
later time. This ‘raw data’ spreadsheet contains more than 200 potential items, which can be formatted to
the now established templates included in the HRR_Catalog spreadsheet. The ‘raw data’ spreadsheet is
submitted as to prove how potentially efficient collaboration can be between the engineering community
who needs easy to use data and Academia who has the resources to deliver such data. Students joining the
engineering community would also know that this data exists and how to use it.

The ‘HRR catalog’ and ‘raw data’ spreadsheets are provided separately.
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9 Vulcan Initiative

The Vulcan Initiative was created as a way to facilitate the establishment of guidelines for each technical
step of the new risk-informed performance-based design process as elaborated in this report. In brief, it is
a web-based portal where participants can access data, conduct analyses in test-bed environments, and
upload data for use by others. The Beta web site contains the structure with which one can upload a
‘project’ for analysis and selected input sheets for data. A project contains the characteristics of a
‘building occupant’ system, such as the building layout, the list of stakeholder targets.

In the Vulcan Initiative, one participant willing to apply the new PBFPD process for a particular project
will successively go through the following components: fire risk characterization will include databases
on fire statistics and on the census of specific systems, fire damage criteria will include databases on how
fire can affect people and building contents that are relevant to stakeholders for property protection or
business continuity objectives. Fire risk analysis will include tools to assess the likelihood and the
consequences of fires, as well as their corresponding databases relative to fire ignition frequencies,
reliability of fire protection measures, production of heat and fire effluents from combustible packages,
human behavior and structural response. Cost-benefit analysis will include tools to assess the cost of
installing and maintaining fire protection measures in specific systems.

Participants to the Vulcan Initiative are welcome to upload the projects of their choice, at the present time
even if there is still a lot of research to be undertaken to complete the guidelines. By doing so, they will
provide needed input data which could be used for 'test bed' environment studies described above. By
sharing the characteristics of their system and presenting the issues related to their project, these "project
owners" could be joined, in the short term, by others in the Fire Protection Engineering community
having the same issues. On the long term, they will ultimately benefit from the results of the studies as
these results will be applied to their own project or similar projects (see Figure 11).

I "Project" participants can help for one or several of the PBFPD process steps I

y y y y y y
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

"Project" participants
get the results of the
PBFPD process

"Project owner"
uploads input data

(system i
Tasks related to a "project"

Figure 11. Organization of a "project" in the Vulcan Initiative [9]

Examples of projects included in the Vulcan Initiative site include a hospital, a high-rise hotel and a mall,
created in academia, from the Worcester Polytechnic Institute (WPI), USA. The 5-story hospital was
based on an actual building design, modified with specific features such as a “function space,” so as to
allow students experience in assessing different fire scenarios and evacuation, protect in place and
relocation scenarios. The 30-story high-rise hotel with associated convention space was developed at WPI
to provide an environment within which to have students assess such factors as fire scenarios, evacuation
schemes and mitigation measures (such as smoke exhaust in atria and meeting spaces). The 3-story
shopping mall was likewise developed at WPI to have students assess such factors as fire scenarios,
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evacuation schemes and mitigation measures (such as smoke exhaust and material control). These
projects can serve as examples for future students, and new projects could be added to the Vulcan
Initiative using these configurations and associated data. WPI hopes to be joined by other institutions
around the world, as well as tool developers, architects, code officials and others, from whom advice
could be requested and interaction in the virtual environment can help address 'real world' issues and
facilitate development of new detailed guidelines as outlined above.

The structure of the Beta version of the Vulcan Initiative website (http://www.vulcan-
initiative.net/index.html) can be found in Annex G and H. It is expected that the Vulcan Initiative website
will be modified extensively in the coming years.
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10  Outcomes, Ongoing Efforts and Recommended Future Research

As with any research effort, what can be done within a particular period of effort does not reflect the
totality of the impact and opportunities which follow the initial efforts. Such is the case with this project,
where outcomes are just beginning to influence future direction, ongoing efforts are underway to further
develop concepts, and pathways for future research in this area have been developed.

