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EXECUTIVE SUMMARY

Wiss, Janney, Elstner Associates, Inc. (WJE) and Crux Consulting (Crux), the "Consultants,” are pleased to
present this report to the Minnesota Department of Labor and Industry (Client) documenting the risk-
informed approach (RIA) used to study multi-family residential dwelling buildings, hereafter referred to as
"MFDs,” with a single-exit stairway.

The Minnesota Legislature mandated a data-driven study to evaluate conditions under which apartment
buildings with a single means of egress above three stories and up to 75 feet in height could,achieve life
safety outcomes equivalent to or better than those required by the current Minnesota Building.€ode
(MBC). The Client created a Technical Advisory Group (TAG) that consisted of architects;, code officials,
developers, fire fighters, fire marshals, fire protection engineers, and housing@xperts,andto helpguide
the Consultants during the study.

This report does not address single-family homes or other buildings governed By, the Minnesota
Residential Code and Minnesota Building Code. As confirmed with TAGgthis studyfecidses on
representative building geometry and fire protection features and systems and does hot address
individual human behavior and individual fire department responsesAdditionally, this report does not
define acceptable risk or safety levels or propose directduilding code language; those decisions remain
with policymakers in the State of Minnesota.

Methodology

To conduct this analysis, the Consultants utilized a multi-faceted approach that included meetings with
TAG members to understand their perspectives asavell as reviewing fire event data for MFDs. Using this
information, the Consultants applied an RIA that involved the following steps:

m  Review literature and datafto understand the different types of multi-family residential buildings
currently allowed by the!MBC, fire loss data, the role of equipment reliability, and identify limitations
to the RIA and associated data.

= Align with the TAG on‘the use ofithe RIA, identify code-compliant and “prototype” MFD
configurations, and define thefire scenarios and consequence used in the comparative analysis.

= Developfour building geometries used in this study: (1) a code-compliant 8-level building with two
exit stairways; (2)rarcode=compliant 4-level building with a single exit stairway; (3) a prototype 8-level
building,16,000:square feet (sf) per level, with a single exit stairway; and, (4) a prototype 8-level
building, 4,000 sfper level, with a single exit stairway.

= Prepare an event tree based on the data reviewed and input from TAG to quantify the likelihood of
different,end states occurring based on select mitigating systems identified by data succeeding or
failing. For the purposes of this analysis, a fire ignition was assumed to have occurred, i.e., a
probability of 1.0, an assumption supported by the TAG.
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This conditional probability approach allows for comparison of the efficacy of fire protection features
and systems without introducing the significant uncertainty associated with trying to estimate
frequency of fire ignition, which is not reported nationally or in Minnesota. As discussed with TAG, the
consequence is the point when agreed tenability limits are reached in egress pathways, such that
further evacuation through that space may not be possible, provided occupants are notified of a fire
by a building system, OR if occupants fail to receive an evacuation cue from a building system.
Determination of the consequence for each scenario involved a combination of fire and evacuation
modeling, or simple correlations based on engineering judgment

Characterize the relative importance of the mitigating systems to the overall riskias defined'within and
quantify the uncertainty of the risk estimate. The objective of this report is not to generate an
absolute risk to predict the likelihood of certain consequences from occufring in‘different MEDs;
rather, the objective is to use an identical RIA to generate a conditional‘risk for different MFDs and
understand how the different building geometries and mitigating systems'‘cempare to one another.

Provide recommendations based on the data to help inform decision.making bysthe Minnesota policy
makers.

Conclusions

After reviewing the data and conducting the analysis, the Consultants have the following conclusions.

1.

The MBC permits smoke detectors to be removed fromicommon means of egress within MFDs if the
MFDs are protected throughout by an automatic sprinklersystem. Providing smoke detectors in
common egress areas of fully-sprinklered MFDsgsuch as corridors, would provide a diverse means of
activating the building fire alarmfsystem that is independent from the sprinkler system. The addition
of the common area smoke detectors would reduce the comparative risk of the prototype single-exit
stairway MFDs (Building 3fand Building 4) to be less than or equal to that of a code-compliant single-
exit stairway MFD.

The most risk-significant failufe is the sprinkler system failing to flow. Creating a more robust
inspection, testing andymaintenance program consistent with NFPA standards will increase the
reliability of a sprinkler system, to flow on demand and for building occupants to be notified. Based on
the MFIRS datajthe current observed mean reliability of a sprinkler system flowing on demand is
approximately 88%. If this reliability can be increased to approximately 96%, the estimated risk of
bothrprototype single=exit stairway MFDs (Building 3 and Building 4) would be less than or equal to
that of a single-exit stairway MFD compliant with the MBC having the observed sprinkler system
reliability.

A properly operating automatic sprinkler system provides the most significant comparative risk
reduction‘impact.
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The number of exit stairways factors into the risk calculation only when the sprinkler system has failed
to control the fire, AND when the door to the dwelling unit of fire origin is open, AND when the exit
stairway door on the floor of fire origin is also open.

a.  When this occurs in single-exit stairway MFDs, the exit stairway is no longer tenable for the
building occupants. For multi-exit stairway buildings, the occupants have the ability to use the
unaffected exit stairway.

b. The risk of this scenario has a small contribution to the overall comparative risk profile given
the multiple failures (sprinkler system, dwelling unit door, stairway door) that need to occur.

Almost 97% of the comparative risk for each scenario reviewed can be attributed to the sprinkler
system failing to flow on demand (End State 8 in the event tree) due to:

a. No water to control or suppress the fire;

b. No flow in the sprinkler system to activate the waterflow switch that activates thesbuilding'’s
fire alarm system to notify occupants to evacuate; and,

c.  No activation of fire alarm panel results in no signal to initiate the firexddepartment response.
Taken in combination, if occupants do not receive a building system cue to evacuate, the analysis
assumes that they remain in their dwelling units where they are likely,either defended in place or
rescued by fire fighters. This makes the consequence withinfthe building,and associated risk-informed
comparative results strongly tied to the performanice of the sprinkler'system and the total number of
occupants in the building potentially exposed to untenable conditions. Thus, reliable fire sprinkler
systems are important building systems for fire risk mitigation measures.

In the scenario where the sprinkler system fails to controlithe fire and the door to the dwelling unit of
fire origin is left open, the combustion products can freely flow into the corridor. The corridor
volumes in the single-exit stairway MFD buildifigs are expected to be sufficiently small such that the
corridor becomes untenable befare an occupant can begin to evacuate, affecting all occupants on the
floor where the fire originated. Thus,xeliable door closers are important fire risk mitigation measures
if the sprinkler system fails.

In the scenario where the sprinkler system fails to control the fire and the door to the dwelling unit of
fire origin in a single=exit stairway MFD is left open, AND the exit stairway door is open, the
combustion products canfreely flow into the stairway. Given that the corridor volume is expected to
be sufficieftlyismall, thefexit stairway quickly fills with smoke and becomes untenable before
occupants make the degcision to evacuate. In this scenario, all occupants in the single-exit stairway
building fail'te evacuate,"However, occupants on floors other than where the fire originated in
Mmultiple-exit stairway MFDs can use the unaffected exit stairway to egress.

The Consultants have proposed no modifications to the MBC for residential MFDs, Group R-2
occupancies per the MBC, for construction type requirements based on height and area, fire
resistancedratings of structural elements, dwelling unit separations and corridor separation
requirements. The Consultants did not find adequate data to calculate the risk impact of the
construction type.

Page | 4



W] E Minnesota Single-Exit Stairway Apartment Building Study

Crux(

CONSULTING

State Minnesota RFP 2000016452 Response

10.

The Consultants reviewed mitigation measures where the risk of the prototype MFDs exceeded the
baseline risk of code-compliant buildings using the event tree. While many concepts were evaluated,
it was not an exhaustive evaluation of all possible mitigation measures. Instead, the focus was on
measures where the available data could support quantitative evaluations to compare the risk of the
various prototype building geometries, as documented in the Recommendations. These and other
options are ultimately up to Minnesota policy makers. If other options are selected, a similar
evaluation is suggested to be conducted, noting that significant subjective engineering judgement
would likely be necessary due to the lack of available data.

The lack of available data on fire service operations in single-exit stairway buildings and comments
from TAG reinforce that tactical response questions remain for effectively fighting fires in a single-exit
stairway buildings more than three stories in height. However, the egressimodeling demonstrates
that the issue of cross-flow within the prototype single-exit stairway MED building'is notasignificant
factor due in part to the limited building height and number of occupantsiin buildings.

Recommendations

To reduce the estimated risk of the prototype MFD single-exit stairway building to less than or equal to
that of a code-compliant single-exit stairway MFD, the following recommendations were developed for
the Minnesota policy makers to consider on an individual basis.

1.

Provide smoke detectors in the common means of egress of MFDs more than three stories in
height.

Providing smoke detectors in common egress areas of fully-sprinklered MFDs, such as corridors,
would provide a diverse means ofiactivating the building fire alarm system that is independent from
the sprinkler system. The addition of the common area smoke detectors reduces the comparative
risk of the prototype single-exit stairway MFDs (Building 3 and Building 4) to be less than or equal to
that of a code-compliant single-exit stairway MFD.

Increase enforcément of NFPA 25 and NFPA 72 inspection, testing, and maintenance (ITM)
requirements in singlezexit MEDs more than three stories tall.

Create a more robust ITIM program to increase the reliability of a sprinkler system flowing on
demand. Based on the MFIRS data, the current observed reliability of a sprinkler system flowing on
demand isiapproximately 88%. If this reliability can be increased to approximately 96%, the
éstimated riskiof either prototype single-exit stairway MFD (Building 3 and Building 4) would be less
than or equal tothat of a code-compliant single-exit stairway MFD having the observed sprinkler
system reliability. The ITM program for MFD buildings should also include periodically inspecting
that'dwelling unit and exit stairway door closers function properly, and that doors are not propped
open.
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INTRODUCTION

Wiss, Janney, Elstner Associates, Inc. (WJE) and Crux Consulting (Crux), the "Consultants,” are pleased to
present this report to the Minnesota Department of Labor and Industry (Client) documenting the risk-
informed approach (RIA) used to study multi-family residential dwelling buildings, hereafter referred to as
“MFDs,” with a single-exit stairway up to 75 feet in height. This study is a result of the Minhesota
Legislature’s recently adopted legislation mandating a study of this issue. The text of the legislation is
included in Appendix A.