10.1 Outcomes

This report has summarized the major outcomes from this research effort. In brief, a new framework for a
risk-informed performance-based approach to fire safety analysis and design has been proposed. It is
structured around a paradigm in which the performance analysis is conducted relative to the performance
of a building-occupant system within a broader context of the managing risk of an acute event (e.g., fire)
on the chronic state of the system. It proposes development of specific guidance for building-occupant
systems, nominally structured around real building occupancy and daily use issue, which:

e Provide detailed directions as to how to characterize the risk

o Adequately identify targets and vulnerabilities, both direct and in-direct,

o Better assess and mitigate the likelihood of disruptive events impacting the desired performance of
the building-occupant system, and

o Develop mitigation strategies which are cost-effective within the context of the overall building-
occupant system.

In addition, a test-bed environment has been proposed — the Vulcan Initiative — with a Beta version web
portal developed, to facilitate a common location for data and information in support of risk-informed
performance-based design. A key feature of the website when completed will be the ability for
practitioners, students and others to interactively use building geometries, data and analysis tools to gain
and share experiences in the application of the new process.

To support the use of the web-based test-bed environment, data have been collected and made available
on heat release rate curves and associated information as part of a database on design fire curves, and a
selection of building geometries for use fire effects, evacuation and other modeling and analysis have
been compiled. Case studies related to test-bed environments are being assembled as well.

To date, more than ten publications have been developed as part of disseminating information about the
development of the framework, the paradigm shift, the test-bed environment and the web portal.

10.2 Ongoing Efforts

Even though the funded part of this effort is now over, unfunded work by various team members
continues to be undertaken due to their dedication to the advancement of the concepts and dissemination
of information developed in this project. Work continues, for example, on guidance for risk
characterization, development of HRR data, parametric studies [29], and collection of geometries and
case study examples for use in the Vulcan Initiative test-bed environment.
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In addition, concepts related to risk characterization, focus on targets and vulnerability criteria for targets,
better characterization of scenarios of concern based on risk characterization, and more robust data for
design fire characterization have been introduced to the SFPE Standards Committee on Design Fire
Scenarios for consideration in development of future standards. Similarly, discussions have been held
with members of ISO TC92 SC4 with the aim of introducing outcomes of this research into the ISO
standards on fire safety engineering.

10.3 Recommended Future Research

There are several areas which need additional research and development to facilitate adoption and use of
the new framework for risk-informed performance-based design for fire.

The Vulcan Initiative and associated web portal need to be advanced and developed to facilitate its use as
a repository and access point to guidance, data, tools and test-bed environments and outcomes in support
of risk-informed performance-based design for fire. Ideally a sponsor, such as the Society of Fire
Protection Engineers, NIST or other, who sees benefit to the portal, will be able to assist and perhaps take
over management of the site in the future.

A better-defined approach to risk characterization is needed. While the foundations have been laid in
terms of the building-occupant system and disruptive event paradigm, guidance for how stakeholders can
appropriately characterize fire risk within this paradigm is needed.

Data on frequency of fire ignition, spread and impact are needed, as are data on system reliability and
availability. While national data, such as from the NFIRS system on number of fires per year helps, it is
often presented by occupancy groups that lump distinct “building-occupant” systems. Besides, more data,
such as is available in the insurance industry, is needed to estimate performance indicators related to
property protection and business continuity, as well as fire protection system reliability and efficiency.
This is for the risk characterization as well as the risk analysis components

Guidance on development of scenarios and quantification of design fires for use in analysis is needed.
While efforts such as those by the SFPE Standards Committee on Design Fire Scenarios are tackling this
within the construct of the existing PBD paradigm, different guidance is needed for use within the
building-occupant system and disruptive event paradigm. In fact, guidance (and data) relative to each step
of the new framework — focused on specific building-occupant systems — is needed. (The Vulcan
Initiative and associated web portal is hoped to be one mechanism for facilitating development of this
guidance).

Ultimately, as data are collected, case studies undertaken, and experience is gained within the Vulcan
Initiative, specific recommendations for code changes relative to building risk and performance levels,
target vulnerability criteria, design fires and more can be developed.
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11  Summary and Conclusions

Performance-based building codes have been implemented in numerous countries world-wide. In
addition, performance-based approaches to fire safety analysis and design are widely used, both in
countries with performance-based building codes as well as those with prescriptive-based codes.
However, most building codes — prescriptive- or performance-based — lack quantitative risk, safety or
performance criteria, and decisions regarding acceptance criteria often rests with the fire protection
engineer and design team, often with no benchmarking against other buildings. As a result, there is a high
degree of variability in fire engineered building design solutions and in the review and approval of these
solutions, and therefore in the levels of fire safety provided in buildings that have been designed using
performance methods. There have been few fire-related failures that can be attributed to “unacceptable”
fire safety performance being delivered under the current performance-based fire safety design
framework. However, performance failures under prescriptive codes and in other regulated areas,
perceived quality concerns, and a desire to be more transparent have motivated several countries to try
and better understand and quantify the level of fire safety and performance being provided in deemed-to-
satisfy solutions (acceptable solutions, approved documents) and to establish quantitative measures for
use in next generation performance-based building codes and performance-based fire safety design
approaches.

In order to help address issues of risk and performance quantification, this effort has advanced a new
framework for a risk-informed performance-based approach to fire safety analysis and design. It is
structured around a paradigm in which the performance analysis is conducted relative to the performance
of a building-occupant system within a broader context of the managing risk of an acute event (e.g., fire)
on the chronic state of the system. It proposes development of specific guidance for building-occupant
systems, nominally structured around building use and occupancy issue, which provide detailed directions
as to how to characterization the risk, adequately identify targets and vulnerabilities, both direct and in-
direct, better assess and mitigate the likelihood of disruptive events impacting the desired performance of
the building-occupant system, and develop mitigation strategies which are cost-effective within the
context of the overall building-occupant system.

In addition, a test-bed environment has been proposed — the Vulcan Initiative — with a Beta version web
portal developed, to facilitate a common location for data and information in support of risk-informed
performance-based design. A key feature of the website when completed will be the ability for
practitioners, students and others to interactively use building geometries, data and analysis tools to gain
and share experiences in the application of the new process.

To support the use of the web-based test-bed environment, data have been collected and made available
on heat release rate curves and associated information as part of a database on design fire curves, and a
selection of building geometries for use fire effects, evacuation and other modeling and analysis have
been compiled. Case studies related to test-bed environments are being assembled as well.
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ABSTRACT

Review of decades of worldwide experience using standards, codes and guidelines related to performance-based fire
protection design for buildings has identified shortcomings in the interpretation, application and implementation of
the performance-based design process, wide variation in the resulting levels of performance achieved by such
designs, and several opportunities to enhance the process. While others have highlighted shortcomings in the past, as

well as some ideas to enhance the process, it is proposed that a more fundamental change is needed.

First, the political and technical components of the process need to be clearly delineated to facilitate better analysis
and decision-making within each component. Second, the process needs to be changed from one which focuses only
on fire safety systems to one which views buildings, their occupants and their contents as integrated systems. In
doing so, the activities associated with the normal operation of a building and how they might be impacted by the
occurrence of a fire event become clearer, as do mitigation options which account for the behaviors and activities

associated with normal use.

To support these changes, a new framework for a risk-informed performance-based process for fire protection
design is proposed: one which is better integrated than current processes, that treats a fire event as a disruptive event
of a larger and more complex "building-occupant™ system, and that provides more specific guidance for engineering

analysis with the aim to achieve more complete and consistent analysis.