Various organizations have documented the issue of a national housing shortagéithat hasygarnered
increasing headlines in recent years."?3 Several factors affect the cost of hausing, including local zoning
laws, construction costs, land availability, requlatory compliance, and interest'tates. Some housing
advocates have cited the current limitation on single-exit stairway buildings as afactor affecting the cost
of construction of multi-family buildings that could purportedly be addressed by inctéasing the allowable
height and area for single-exit stairway MFDs, resulting in reduced construction costs, more usable floor
area, and more flexibility for infilling urban lots.**

The Consultants were tasked with reviewing data andfconducting, this analysis to provide information to
the Minnesota policy makers so that they can make a moerehformedsdecision on potential changes to the
Minnesota State Building Code to allow taller and / or larger floor plan area single-exit stairway MFDs.
The conclusions within this report are based upon an analysis‘of data on MFD fires, input from project
stakeholders, and the application of sound fire protettion principles. The RIA evaluates two example
code-complying MFDs to define a benchmark risk-That same RIA is then applied to calculate the risk of
two prototype single exit stairway' MED, buildings up to 75 feet in height. Where the risk of the prototype
MFD exceeds the benchmarkdifferent mitigating systems are considered to reduce the prototype
buildings' risk equal to or less,than that of the benchmark allowed by the Minnesota Building Code (MBC).

The risk-informed appreach for this comparative assessment is a simplification of reality and building
behavior for comparative contextualization and should not be used as an absolute metric for predicting
building risk orthe individualfriskte,an occupant within the building.

Further, this'teport does noticomment on defining an acceptable level of risk or safety and does not
providedanguagedfor potential direct adoption into the MBC. Those tasks are left to the policy makers in
thesState of Minnesota.
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BACKGROUND
Single-Exit Stairway Buildings

The increased utilization of single-exit stairway MFD buildings has received increasing national attention
as a means to help alleviate the housing shortage in the United States.® Other states and cities have or are
also looking into this topic, including the States of Colorado,” New York,® and California,® and Dallas.™®

The cities of Seattle and New York City have allowed single-exit stairway MFD buildings that exceed the
height currently permitted in the Minnesota Building Code for many years. For example, Seattle has
allowed some version of single-exit stairway MFD buildings since about 1977, with a‘current allowance of
six total stories above grade plane where not more than five stories of a MFD building are served by'the
single-exit stairway with additional specific conditions.” Additionally, New Xork City has allowances for
single-exit stairway residential buildings dating to at least 1938, with currentiallowances for a six-story
building having not more than 2,000 square feet per story, provided the buildingyis of Type | or Type Il
construction.™

There have also been several studies conducted,’ a national symposium,!* articles published,''6 and
changes proposed to the MBC and the model Internatiopal Building Code (IBC) related to single-exit
stairway building designs'” to help reduce the cost of €onstruction and increase useable building area.

Specifically, some studies have explored increasing the limitations of'single-exit stairway MFDs with
advocates citing the benefits to affordable housing and the'safe records of mid-rise residential buildings,
but with fire safety advocates concerned about a reduced levelof fire safety in such buildings.'®1%2° Some
studies®' cite the height to which single-exit stairway tesidential buildings are allowed in other countries
as a foundational argument, and some include qualitative risk assessments to attempt to quantify the
impacts of such proposed changés.

However, much of the previéusly publishedwork by others generally lacked adequate technical support
using fire data, system reliability.data, consequence analysis and input from stakeholders. The State of
Minnesota has commissioned this study to provide additional context via its request for proposal for this
Single-Egress Stairway ‘Aparttent Building Study. This study differs in that it analyzed state and national
data, used riskanalysis toolsdo evaluate the different building geometries and received input from an
advisory greup of stakeholders organized by the State of Minnesota, the Technical Advisory Group (TAG).

For context,the MBC is based upon the IBC, one of several of its “model codes” published by the
International Code Council (ICC), a non-governmental, not-for-profit organization consisting of building
officials, fire officials and other industry professionals, developed through a governmental consensus
process.Marious states, cities and other jurisdictions adopt the ICC model codes with amendments
reflecting thegurisdictions’ unique needs and conditions. The IBC reflects the complex, layered approach
to fire protection as documented in the several hundred pages that provide detailed design and
construction requirements.

The ICC revises the IBC on a three-year cycle. This revision process typically includes revisions to existing
language and occasionally adds new sections but rarely starts with a “clean-sheet” approach looking at
things in a comprehensive manner, i.e., a "systems approach,” that considers the role of each element
working together. See Appendix B for more information.
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The development process of the model codes tends to layer design requirements in part because an
acceptable level of risk is not quantitatively specified. Additionally, advancements in reliability and
effectiveness of today’s passive and active mitigating systems are not generally evaluated in the context
of an "acceptable” level of building risk representing a consensus among stakeholders.

The requirement for two independent means of egress from most buildings has been built into the U.S.
building codes for decades. Many pivotal fire events over the past 150 years have served as a basis for
such requirements. At the same time, however, many fire safety requirements have recently been added
to building codes as well, related to fire compartmentation, fire sprinklers, fire detection, andimore.
Unfortunately, little analysis within the building codes of how well two-exit stairway‘buildings perform in
fires has been conducted, so data and rationale for modifying the two-stairway requirement are often
found lacking. In many cases, the tendency is to focus on a second stairway_ as being.a redundancy,
eliminating a potential single point of failure, without looking specifically atitwo-stairway. buildings that
fail, and identifying the major risk contributors (and risk mitigations). For example, both non-sprinklered
two-stairway MFDs?? and single-exit stairway MFDs can fail to safeguard.occupants:?> Aldata-driven RIA
can help add context to the features and systems in the building codes'are most significant in reducing
fire risk associated with this case.

Risk-Informed Approach

Building fire safety decisions are complex, even when data are availablé. They involve understanding and
managing fire impacts to achieve multiple objectives with“respect to protection of people (occupants,
emergency responders), property, operations, historic fabric and the environment. One needs knowledge
of the intended use of the building (e.g., residential public assembly, industrial), the hazards associated
with the use, the characteristics of thé occupants, and other important design objectives, such as
structural stability, occupant comfort,;and energy sustainability. Numerous parties have a stake in
developing building fire safety/decisions, from developer to occupant, lender to insurer, regulator to first
responder. There are often iumerous regulatory requirements that must be met in the planning, design,
construction, and operational stages of a building’s life. To achieve desired fire safety, performance, or risk
outcomes in such a complex sociotechnical system, many items must come into balance.??

To reduce the number of decisionivariables for a large percentage of building designs, current practice is
to codify basic building performance expectations into regulations, codes and standards. How this is
accomplishedean vary. based\on whether the building regulatory system is performance-based (or
functioh="omoebjective-based), such as in England, Australia or Canada, or prescriptive-based, such as in
the USA. In a performance-based system, the building regulation (or “code”) identifies functional or
performance objectives and allows engineering analyses to demonstrate that acceptable performance has
been achieved, geither directly or via a simplified compliance approach (i.e., deemed-to-satisfy solutions or
verification miethods). In a prescriptive-based system, requirements are largely specified in detail, but
"alternative” designs to the specified requirements are allowed, where the benchmark for acceptability of
the alternative design is “equivalent” safety, performance and/or other factors.2¢

However, regardless of whether one is working within a performance- or prescriptive-based system,
getting agreement on “acceptable” performance based on engineering analysis for a specific building can
be challenging, since high-level criteria defining (or benchmarking) acceptable performance, risk or safety
are often lacking.
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This is particularly the case for fire, since most building regulatory systems do not include system-level
performance metrics, such as an overall building fire safety tolerable risk level. This results in complicated
discussions around how acceptable performance, safety or risk will be ultimately determined, what data
and methods are acceptable for use in the analysis, and how uncertainty and unknowns are to be treated.
This need has spawned a plethora of fire safety design guidelines over the past 30 years.27282°

This same situation exists when considering regulatory changes associated with building fire safety
performance. Because the regulations (model codes) lack definitive criteria defining acceptable
performance, safety or risk, there is often not a common basis for decision-making when a regulatory
(code) change is proposed, and so each stakeholder in the process may define key parameters differently,
different data and methods may be used, different acceptability targets may be selected; and so forth. In
addition, building codes establish minimums that apply generally to classes.of buildings, with the'aim to
manage risk to a societally tolerable level. This means not every individual can be assured of having the
same level of risk, but on average, the level of risk for all is deemed by the adopting authority to be
tolerable. Unsurprisingly, disagreements can be common when comparing risk reduction options. Lacking
a common system-level metric for building fire safety in building regulations, one approach that can be
helpful in decision-making for both individual building fire safety designiand for building fire safety
regulation is the application of a risk-informed approachy(RIA).307"32

An RIA uses data to inform decisions and better understand, benchmark, and assess alternatives to
regulation-based design requirements for building fire safety. RIA is‘used in many other industries and in
other regulatory areas such as US National Aeronautics and'Space Administration (NASA),* the U.S.
Nuclear Regulatory Commission (NRC),3* the U.S. Government‘Accountability Office (GAQO),** and the U.S.
Federal Energy Regulatory Commission (FERC).3® AnfRIA was used in this study for several reasons:

= No building can ever be considered risk free or 100% safe, even when built to building code
requirements. This is partieUlarly the'gase for fire safety, when the building code does not regulate
contents, the occupant{fopulation is highly variable, and robust measures are not in place to assure
compliance with inspection,itest and maintenance (ITM) requirements and safety management
requirements over time.>’

= |nits simplest form, tisk can‘be viewed as the combination of the probability (frequency, likelihood) of
a specifigleventioccurring and the consequences of the event should it occur. One can expand this
concept tayconsider multiple possible events (scenarios) and associated risks. Since there are many
ways tordefing risk andiconsequences, it is important to agree on definitions for these terms as part of
a RIA, which wasisupported by TAG.