This Ph.D. Dissertation outlines the challenges with the existing approaches, presents the "building-occupant”
system paradigm, illustrates how viewing fire (or any other hazard) as a disruptive event within an holistic
"building-occupant” system can benefit the overall performance of this system over its lifespan, and outlines a
framework for a risk-informed performance-based process for fire protection design. Case studies are used to
illustrate shortcomings in the existing processes and how the proposed process will address these. This Dissertation
also includes a plan of action needed to establish guidelines to conduct each of the technical steps of the process and
briefly introduces the future work about how this plan could be practically facilitated via a web-platform as a

collaborative environment.



EXECUTIVE SUMMARY

Performance-based design (PBD) approaches are being developed for numerous engineering disciplines, including
mechanical, structural, and fire protection engineering. Allowed nowadays in the building regulatory framework of
more and more nations, the application of these approaches has made possible real innovative and aesthetically

pleasing as well as safe, efficient and cost-effective building designs.

However, PBD approaches are still not as widely applied as some predicted two decades ago. In part, this is because
the political and technical aspects of PBD have been intertwined. This creates challenges as approaches and

solutions to political and technical challenges can be quite different.

The decision to apply PBD approaches instead of following the prescriptive requirements of building codes is a
political choice agreed among the different building stakeholders, who may have different (if not competing)
objectives related to the buildings performance. In addition, final selection of a design option is also a political
decision, in this case of the client, which should be informed by engineering analysis but not made by the engineer.

In the political sense, then, the application of current PBD approaches for fire remains limited, as:

- The building design team can be reluctant to use a PBD approach, as when compared to the strict application of
the prescriptive code requirements, it can be quite costly in terms of time and resources while its outcome may

be rejected by enforcement officials, leading to more delays, more spending and alterations of the initial design.
- The regulators and enforcement officials express various concerns with PBD, including:

e Selection and use of performance criteria, which should be a policy decision, but is currently largely a
technical decision made by the FPE, usually with agreement of project stakeholders, as they are not

regulated.

e The comparison of a building safety level established through application of a PBD approach with the one

established by the prescriptive requirements.
e The validation of the tools, data and methods used in the PBD approach.

On the technical aspect of fire protection engineering, it should be noted that while having a solid research base, this
discipline has not yet reached a mature state. When academic programs started to be established in the 1970's, their
main focus was to incorporate research results in the understanding of fire phenomena. Nowadays, they have added
modules including risk concepts and human behavior. In spite of these abundant research results, the transfer of
information from research into practice suffers from the inertia intrinsic to practitioners, policy makers and law

enforcers when confronted with new engineering methods and concepts.



In the 2000's, the publishing of performance-based fire protection design (PBFPD) documents including guides and
guidelines from fire protection engineering societies (e.g. Society of Fire Protection Engineers) or international
committees (e.g. International Organization for Standardization or Inter-jurisdiction Regulatory Collaboration
Committee) as well as codes and standards embodied in some national regulations (e.g. Sweden, New Zealand and
Japan) appeared as a benefit but turned out to be a drawback to the dissemination of PBD approaches. For instance,
the PBFPD processes currently included in codes, standards, guides and guidelines were written at a time when it
was a priority to introduce the global concepts of the PBFPD process, to model all the phenomena, and to determine
and assess the influence of critical components of the PBFPD process. With this purpose in mind, they had to be
generic in order to be used as widely as possible. This generic attribute of all the PBFPD documents, initially
looking for uniformity in the application of their respective PBFPD process, led to a diversity of results from fire
protection engineers who, used to follow prescriptive requirements, might not fully understand how the generic
concepts were to be applied to specific and innovative projects.

As an engineering discipline, fire protection engineering relies on the utilization of tools and models in order to
quantify relevant parameters describing the fire phenomena themselves, occupant evacuation and structural
response. Since property protection, business continuity, heritage preservation and environmental protection are
objectives of potential interest for a building project stakeholder, fire protection engineers, if not directly assessing
relevant parameters unique for taking into consideration these objectives, still needs to communicate with the
corresponding experts and to incorporate their assessment into their own assessment. In other terms, fire protection
engineering has expanded to become a real inter-disciplinary field, which means that not only fire protection
engineers have to keep up to date with fundamental research in their main disciplines (e.g. fire dynamics, fire
modeling) but they are required to constantly expand their knowledge to other disciplines, as well as being aware of

innovations occurring in the built environment with new materials and new construction practices.