= Firgremainsia somewhat rare event. One needs the confluence of fuel, a competent ignition source,
and adequate oxygen, all reacting to result in combustion. There are many safety measures employed
in buildings, systems and products to help control for these variables. As a result, in most cases, many
things have to go wrong for a fire to occur (fire frequency is very low), and many things have to go
wrong in response to the fire to result in significant loss (the likelihood of unwanted consequences,
given a fire occurs).

m  Approaches to managing fire risk in buildings, at a regulatory level, reflect a societal risk management
approach. That is, it is not possible for regulations to consider all possible building configurations, and
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all possible events, as can be done more fully in an individual building design. Rather, the approach is
to consider mitigation strategies that work for classes of buildings to manage risk to a tolerable level.

= To determine a baseline of the level of fire risk currently being tolerated by society in buildings
designed and constructed to current and prior codes, investigation of fire loss data in the target
residential buildings is needed, and assessment is warranted to determine key contributors, to the
extent practicable. Data to consider include the leading causes of fire, fire spread beyond the area of
origin, efficacy and reliability of fire protection measures, responses of occupants, firefighter
operations, fire safety management, and overall building performance some years after the initial
certificates of occupancy were issued. It must be recognized that data are not always available for
each of these components. Where data are unavailable or uncertain, this needs to e taken into
account appropriately.

= Estimating specific fire loads and conditions, and specific occupant actions, is highly uncertain for an
individual (specific) building analysis, and even more so when considering a‘portfolio (class) of
buildings. However, evaluating the reliability and efficacy of buildingyfire safetysystems based on
historical performance can be useful to help establish a benchmarkito compare contributions of
different fire safety systems and strategies in reducing fire safetyyrisk.-The data used in this
comparative evaluation were obtained from competént national, regionalor local jurisdiction and
associations that collect and publish such data. Benchmarking,also allows an evaluation of
enforcement mechanisms, including design review andéngoingaudits, to help determine if objectives
are being met.

= An RIA for fire then considers fire loss data, fuel loading, and system efficacy and reliability data to
develop appropriate scenarios forfire effects niodeling and evacuation modeling.3®

= The assumptions and bases of‘'madel input parameters are critical to the goodness and validity of
modeling. It has been fama@usly said‘that all models are wrong, but some are useful.>* Models are
simplifications of reality? The usefulnessiof models is that the underlying mathematics is sound,
limitations are known and acknowledged, uncertainty and variability is recognized and addressed, and
models are used apprepriatelyiin the context. An RIA explicitly considers these issues, so that
stakeholders understand limits of‘applicability and boundary conditions of output validity.

= The RIA for this'comparative assessment quantifies the risk of two prototype MFD and two code-
compliantistructures (CCS) within the same MBC occupancy classification. This RIA provides a
quantitative contextualibasis to compare the impact of proposed building changes to MBC. It also
allows for-additional mitigating features to be evaluated to determine their impact on the building
risk, as defined within.

= ARIAlsalsé a “systems” approach: the building's fire safety features, fire protection systems, the
building'design, occupants, fire service, etc,, are considered part of an integrated system, and the
system needs to be looked at holistically to understand whether expected system performance can be
achieved.”® Too often, stakeholders look at only individual components of more complex systems and
ignore key interactions and influences. This can result in a small part of a larger system (e.g., a door
closer in fire barrier) appearing to meet a small objective but negatively influencing the larger system
performance by not being considered holistically (e.g., door closers only meet performance
expectation if properly working — just being installed is not enough to assess the performance).
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= The comparative RIA is effective as a tool for the relative comparison of the risk of different structures
using a consistent approach. The comparative RIA is a simplification of reality and building behavior
and should not be used as an absolute metric for predicting individual building risk, or fire risk to an
individual in the building.

&
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METHODOLOGY

Other states and cities have made code modifications to address single-exit buildings, generally based on
professional judgment. For this study, the Consultants were given a clear objective by Minnesota DLI
concerning the expected performance of prototype single-exit stairway buildings: identify criteria that
makes a single egress stairway residential building four stories in height and up to 75 feet in height
equivalent or better in safety to other types of multi-family housing currently allowed by the MBC.

Buildings having occupied floors more than 75 feet above grade are typically considered high-rise
buildings by the building code and are required to have more fire safety features and systems‘because
they are beyond the reach of fire department aerial ladders, have longer evacuation tithes, and areimore
subject to stack effect, the natural phenomenon that can cause smoke to movéthroughout the building.
For the purposes of this study, buildings under 75 feet in height are considered as "low=rise“bdildings.

To conduct this analysis, the Consultants utilized a multi-faceted approach. TheiMinnesota DLI was
concerned that other similar studies did not obtain adequate input fromystakeholders«Therefore, the
Consultants met with project stakeholders, formally and informally, tofebtain various perspectives on this
matter which proved to be very valuable in the analysis. Rather than,simply employ professional
judgment, the Consultants used a RIA that involved the following steps:

m  Review literature and data to understand the different types ofimulti-family dwelling (MFD), residential
buildings currently allowed by the MBC.

= Review Minnesota and national fire loss data over a 20-year period to obtain fire loss history in the
MEFD configurations of focus, fire events in MFDssthat resulted in large casualties, and the role of
equipment reliability. The Consultants also identified limitations within the available data that was
used in the RIA.

= Review available fire safety system reliability data.

= Review the types of singlezexitstairway and multi-exit stairway MFD buildings allowed by the MBC.
Select the code-compliant MED configurations to be used as benchmarks for the prototype single-exit
stairway structures‘and @btain consensus from the Technical Advisory Group (TAG).

®  Select an appreach to characterize the probability of a fire occurring. For purposes of this analysis, a
fire ignition was assumed to have occurred, i.e., a probability of 1.0, an assumption supported by TAG.
Using.this conditionakprobability approach allows for comparison of building fire protection system
éfficacy withoutiintroducing the significant uncertainty associated with estimating frequency of fire
ignition, which is not reported nationally or in Minnesota.

= Defing fire scenarios based on the types of fires expected in MFDs as revealed from analysis of fire
loss dataxAssign thermal properties based on fire test data.

= Define the consequence of the fire in the MFD to be used in the study. For this study, consequence is
defined as being the point when agreed tenability limits are reached in egress pathways, such that
further evacuation through that space may not be possible, provided occupants are notified of a fire
by a building system. Determination of consequences ranged from simple correlations based on
engineering judgment to smoke / fire / egress modeling.
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= Based on the data reviewed, identify potential mitigating systems and their associated importance in
the fire event; create an event tree to quantify the likelihood of different end states based on systems
succeeding or failing.

= Assign a consequence based on qualitative engineering judgment or quantitative fire and egress
modeling to the different event tree end states to calculate the resultant risk for each end state. The
sum of the individual end state’s risk yields the total building risk.

= Compare the risk of different MFD geometries. Evaluate different mitigating options farthe prototype
buildings to understand the risk impact. The comparative risk evaluation is based on a building-level:
it is not evaluating individual risk to occupants within the building. The objectiveiof this report,is not
to generate an absolute risk to predict the likelihood of certain consequences.from*@ccurring in
different MFDs; rather, the objective is to use a consistent RIA to generate a conditionaliriskefor
different MFDs and understand how the limited different building geometries and mitigating building
systems compare to one another.

= As a societal risk assessment (class of buildings, with generalized typology, and nét a specific,
individual building), there will always be some attributes that dominate. The size of the two-stairway
reference building, which influences total occupant load, length ef,dead-end corridors, travel distance
to exit access and to exit, are key components. Différent building configurations (e.g., different
occupant loads, travel distances, etc.) would yield'different outcomes. It was agreed by TAG and by
budget to limit this analysis to a single two-stairway reference building configuration.

= Quantify the risk achievement worth (RAW) to identify theleritical systems and uncertainty to
understand the risk distribution of the identified systems.

= Provide conclusions and recommendations based upon available data to help inform decision-making
by the Minnesota State policy makers.
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TECHNICAL ADVISORY GROUP MEETING SUMMARY

Minnesota DLI created a Technical Advisory Group consisting of various stakeholder groups to provide
insight and guidance to this study. The TAG included representatives of multi-family building architects,
building officials, developers, fire chiefs, the fire sprinkler industry, the fire alarm industry, fire marshals,
Governor's Council on Fire Prevention, construction code users, professional fire fighters, fire protection
engineers, and housing advocates. Members of the TAG and a summary of the comments discussed at the
TAG meetings are included in Appendix C.

The Consultants engaged with the TAG during three formal meetings with two in-person meetings and
one virtual meeting, as well as through individual interviews and other communications,throughout,the
course of the project. The TAG shared significant insight during these discussions, summatized assfollows:

1. The Consultants presented the RIA as outlined above at the first TAGimeeting. The TAG and the
Consultants concurred on the RIA that uses event trees to calculate thetrelative risk of different
MFDs, assuming that a fire has occurred.

2. Many TAG members discussed the large variations in staffingficapabilities, and available resources
among the various fire departments within the State of Minnesota: Specific concerns focused on
the many volunteer fire departments in the staté»low staff numbers,;and longer response times of
the rural departments. Remote departmentsdmay only have three or four first responders on a
single piece of equipment that arrive up to 30 minutes afterthe initial call.

a. Fire-fighting, search and rescue are presumed roles of the fire department and various
building regulations have been written to facilitate those operations in the built
environment. However, building codeé provisions have not been developed assuming
specific fire departmient staffing, response times and operational levels. It is recognized
that there is a wide vatiation in fire department response time, staffing levels, and fire
suppression£apabilities throughout the State of Minnesota. The analyses in this report
are generally.basedaupon no fire department intervention.

3. The TAG members agreed upon the four buildings geometries to include in this study:

a. A code-compliant, eightslevel, two-exit MFD that maximizes exit travel distance, dead-end
corridor distancegandhcommon path of exit travel allowances. This is identified as “Building 1"
in this‘report.

b. Alcode-compliant single-exit building (per MBC Section 1006.3.3) limited to four levels. This is
identified as “Building 2" in this report.

c. A'prototype single-exit MFD, up to 6,000 square feet per floor, and up to eight units per level.
This is identified as “Building 3" in this report.

da, A prototype single-exit MFD, up to 4,000 square feet per floor, and up to eight units per level.
This is identified as "Building 4" in this report.

The building geometries used in this study are summarized in Table 1. Table 1

4. The Consultants presented the key variables proposed for the fire modeling and egress modeling,
as addressed in the subsequent sections of this report, including a dwelling unit fire and a
corridor fire.

5. The Consultants also presented the determination of consequence within this report for the RIA
and received commentary from TAG, ultimately resulting in the buildings' “consequence” as

1u
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defined within this report. The comments from TAG included acknowledging the benefits of the
fire service anecdotally but not quantifying their impact within the context of this RIA.

Table 1. Building Geometry Summary

Building | Building Type No. of Floor Area No. of No. of Exit | Occupants
No. Levels per Level Units per Stairs Per Level
(sf) Level

1 MBC Code- 8r 40,625 No Limit 2 204
Compliant

2 MBC Code- 48 4,000 4 1 20
Compliant

3 Prototype 8A 6,000 8 1 30

4 Prototype 8A 4,000 4 1 20

A Seven levels above grade and one basement level

B Three levels above grade plane and one basement level
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DATA SUMMARY

Appendix D provides a detailed review of the data received, along with supporting figures and/or tables.
The summary of the Consultants’ review of the fire loss data is below.

The death rate of fires in single-family homes is approximately 6 times higher than the fatality

rate of occupants in multi-family residential buildings built in the year 2000 or later. *'

Approximately 50% of MFD fires start in the kitchen; however, fires that start in the living room or

bedroom are responsible for most civilian MFD fatalities.*

The national civilian fatality rate per fire event in non-sprinklered MFDs is approximately, three

times as high as in MFDs that are sprinklered throughout.*?

Within the state of Minnesota, approximately 1% of MFD fire events ffom 2004 -2024 resulted in

one or more civilian fatalities, a relatively rare event. Where a fire évent resultediin a‘civilian

fatality, 91% of these fire events involved a single fatality. All of the multi-fatality fire events

occurred in non-sprinklered buildings. 4

Most civilian fatalities occur in the same area as where the fire started. It is difficult to protect

occupants intimate with the fire in MFD regardless of the building's sprinkler protection status or

the number of exit stairs.*®

Fires in common egress pathways like corridofs'and staikways have not resulted in civilian

fatalities in the State of Minnesota between 2004 - 2024 .46

The following sprinkler system reliability data used in this study were determined based on the

MFIRS fire event database for MFDs between 2004 and 2024:47

o 42% of fires were too small to activate the sprinkler system. This number could be larger
given that not all residential fires, suci'as small cooking fires, are reported to MFIRS.

o The sprinkler system flowed water in 88% of the reported fire events in MFD that were
protected throughOut by aniautomatic sprinkler system.

o  When the sprinkler system flowed on demand, the system successfully controlled the fire in
98% of the events, resulting in anoperational reliability of 86%.

Properly workingydoors limit the spread of combustion products, as demonstrated by the Fire

Safety Research Institute’s “Close Before You Doze" public safety education message.*® Although

theresmayabe somedninor leakage through a closed door, it is not expected to compromise the

tenability of spaces on the non-fire side for as long as the door stays intact.

The dataisupporting the fire sizes used in the fire models in this analysis are provided in the Fire

Scenarios section of the report.
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BUILDING CODE REVIEW

A review was conducted to identify current building code requirements of various jurisdictions within the
United States related to new single-exit stairway multi-family residential (MFD) buildings. In line with the
scope of this study, the building code review was limited to MFD buildings that are less than 75 feet
above the grade plane. Buildings such as these are generally limited to 7 stories above the grade plane
but may include up to 8 levels under certain conditions, e.g., when a “garden level” is included.

Both the MBC and the IBC classify multi-family residential buildings as Use Group R-2. The MIBC and IBC
define R-2 occupancies as those containing sleeping units or more than two dwelling units where the
occupants are primarily permanent in nature.

The codes that were included in the Consultants’ review consist of the following:

= Minnesota Building Code, 2020 Edition, based on the 2018 International Building Code (MBC)
= |nternational Building Code, 2024 Edition (IBC)

m  Seattle Building Code, 2021 Edition, based on the 2021 Internatiofial Building Code (SBC)

= National Fire Protection Association Life Safety Code, 2024 Edition, (NFPA 101)

= Proposed changes to the 2024 International Building Code

While not included in the appended code summary, thexfollowing cedes and standards were also
referenced in the preparation of this document:

®  [nternational Fire Code, 2024 Edition (IFC)

= Minnesota State Fire Code, 2020 Edition (MFC); based on the 2018 International Fire Code
m  Seattle Fire Code, 2021 Edition (SEC), based on the 2021 International Fire Code

= National Fire Protection Association Fire Code, 2024 Edition (NFPA 1)

= National Fire Protection Association, Standard for the Installation of Sprinkler Systems, 2022 Edition
(NFPA 13)

= National Fire Protection Association Standard for the Installation of Sprinkler Systems in Low-Rise
Residential’Oceupancies; 2022 Edition (NFPA 13R)

= National Rire Protection Association Standard for the Installation of Standpipe and Hose Systems,
2024uEdition (NFPA™14)

= < National Fire Protection Association Standard for the Installation of Stationary Pumps for Fire
Protection, 2025 Edition (NFPA 20)

= National Fife Protection Association Standard for the Inspection, Testing, and Maintenance of Water-
Based Fire Protection Systems, 2026 Edition (NFPA 25)

= National Fire Protection Association National Fire Alarm and Signaling Code®, 2022 Edition (NFPA 72)
= National Fire Protection Association Standard for Smoke Control Systems, 2021 Edition (NFPA 92)

As documented in the TAG discussion summary, the allowable exit travel distance, common path of travel
and width of egress components were of interest. For a fully-sprinklered building, the Minnesota Building
Code allows multi-exit MFDs to have a maximum exit travel distance of 250 feet (MBC Table 1017.2), a
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maximum common path of exit travel distance of 125 feet (MBC Table 1006.2.1), and a maximum dead-
end corridor length of 50 feet (MBC 1020.4 Exception 2). The dead-end distance was of particular interest
during the TAG meetings as a dead-end configuration effectively acts as a single exit for occupants
limited to traveling in that dead end.

Egress widths were also a large part of the TAG discussions and are summarized herein. Stairways serving
at least 50 occupants are required to have widths not less than 44 inches. Stairways serving fewer than 50
occupants are allowed to have a minimum width not less than 36 inches (IBC, MBC, SBC Séctions 1005.3.1
and 1011.2, NFPA 101 7.2.2.2.1.2 and 7.3.3.1). Stairways serving less than 50 occupants are allowed to have
a minimum width not less than 36 inches (IBC, SBC 1005.3.2 and 1020.3, MBC 1005322 and 1020.3, NFPA
101 30.2.3.3 and 30.2.3.4).

The following paragraphs are a summary of the major criteria affecting single-exit stainnay MEBDs. A more
detailed summary is provided in Appendix E and includes specific code sections and language relevant to
the construction and design of multi-family residential buildings having only one exit.

Single-Exit Stairway Building Criteria
Minesota Building Code and International Building Code

Both the Minnesota Building Code (MBC) and the Intefnational Building/Code (IBC) currently allow a
single exit from a story of a MFD building where the storyifis the basement, or the first, second, or third
story above grade plane; does not contain more than 4 dwelling units; and, has a maximum exit access
travel distance of 125 feet (MBC 1006.3.3 and IBC 1006.3.4). The IBC also allows an occupiable roof above
the first or second story above gradegolane to havé a single exit per the same limitations (IBC 1006.3.4).
Single exits are allowed from a stofy.ef a MFD building with sleeping units where the story: is the first
above or below grade plane; has a maximaum occupant load not exceeding 10 people; and, has a
maximum exit access traveldistance of 75 feet (MBC 1006.3.3 and IBC 1006.3.4). The IBC also allows an
occupiable roof over the first stery@above grade plane (IBC 1006.3.4). The above provisions are given the
fact that the MBC and IBC requireithe MFD buildings to be sprinklered.

Corridor walls are required tobeyl-hour fire resistance rated they unless meet requirements of MBC Table
1020.1 wherefthey-are allowed to be V2-hour fire resistance rated when the building is protected with an
automatic sprinkler/system (MBC 708.3). Dwelling unit separations are required to have a 1-hour fire
resistancemating Unless theésbuilding construction Type is Type 1B, llIB, or VB construction where they can
bed/Zz-hour firexesistance rating if protected with an automatic sprinkler system (MBC 708.3).

NFPA Life Safety Code

The NFPA Life Safety Code (NFPA 101) has similar requirements to the IBC regarding single exits from
buildings. A building is allowed to have a single exit where the total number of stories does not exceed
four, there are not more than four dwelling units per story, and the building is equipped throughout with
a sprinkler system designed in accordance with NFPA 13. In addition, the exit travel distance from a
dwelling unit entrance door to an exit door is required not to exceed 35 feet, the exit stairway (including
opening protections) and corridors are required to be 1-hour fire resistance rated, and dwelling units are
required to be separated by 1/2-hour fire resistance rated construction (NFPA 101 30.2.4.6).
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Seattle Building Code

The Seattle Building Code (SBC) was recently amended to promote greater use of single-exit MFD
buildings. The SBC has similar single-exit stairway allowances as the IBC but includes additional
allowances specific to MFD buildings. Not more than 5 stories of a MFD building are allowed to be served
by a single exit where the building has not more than six stories above grade plane, not more than four
dwelling units per floor, the building structure has not less than 1-hour fire resistive rated construction, is
equipped throughout with an NFPA 13 sprinkler system, and the stairway is pressurized (SBC 1006.3.4). If
an elevator is provided, the elevator hoistway is also to be pressurized unless it opens into a rated
elevator lobby (SBC 1006.3.4).