Engineering calculation methods are presented in only a few regulations, usually as recommended practice, but are
limited to particular and isolated part of the whole engineering problem (e.g. temperature and velocity in an
unobstructed and axisymmetric fire plume). Fortunately, along with the development of computer science, tools
were developed to assess temperature profiles and smoke transport for simulated user-input fires, with more or less
definition of the complexity of the building geometries (e.g. atrium space, multiple rooms and multiple floors) and
specificities (e.g. mechanical ventilation). Evacuation tools, dealing with human behavior and structural response
tools were also developed on their own. Unfortunately, all these tools provided with a more or less easy-to-
implement graphic user interface, remain research tools with relatively limited validation domains, and their use in
PBD application requires fire protection engineers to have a good understanding of the uses and limits of the tools,
especially when they need to combine the different results from each tool for their global engineering analysis. User
effects as well as the need to apply these tools for configurations they were not tested or designed for, raise
skepticism and concerns from the authorities having jurisdiction when judging the validity of the PBD application

process which is still largely dependent on the calculations performed with these tools.



Recognizing this wide range of expectations, concerns and challenges related to the use of current PBFPD
processes, the research presented in this Ph.D. dissertation identifies a path forward for advancing performance-

based fire protection design and the fire safety engineering profession, founded on three fundamental concepts:

1. Fire protection engineers need to make a paradigm shift from one in which fire is the center of the problem, to
one in which building performance metrics are evaluated in the case of fire events. This paradigm shift is
necessary because current PBFPD guidelines are so focused on design fire scenarios, to the extent that fire
protection measures deemed appropriate at the time of design might not be the most appropriate when
implemented in a building, that key aspects of resultant fire protection designs might be ignored or worse
"rejected" by the occupants of the building when needed the most, since fire is not a daily concern of building
occupants. Fires, as with earthquakes, floods or even terrorism, instead have to be seen as one of many potential
‘acute’ disruptive events that may occur during the ‘chronic’ lifespan of a building. In consequence, fire
protection measures should be an integrated part of a "building-occupant™ system formed by specific building
types, the activities being undertaken in the buildings, and the building occupants in order to limit the effects of

fire events on the overall performance of the system, which is the main concern of the system stakeholders.

2. To assess the effects of fire or any other disruptive event on the overall performance of the building-occupant
system, and result in a mitigation strategy which considers the impact of the ‘acute’ event within the ‘chronic’
lifespan of a building, a system-specific, risk-informed performance-based process has been established. This
process clearly separates the technical aspect related to the tasks engineers have to perform (acute impact
analysis) from the political aspect which determines the normal (chronic) performance expectations of the
system stakeholders, including the level of degradation in building performance that the stakeholders would
accept in the case where disruptive events affect their system. As a consequence of this separation, the technical
stage of the process becomes transparent, both for stakeholders who establish the performance targets (political
decision) and for the engineers in charge of the evaluation of the disruptive effects on the system performance

(technical analysis).

3. To facilitate the paradigm shift and successfully implement the new risk-informed, performance-based
guidelines for use within the building-occupant systems framework, detailed guidelines are needed for a broad
set of building-occupant systems. While development of such guidelines was outside of the scope of this Ph. D.
research, since it requires the participation of many different actors, time and resources that are not compatible
with a single Ph.D. program, a plan of action is proposed to facilitate creation of the guidelines for each of the
technical steps of the risk-informed, performance-based process for specific "building-occupant” systems. As
future work, a web-platform dedicated to facilitating and speeding up the execution of the plan, is being

developed and will follow the publication of this Ph. D. dissertation.
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