Proposed Building Code Changes

A number of jurisdictions are considering amendments to their building codes,to include additional
allowances for single-exit stairway MFD buildings. A change has been proposedte the model IBC that
would allow MFD buildings up to six stories in height to have a single-eXit stairway.Fhe proposed change
would require buildings to be of Types |, lIA, or IV construction, have aimaximum exit travel distance of
125 feet from anywhere on the floor and 25 feet between a dwelliigiunit'door and the exit, and a 2-hour
fire resistance-rated stairway enclosure. The stairway en€losure\would also be'required to be a
smokeproof enclosure (IBC Proposed Change E24-24),

Proposed changes were also considered by the local autha@rities in Dallas, TX and in the State of Colorado.
Changes were proposed to the Dallas Residential Code (DRC)ithat would allow MFD buildings to have up
to eight total dwelling units and up to four dwelling units per story and up to four dwelling units per floor
and be regulated by the DRC which typically allows buildings to have a single means of egress. The
Colorado General Assembly recently-passed HB24-1239 which requires the municipalities to adopt a
building code by December 1,2026, thatiallows MFD buildings up to five stories to be served by a single-
exit stairway.

Property Maintenance

Minnesota does not have a state-wideyproperty maintenance code that addresses the periodic inspection,
testing and maintenance'ofbuildings’ fire protection features and systems. Rather, many cities and
counties adopt an edition of.the International Property Maintenance Code as part of their local
ordinances. Adoption and,enforcement of property maintenance provisions are needed to assure a high
degree of funetion‘and effectiveness of passive features and active fire protection systems. Operational
effectiveness of fire protection features and systems evaluated in this report have been assigned
probabilities of success based upon available data where available and professional judgment where no
data is available:

Automatic Sprinkler Systems

Sprinkler systems installed in commercial buildings are required to be designed in accordance with NFPA
Standard 13, Standard for the Installation of Sprinkler Systems, and are intended to provide a reasonable
level of fire protection regarding both life safety and property protection. Systems designed in accordance
with NFPA 13 will have robust water supplies and installation criteria and have limited non-sprinklered
areas. When first considered for application in MFDs, the cost of these systems was viewed as a barrier to

Page | 21



W] E Minnesota Single-Exit Stairway Apartment Building Study
Cf'U)( State Minnesota RFP 2000016452 Response

CONSULTING

the goal of installing automatic sprinklers in residential occupancies, the occupancy with the greatest
number of fire fatalities each year.

NFPA Standard 13R, Standard for the Installation of Sprinkler Systems in Low-Rise Residential Occupancies,
first published in 1989, was developed to encourage more sprinkler installations in multi-family residential
buildings and was specifically aimed at prioritizing life safety over property protection. The criteria for
NFPA 13R systems were also selected to reduce the cost of sprinkler systems through, among other
things, the omission of sprinklers in certain low-hazard, non-living spaces which reduced the installation
and maintenance costs of such systems.

Unless modified by local amendments, the model IBC requires MFDs to be sprinkleredybut allows the
installation of NFPA 13R sprinkler systems rather than the NFPA 13 sprinkler systéms used\in commercial
buildings, where the building does not exceed four stories above grade plahe and theroof assembly is
less than 45 feet above the lowest level of fire department access (IBC 903.3.1.2). The MBC, SBC, and NFPA
101 allow NFPA 13R systems where the building has not more than four stories ahd a maximum height of
60 feet (MBC 903.3.1.2, SBC 9.3.3.1.3.2, NFPA 101 30.3.5.1.2).

Fire and Smoke Detection

The MBC requires automatic fire detection in commondareas of | MFD buildings and automatic smoke
detection in the common areas and interior corridors'of MFDsbuildings.serving as the means of egress.
However, in fully sprinklered MFD buildings, the MBC allows the omission of fire and smoke detectors in
these spaces (MBC 907.2.9.1.1).
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FIRE SCENARIOS
Fire Scenario / Fire Characteristics

The fire scenarios were selected based on review of the data on actual fire events and the consequences
of those incidents along with fire larger scale fire tests. The data indicated that although there are more
kitchen fires in dwelling units, the more severe consequences of injuries and deaths occur from fires
originating in living rooms and bedrooms. The Minnesota fire incident data identified thegnost severe
consequences also occurring in non-sprinklered buildings.*® Two design fires with distinct fuel loads were
considered in the fire modeling analysis as supported by the data and TAG input asfdiscussed earlier. The
dwelling unit fire scenario selected for fire modeling was an uncontrolled living room fire which is
described below and in Appendix F along with additional information aboutdhe fireimodelyAdditionally,
in reviewing news articles*® about other fires in the U.S. and resulting fromdiscussions with TAG, a
corridor fire involving an electric-powered micromobility vehicle, such as an e-seooter or e-bike, was also
selected to be modeled.

Dwelling Unit Fire

The heat release rate (HRR) for the uncontrolled living reaem firé withinithe dwelling unit was developed
based on a series of full-scale room fire tests conductéd by NIST:2" The rooms contained standard
furniture items that would be provided in a typical livingyroein suchiasia couch, tables, and chairs. These
tests indicate that the peak heat release rate was between‘approximately 8,000 and 10,000 kW.>? The HRR
curve for the modeling analysis was developed to represent the results of the three room fire tests.

Corridor Fire

The corridor fire scenario relayedéon ah,e-bike fire based on commentary from TAG. The HRR for the e-
bike fire was developed based on fire testing of micromobility devices conducted by the Institute of
Applied Fire Safety Research.?2 This research'focused specifically on e-bikes and their fire behavior. This
test indicates that the peak heatirélease rate was approximately 900 kW.>*

Consequences

The objectivelof the,consedquence analysis is to understand the number of occupants at risk from the
selected fire seenarios in different MFD building configurations. When defining the consequence, the
Consultants,started with the-following understandings:

1. No building can be designed to be completely risk-free. For example, building codes and
standards in the U.S. generally recognize that occupants intimate with first materials burning
cannotlbe protected, even in sprinklered buildings. This was also agreed upon by the TAG. As
such; occupants in the apartment of fire origin who are intimate with the fire are outside of the
scope of this analysis.

2. Human behavior during a fire event is highly complex and uncertain. Actions taken by humans
during stressful events can be difficult to predict. Whether an occupant attempts to evacuate
through a smoke-filled corridor, looks for alternative routes, shelters in place, or is ultimately
rescued by the fire service is beyond the scope of this study, as confirmed with TAG.
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3. Given that only local fire alarms are provided in each MFD unit, and the building-wide fire alarm
system only sounds when the sprinkler system activates, the baseline assessment considers that
occupants outside of the unit of fire origin are only notified when the sprinkler system operates.
This means that if the sprinkler system fails to operate, no queue for evacuation is provided
outside the dwelling unit of fire origin.

4. Regulatory decision-making for buildings is focused on societal risk — not individual risk. As such,
the risk metric is based on comparing the risks of limited different building geometries to one
another, not the individual risk of occupants within a building.

For these reasons, the Consultants define the “consequence” as the number of occipants outside,the area
of fire origin that are predicted to have not evacuated the building when either of the two following
criteria occur:

1. The tenability limits have been reached in the paths of egress. This oceurs in three stages:

a. When a sprinkler activates, the building-wide fire alarm system netification signal is
activated, and occupants receive a cue to begin the evacuation process;

b. If the door to the unit of fire origin is open, evacuationiis no longer assumed practicable
when smoke fills the corridor in sufficient quantity teireachitenability limits and prevent
egress from other units on the floor offfire origin; and,

c. If adoor to an exit stairway from the'cerridonon the floor of origin is opened and smoke
enters the exit stairway, that stairway is rendered unusable.

2. The building-wide fire alarm system does not activate,and occupants outside the unit of fire
origin have no indication of a fire / cue via a building system to begin evacuation.

It is further acknowledged in meetings with TAG that although this analysis identifies building occupants
who may be at-risk due to the abéve definition; it does not mean that those building occupants would
perish in a fire as other strategies remainyiable and are available. However, that evaluation is outside the
scope of this study.

Fire And Egress Modeling

Fire Dynamics Simulator (FDS) was. selected for the fire modeling analysis. FDS is a computational fluid
dynamics (CED) software déveloped by NIST that models fire-driven fluid flow. FDS has the ability to
simulate actual fire conditions where the smoke layer naturally varies in height as it moves away from the
fire plumenSee Appendix Eifor the details of the fire modeling.

Following the description of consequence in the above section and fire scenario selection, the results of
the FDS\fire modeling for the building geometries are summarized in Table 2Table 2. The visibility
tenability limitavas reached first and that time is shown in the Table 2.
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Table 2. Estimated Tenability in Corridor on the Fire Floor

Item Building No. Fire Origin Stairway Door Corridor [Stairway]
Position Floor Above}
Tenability Time
(Minutes)
1 Building 1 Dwelling unit in front of Closed ~10
stairway
2 Building 1 Dwelling unit in front of Open ~10,[~3]
stairway
3 Building 1 Dwelling unit in center Closed ~5
of building
4 Building 1 Dwelling unit in front of ~ Open {Open onyFloor ~10 [~3] {~16}
stairway above Fire Floor}
5 Building 1 Corridor Closed ~1.5
6 Building 2/4 Dwelling unit Closed ~2.5
7 Building 2/4 Dwelling unit Open ~2.5[~3]
8 Building 2/4 Corridof Closed ~0.5
9 Building 3 Dwelling unit Closed ~2.5
10 Building 3 Dwelling unit Open ~2.5[~3]
11 Building 3 Corridor Closed ~0.5

Notes: (1) For dwelling unit fire location, the door betweén the corridor and the dwelling unit of fire origin was
modeled in the open position, 120 seconds after fire ignition. (2) For the corridor fire location, the doors between the
corridor and the dwelling units were‘modeled in the closed position.

The time for an occupant to exit,aduilding includes multiple steps that are more than just the movement
time, as defined by tHe SEPE Handbook. In summary, these are: detection time, pre-movement time and
movement time as the three major components in egress time. See Appendix G for a more detailed
discussion. Detéction timeiis‘the time to detect a fire and provide a notification signal to the occupants;
pre-movemient time is the time from notification to the time an occupant begins to egress, and
movement timelisithe time, it takes to actually travel to a defined exit or a place of refuge. For our report
thesnovement,timeiis the actual travel time to discharge from the building, as supported by TAG.

Egressimodeling was conducted with Pathfinder,>> a modeling software that simulates egress from
buildingsaThe egress modeling considered egress time from the two-exit stairway building and the
single-exit stairway buildings. The egress modeling was conducted using the floor plans of the four
building geometries to identify movement time as one of the components of the egress time. Modeling
was also used to consider the effect of a wider, 48-inch stairway in the single-exit stairway prototype
buildings to determine movement time for occupants as well as the case of cross-flow, i.e., occupants
egressing at the same time firefighters are using the stairway to access the fire floor for rescue and
firefighting. The results of the egress modeling are shown in Appendix H.
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Table 3Table 3 identifies a movement time for these buildings, acknowledging that some occupants may
take longer or may not be able to egress at all on their own, depending on multiple variables. However, in
reviewing the literature, the variation in pre-movement time for occupants in residential occupancies is
due in part to people potentially sleeping when alarm notification occurs, and the potential need to locate
others prior to starting evacuation. As such, the pre-movement time of a mid-rise residential building
varies widely from as little as one minute to as long as about nineteen minutes, with the mean for the four
reported events®® ranging from two and one-half minutes to just under ten minutes.

With such varying and lengthy pre-movement times compared to the time for the corridor tesbecome
untenable, the identification of the consequences for this comparative assessment Was simplifiedito be
those occupants who would be impacted by untenable corridor conditions per the FDS analysis (available
safe egress time) if the pre-movement time of 9.7 minutes® plus movementdtime from,the fire fléor, was
greater than the estimated time for the corridor to become untenable. See Appendix G'for more
information. This is the case regardless of whether the building has one or two exits.

As such, the value of the fire modeling was to show the relatively short time for the'¢orridor on the fire
floor to become untenable if the sprinkler system fails to operate and the door to the dwelling unit of fire
origin is left open.

Furthermore, the egress modeling indicates that incrgasing the ‘minimum stairway width from 44 inches to
48 inches does not have a significant impact on reducing, the eégressitime for a single-exit building. For
context, the total occupant load of the prototype building'is,less than that of a single floor of the two-exit
building. The marginal increase in width has no effect on movement time in the two prototype buildings
under normal conditions. However, when evaluatingshe wider stairway's effect on cross-flow, when
occupants are egressing and firefighters are simultaneously using the same stairway, the increased width
does not have an impact in the modelpassuming that all building occupants begin using the stairway to
exit at the same time firefighters begin using the stairway to reach the fire floor, the most conservative
approach. The model for cross-flow . does noticonsider obstructions on the stairs such as hoses. This is
shown in Table 3.

Table\3. Summaryjof Egress Modeled Estimated Movement Times'

Building Stairway Width Movement Time: Movement Time: Movement Time:
(In.) Fire Floor Only Building Discharge  Building Discharge
(Min.) (Min.) with Cross Flow
(Min.)
1 44 5-7 16 NA
2 44 0.5 25 NA
3 44 0.5-1 5 7.5
3 48 0.5-1 5 75
4 44 0.5 35 5
4 48 0.5 35 5

1. Modeling results are a summary of approximate movement times for occupants to discharge from the building using
average movement speeds.

“NA” indicates that the scenario was not modeled as it was not the subject of this report as confirmed by TAG.
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Conditional Fire Event

The Consultants define risk as a combination of the probability of an event occurrence and consequence
of the event should it occur. The probability of an event can consider an entire event sequence or can
consider conditional states; that is, the probability of an event given that a precursor event has occurred.
Since research for this project revealed that ignition frequency data are not readily available for public
use, the Consultants and the TAG agreed to apply a conditional probability approach; that is, to evaluate
the risk assuming that a credible fire has occurred. This approach is appropriate given: (1

available to include an ignition frequency calculation; (2) the ignition frequency is expected e similar
among MFD buildings; and (3) the comparative approach used to benchmark the code-complia
buildings and the prototype MFD buildings.

&
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COMPARATIVE RISK-INFORMED ASSESSMENT

In this assessment, the aim is to understand the probability of consequence occurrence given the
availability (or not) of fire protection features and systems, mandated by code, based on available data
and expert judgment. An event tree is used to identify event sequences and calculate the probability of
different outcomes occurring based on system reliability estimates.

Event Tree

An event tree calculates the likelihood of different outcomes occurring. The event tree starts with an
initiating event and then logically progresses through different top events that contain brancheswhich
either succeed (up branch) or fail (down branch). The probability of success or failure from each branch is
propagated until an end state is reached.

The fire protection industry uses event trees to support performance-based designs and quantitative risk
assessments to understand potential outcomes of one or more failures occurringin,a system.>® Assigning
a consequence to each end state allows a user to calculate the risk ofghat sequence of events occurring.
Summing the individual end state risks yield the total risk. This allows a user to better understand the risk-
significant scenarios and propose measures to mitigate the riski

The Consultants developed an event tree to predict the likelihoodhof different end states of a fire event in
an MFD using the mean probabilities (Figure 1)Figure 1.The event tree is applicable to fire scenarios
within the dwelling unit or in the corridor for both single-exitistairway and multi-exit stairway buildings.

Fire Too Small to A on B:::::f:sl::‘m Dwelling Door Stair Door on Fire | Stair Door Above | Conditional
Ignition Occurs | Acti P [ C Fire Demand Closed Level Closed Fire Level Closed | Probability End State #
i / //
(/fire event) (/fire event) (/fire event) (Hire event) (/fire event) (/fire event) (/fire event) (/fire event)
0.422 1
1 0.42
0.503 2
0.58 0.88 0.98
0.02 0.90 0.80 0006 .
.001 4
0.20 0.86 9.00
0.0002 5
0.14 0.86
0.00003 6
0.14
0.0008 74
0.10
.067
0.12 0.06' 8

Figure 1. Event Tree
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The following sections summarize each end state of the event tree. The consequences for each end state
are supported by the Consultant’s review of the MFIRS fire event database, simplified engineering
assessments, and/or fire modeling to predict the tenability of the corridors and exit stairways.

End State 1

The fire is too small to activate the sprinkler system and does not pose a significant hazard to occupants
outside the area of origin. There is a negligible impact to occupants outside the area of fire origin.

End State 2

The fire is large enough to activate the sprinkler system, which activates on demand. The sprinkler
successfully controls the fire. There is a negligible impact to occupants outsidé€ thearea ofifire origin.

End State 3

The fire is large enough to activate the sprinkler system, which activates on demand. The sprinkler system
fails to control the fire. The building fire alarm actuates and the door to the dwellingunit where the fire
originated is closed. Negligible impact to occupants outside the area offire origin.

End State 4

The fire is large enough to activate the sprinkler systempwhich activates on demand. The sprinkler fails to
control the fire. The building fire alarm actuates and the door to the dwelling unit where the fire
originated is open. Smoke propagates into the corridor on thexfloor where the fire originated. The exit
stairway door is closed, confining the smoke to the cerridor.

In a single-exit stairway configuratioh, the smoke accumulates quickly in the corridor, making it untenable
before occupants can make the decision to evacuate. The occupants on the floor where the fire originated
fail to evacuate.

In a multi-exit stairway configuration, the smoke spreads into the corridor. Fire / egress modeling is used
to predict the numbef 6fioccupants,on the floor where the fire occurred who evacuate before the corridor
becomes untenable.

End State 5

The fire_is large enoughite.activate the sprinkler system, which activates on demand. The sprinkler fails to
contfol the fire, Thexbuilding fire alarm actuates and the door to the dwelling unit where the fire
origihated is open. Smoke propagates into the corridor on the floor where the fire originated. One exit
stairwayadoor is @also open on the fire floor, allowing smoke to propagate into the stairway.

In a single-exit stairway configuration, the smoke accumulates quickly in the corridor and the exit stairway,
making both egress pathways untenable before occupants can make the decision to evacuate. All
occupants in the single-exit stairway building on and above the fire floor fail to evacuate.

In a multi-exit stairway configuration, the smoke spreads into the corridor and one of the exit stairways.
Fire / egress modeling is used to predict the number of occupants on the floor where the fire occurred
who can evacuate before the corridor becomes untenable. Occupants on other floors evacuate using the
unaffected exit stairway.
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End State 6

The fire is large enough to activate the sprinkler system, which activates on demand. The sprinkler fails to
control the fire. The building fire alarm actuates and the door to the dwelling unit where the fire
originated is open. Smoke propagates into the corridor on the floor where the fire originated. The exit
stairway door is also open on the fire floor, allowing smoke to propagate into the stairway. The exit
stairway door on the floor directly above the fire is also open, allowing smoke to accumulate in the
corridor of the floor above the fire floor.

In a single-exit stairway configuration, the smoke accumulates quickly in the corridor and the exit stairway,
making both egress pathways untenable before occupants can make the decision to evacuate. All
occupants in the single-exit stairway building on and above the fire floor fail t6 evacuate.

In a multi-exit stairway configuration, the smoke spreads into the corridor and one of the exit'stairways.
Fire / egress modeling is used to predict the number of occupants on the floor'where the fire occurred
and the floor above where the fire occurred who evacuate before the corridors becomé untenable.
Occupants on other floors evacuate using the unaffected stairway.

End State 7

The fire is large enough to activate the sprinkler systém, which activates on demand. The sprinkler fails to
control the fire. The building fire alarm fails to actuate. Ne_.occupantsievacuate since they do not receive a
notification signal from the building’s fire alarm system.

End State 8

The fire is large enough to activate the sprinkler system, which fails to activate on demand. The building
fire alarm does not actuate sincetherelis no waterflow through the sprinkler system. No occupants
evacuate since they do not receive the notification from the building’s fire alarm system.

Comparative Risk-Informed Results

This section reports the.comparativeiresults for the dwelling unit and corridor fire scenarios in each of the
four MFD building geometries. Table 4 provides the predicted risk for each building configuration as
defined within. Figure 2 Error! Reference source not found.and Figure 3 visually depict this information
from fires thatistart'in.the dwelling and the corridor, respectively. The risk is framed as conditional upon a
fire oc€urring,and.is, therefore, not based on a unit of time.
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Table 4. Impacted Occupants from Comparative Risk-Informed Approach

Building | No. of | No. of | Floor Area Occupant Load | Fire Location Impacted
No. Exit Levels per Level Per Level Occupants
Stairw (ft3) (occupants / fire
ays event)
1 2 8 40,625 204 Dwelling Unit 110
Corridor 10
2 1 4 4,000 20 Dwelling/Unit 5.1
Corridor 5.6
3 1 8 6,000 30 Dwelling Unit 15.9
Corridor 16.5
4 1 8 4,000 20 Dwelling Unit 10.5
Corridor 11.0
Building Risk from Dwelling Fires
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Figure 2. Risk of Code-Compliant and Prototype MFDs for Dwelling Unit Fires
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Building Risk from Corridor Fires
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Figure 3. Risk of Code-Compliant and Prototype MFDs for Corridor Fires

Error! Reference source not found.These results ifdicate that the risk of prototype Buildings 3 and 4 is
significantly lower than the risk results of Building 1. This can be attributed to the significantly larger
number of occupants in Building™ whanever receive the cue to evacuate upon the sprinkler system
failing to flow on demand.

The risk of Building 3 and Building/4'is a factor of 3 and a factor of 2 higher, respectively, compared to the
Building 2 risk. This is‘alse,due to the larger occupant loads in the prototype Building 3 and Building 4
having a higher number of occupantsiunaware that never receive the cue to evacuate after upon the
failure of the sprinkler system fails to flow on demand.

This data provides critical insight to the value of the sprinkler system to 1) suppress and control the fire
and 2)ractivate the building=wide fire alarm system to cue occupant evacuation.
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POTENTIAL ENHANCEMENTS

An analysis of potential mitigating systems was conducted to reduce the risk of the prototype single-exit
stairway MFDs so that it is comparable to or lower than the risk of a code-compliant single-exit stairway
MFD.

Common Corridor / Egress Path Smoke Detection

The primary risk driver for each scenario is the sprinkler system failing to flow because no water is applied
to the fire and the building fire alarm not activating since there is no waterflow through the sprinkler
piping. MBC Section 907.2.9.1.1 requires automatic smoke detectors to be provided iniinterior corridors
serving as a required means of egress in MFD buildings unless the building isqprovided threughout with
an automatic fire extinguishing system. Therefore, it is currently possible t6.comply withithe MIBC with the
automatic sprinkler system as the sole means of activating the building's fire alarm system. A potential
mitigating measure for the prototype single-stairway buildings is to provide smoke detéctors in common
means of egress areas in addition to the sprinkler system as a diversemethod of activating the building's
fire alarm system.

To determine the smoke detector reliability, the Consultants reviewed the National Fire Sprinkler
Association fire event data in multi-family residentialddwellings frem 2014 to 2023 and selected all
Minnesota fire events. Using the same approach as in Camparative Risk Assessment Section, the
Consultants calculated the reliability of a spot-type smoke detector to successfully activate. The
Consultants then modified the event tree in Figure 1 to incorpagate the logic for the common means of
egress smoke detectors. Figure 4 and Figure 5 compare the risk of fires that originate in the dwelling and
the corridor, respectively, by addingfthe common area smoke detection system to the prototype MFDs.

Building Risk from Dwelling Fires

2 o L~
8 3 3 8

R
(occupants unable to evacuate / fire event)

N
o

o — N .

1 2 3
Building #

@ Baseline  m Common Area Smoke Detection

Figure 4. Change in Risk for Dwelling Fires by Adding Common Area Smoke Detection to Prototype
MFDs
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Figure 5. Change in Risk for Corridor Fires by Adding Common Area'Smoke Detection to Prototype
MFDs.

The addition of smoke detectors in the common means of egress to the|prototype building design
reduces the risk of the prototype buildings below the code-compliantsuilding risk for each prototype
building with the exception of the Building 3 corridor fire scenario. Most important, adding common area
smoke detectors reduces the comparative risk of prototype Buildings 3 and 4 below the risk of Building 2
for dwelling unit fires, the most common and lethal type of fire in MFDs. Additionally, the burden of
adding smoke detectors in the common means ofiegress of single-exit stairway buildings is not expected
to be significant given that: (1) the buildings may already be equipped with fire alarm systems for the
elevator lobby smoke detectors'and / orimonitoring of the automatic sprinkler system; and, (2) the area of
the common means of egréss.is small, typically requiring only a smoke detector within each corridor.

Inspection, Testing, and Maintenance

The reliability of differentmitigating,systems is directly tied to the level of service the system receives
during its lifetime. Systems that are maintained according to their required inspection, testing, and
maintenance intervalsshave ahigher likelihood of success compared to systems that are neglected. The
purpese of this section is to demonstrate the increases in reliability for different systems required in the
prototype buildings to,generate a similar risk to the code-compliant single-exit stairway building based
on thelreliability data from the MFIRS database.

The analysisi\démonstrates that a sprinkler system failing to operate is the largest risk-driver for MFD fire
events. If the probability of a sprinkler system successfully flowing increases from 88% (the average
reliability calculated based on the MFIRS data) to 96% through more rigorous testing and maintenance
programs, the risk of the prototype single-exit stairway MFDs can be reduced to a risk similar of the
currently code-compliant single-exit stairway MFD.

Therefore, rigorous enforcement of sprinkler system inspection, testing and maintenance as required by
the Minnesota State Fire Code and referenced Standard NFPA 25, Standard for the Inspection, Testing and
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Maintenance of Water-based Fire Protection Systems, and NFPA 72, National Fire Alarm and Signaling Code
is recommended.

Additional Considerations

The Consultants considered various other enhanced building features for incorporation into the minimum
criteria for single-exit stairway prototype buildings to provide a level of safety equivalent to or better than
that provided by currently code-compliant buildings. Some of the enhancements were suggested by TAG,
some were included in other codes’ requirements for single-exit stairway buildings, and others were
identified as a result of the Consultants’ experience.

Considerations associated with each of these potential protection enhancementsfasymitigating strategies
are presented below. These are listed as potential considerations as sufficieht data were,unavailable for a
quantitative assessment.

1. Voice Alarm System. To provide building occupants with increased.situationahawareness, an
occupant notification system with live voice capability would allowythe fire service to communicate
with occupants who have not yet evacuated the building. The research.on human behavior indicates
that alarm system type and performance have an impact on delay time and pre-movement time. By
providing live voice messages, occupants can begotified and,given timely, credible information and
instructions about egressing or remaining in their units..The Consultants could not quantitatively
evaluate the impact of voice alarm system performanceiin MFDs.

2. Building Construction Type. The construction type of a building determines whether the building’s
structural elements are combustible or noncombustible, and the level of the elements’ fire resistance —
the ability of the elements to withstand the effects of a fire exposure. The minimum required
construction type is determjried fram the MBC based upon the building’s intended use (in this case,
Group R-2), and its size in‘terms of itstheight and floor area. In general, taller buildings are required to
be of noncombustible construction with'the required fire resistance rating of the building’s structural
fire resistance increasing from O hours for some low-rise buildings to as much as 3 hours for very tall
and/or very large buildings. Thisiis intended to prevent the collapse of tall buildings subjected to a
fire, and to allow occupants adeguate time to either escape or reach an area of refuge where they can
be "defended-in-place” during a fire and be rescued, if necessary.

Multi-family,residential buildings are allowed to be constructed per the MBC up to three stories in
héight using combustible construction with the structural elements having a zero fire resistance rating.
The required, fire'resistance rating for the structural frame increases to one-hour for buildings up to 4
stories in height when of combustible construction, and then 5 stories when the building is of a
combinatioft of noncombustible and combustible elements, with the fire resistance ratings of zero or
one hour. Buildings greater than 5 stories are required to be of noncombustible construction and
have a structural frame with a minimum fire resistance rating of 2 hours. Buildings greater than 12
stories in height must be of noncombustible construction and have a structural frame with a minimum
fire resistance rating of 3 hours. Although the MBC allows a zero-rated structural frame in some types
of construction, other criteria require a degree of fire resistance for dwelling unit separations. (The
above fire resistance ratings are based upon fully-sprinklered buildings.)
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The required fire resistance rating of a building's structural elements is also related to the anticipated
fuel load of the occupancy. Residential occupancies such as the MFDs in this study are generally
considered as having a relatively low fuel load such that, when fully consumed in an uncontrolled fire,
the fuel load would have an effect on the structure equivalent to about a one-hour fire exposure in a
standard time-temperature fire test.

The MBC allows a reduction in fire resistance ratings for dwelling unit separations, corridor walls and
floor construction in sprinklered buildings, recognizing the record of performance in limiting life loss
and property damage. Corridor wall construction and dwelling unit separations in sprinklered MFDs
are required to have a minimum rating of ¥2-hour (MBC Sections 1020.1 and 708.3).

The building's structural elements and fire barriers are relied upon for a defend-in-place strategy: The
fire resistance ratings specified for the fire barriers in the various types construction forllow-rise MFDs
is considered adequate to serve as compartmentation for the defend-in=place strategy given: the low
probability of simultaneous failure of both automatic sprinkler protection and the compartmentation
of the dwelling unit; the short egress time for occupants to evacuatg,a low-rise building under normal
circumstances; and the enhanced features recommended in this réport.

In conclusion, the Consultants recommend that the maximumfbuildingyheight of a single-stairway
MEFD comply with the heights in MBC Table 504.3 for'Group R occupancies. Similarly, the Consultants
could not quantitatively evaluate the impact of fire,resistancexatings or material specifications for
corridor walls, the dwelling unit doors to the corridofydwelling unit separations and stairway
enclosures.

3. Scissor Stairways. The Consultants considered the use of “scissor” stairways as a means of providing
two exit stairways while minimizingrthe required floor area and construction cost for a second stairway
enclosure. Scissor stairways aré effectively two exit stairways in a single shaft that has a marginal
increase in the required floor area and construction cost of the building. While not an uncommon
design in high-rise buildings designed‘decades ago, this stairway arrangement has been specifically
prohibited in recent version,ofdhe building codes. (See MBC Section 1007.1.1.)

Minnesota reportediasmultiple=life loss fire in November 2019 involving a scissor stairway exit
arrangement in a high-riseimulti-family residential building. The report on this fire*® stated that the
building wasnet sprinkléred and the apartment door to the corridor failed to close, resulting in an
uncontrolled fire that generated heat and smoke that spread to multiple floors within the building. In
contrast, NewdYork City.allows scissor stairways to be considered as two exits under limited
conditionsaln Group R-2 occupancies, the enclosing stairway walls must have a minimum rating of 2-
hours and be constructed of masonry; the common walls separating the two stairways must have a
minimum rating of 2-hours and be constructed of masonry; and the entry doors to the two stairways
must beseparated by a minimum of 15 feet.

The Consultants believe that scissor stairways could provide an acceptable alternative to constructing
two separate stairway enclosures, provided the construction integrity is maintained such that the two
stairways have independent environments and that the exit discharges from the two stairways are
remote from one another. However, the Consultants noted that the comparative risk benefit will be
relatively small (up to an approximately two percent reduction) because: (1) the single-exit stairway
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corridor is so small that it will quickly fill up with smoke and obscure the access to either exit; and, (2)
the sprinkler system failing is the risk-dominant event.

Smoke Control. The Consultants reviewed providing smoke control as a potential building
enhancement. Smoke control can be an important element in a building’s fire safety strategy,
particularly in very tall buildings where the stack effect is a significant influence on the movement of
smoke within the buildings. Older editions of the model codes mandated smoke control for high-rise
buildings with prescriptive criteria for exhausting smoke from the fire floor and pressusization of the
stairways. Smoke control design has evolved substantially as the science of fire growth'and smoke
movement have become better understood.

The current edition of the MBC requires the interior exit stairways in high-rise buildings either be
designed as smokeproof enclosures or be pressurized as a means to limit smokespreadhintofthe
enclosures, and that the building also has a method for the post-fire remeval of smoke.

The efficacy of smoke control provided by stairway pressurization systems isthighly dependent on
balancing the number of doors assumed to be open and pressure rgguirementsyThe efficacy of such
systems can decrease markedly if more doors are open than designed for, which can result in rapid
environmental changes. With most of the design consideratighsiin theimodel codes based upon
sprinkler-controlled fires, the data indicate that thednore significant conséquence mitigation is when
the sprinkler system does not control a fire. If thé'sprinkler system is‘functional, the data indicates that
the risk is acceptable. If the sprinkler system is not fumctional, it'is unlikely that the design of a
stairway pressurization system would be effective in limiting smoke spread from an uncontrolled fire.
The Consultants do not expect that a stairway pressurization system would have a significant risk
impact in these low-rise MFD buildings.

48-inch Wide Stairway. Discussions occurred with TAG to evaluate increasing the minimum stairway
width to 48-inches for the single exitistairway MFD. The egress modeling indicates that increasing the
minimum stairway widthffrom 44 inchesyto 48 inches does not have a significant impact on reducing
the egress time for a single=exit building. The wider stairway's effect on cross-flow, when occupants
are egressing andfirefightersare simultaneously using the same stairway, does not have a material
impact in the modeled case, assuming that all building occupants begin using the stairway to exit at
the same timefirefighters begimusing the stairway to reach the fire floor, the most conservative
approach. The model for cross-flow does not consider obstructions on the stairs such as hoses or fire
service staging! IAlsummary, the Consultants do not find adequate substantiation for increasing the
minimumpstainiay width to 48 inches.

Risk Achievement Worth (RAW)

Risk achievement worth (RAW) calculates the risk impact of different mitigating systems assumed to be
unavailable [46]. The ratio of the risk values indicates the relative importance of that system (Equation 1).
This helps identify the systems having large impacts on reducing the risk.

RlSksystem always failed

RAVVS =
ystem R ish
s system available

(Equation 1)
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RAW values equal to 1.0 have little to no effect on the results, whereas RAW values exceeding 1.0 show
the features’ importance to risk, providing a helpful tool to identify those that have an appreciable impact
on risk when pursuing risk mitigation strategies. The larger the RAW value, the more critical that system is
to risk mitigation.

Table 5 provides the RAW factors for each scenario for which reliable data are available on fire safety
system performance. The table clearly shows that the sprinkler system is the single-most riskssignificant
feature according to the RAW factors across all building geometries. This is expected, because itprovides
fire suppression / control and activation of the building-wide fire alarm system occupant notification to
cue egress.

The dwelling unit and exit stairway doors have an almost negligible impact onythe risk because they are
only involved in the event tree sequence where the sprinkler system is flowing but fails to control the fire,
and the building-wide fire alarm system has successfully activated. For the corridoriré, the combustion
products fill the corridor and obstructs egress as such the impact of the dwelling unit door position on the
condition of the corridor is minimized.

Table 5. System RAW Importance Factors

System Dwelling Unit Fire Corridor Fire
Bldg. 1 | Bldg. 2 | Bldg. 3 | Bldg. 4 | Bldg. 1 | Bldg. 2 | Bldg. 3 Bldg. 4
Sprinkler 8.6 8.6 8.6 86 8.6 83 8.4 8.4
Protection
Fire Alarm 1.11 1.10 1.09 1.10 1.09 1.05 1.07 1.07
System
Notification
Dwelling 1.001 1.05 1.02 1.02 1 1 1 1
Unit Door,

Stairway 1.004 110 1.09 1.10 - - - -
DPoor and
Dwelling
Unit'Door

Stairway - - - - 1.002 1.05 1.07 1.07
Door
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Uncertainty

Uncertainty is an important metric in risk studies as it reports the confidence of the results. This report
used a Monte Carlo analysis to sample the event tree 10,000 times over the top event distributions for
each fire scenario in each building. Each variable was sampled independently, which is consistent with the
way it was reported in the data. Additional sampling beyond 10,000 in the Monte Carlo study did not
change the uncertainty by more than 1%. Table 6Table 6Table 6 shows the results of the uncertainty

study.
Table 6. Monte Carlo Distribution of the Comparative Risk Uncertainty
Building Dwelling Unit Fire Percentile Corridor Fire Percentile
No.

5th 50th 95th 5th 50th 95th
1 923 109.6 128.4 932 1104 1294
2 434 5.14 6.02 4.71 5.57 6.51
3 134 15.9 187 14.0 16.5 19.3
4 8.88 10.5 12.3 9.33 11.02 12.9

The sprinkler system has the greatestimpact on risk and there is adequate data available from the State of
Minnesota to create reliable distributions. However, the performance data for mitigating systems in the
egress pathway are much more limited. The uncertainty bands show a range of risk for each structure
that correlates to the performance©f each system. Properly maintained systems generate risk values
expected to fall in theflower end of the distribution whereas poorly maintained systems would fall in the
higher end. Appendix | shows,the uneertainty distributions for the dwelling unit and corridor fire
scenarios in eaelpof the fourbuilding geometries.
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SUMMARY AND CONCLUSIONS

The Consultants were tasked with reviewing data to provide information to the Minnesota policy makers
such that they can make a more informed decision on potential changes to the MBC allowing taller and /
or larger floor plan area single-stairway MFDs. This report does not identify an acceptable level of risk or
safety and does not propose rule changes to the MBC. Those tasks are left to the policy makers in the
State of Minnesota.

The conclusions within are based upon an analysis of data of MFD fires, input from project stakeholders,
and the application of sound fire protection principles. The RIA evaluates code-complying MFDs,to define
a benchmark risk. That same RIA was then applied to determine the risk of prototype single exit stairway
MED buildings up to 75 feet in height. Where the risk of the prototype MFD efceedsthe Benchmark,
additional mitigating measures are identified to reduce the risk of the prototype to equal to'orless than
the benchmark buildings currently allowed by the MBC.

The outcomes from this comparative assessment do not reflect absoluteymetrics fompredicting building
risk or the individual risk to an occupant within the building and should'not be used for such. Regulatory
decision-making for buildings is focused on societal risk — not individual risk. As such, the risk metric in
this report is based on comparing the risk of different bdilding [geometries te»one another and the
associated features and systems within, not the individual risk of .eccupants within a building. The process
that was used included:

e Literature and data review of multi-family residentialibuildings currently allowed by the MBC, fire
loss history, and fire safety system reliability data.

e Engagement with the TAG stakeholders tafconfirm the RIA, along with the benchmark and
prototype MFD configurations to review, and the evaluation process for the consequence analysis.

e Defining the fire and egress model scenarios based on the data review and input from TAG, and
conducting the fire@nd egress modeling.

e Using the RIA to quantify ahd compare the risk associated with different MFD geometries and fire
protection features. Evaluation of various mitigation options for the prototype buildings to
understand the risk impact.

e Quantifying the risk@chievement worth (RAW) for systems where sufficient data are available to
ideftify the criticalisystems and uncertainty to understand the risk distribution of the identified
systems:

¢ Presentation outcomes of analysis in a report to inform decision making by the Minnesota policy
makers,

After reviewing the data and conducting the analysis, the Consultants have the following conclusions.
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1. The MBC permits smoke detectors to be removed from common means of egress within MFDs if
the MFDs are protected throughout by an automatic sprinkler system. Providing smoke detectors
in common egress areas of fully-sprinklered MFDs, such as corridors, would provide a diverse
means of activating the building fire alarm system that is independent from the sprinkler system.
The addition of the common area smoke detectors would reduce the comparative risk of the
prototype single-exit stairway MFDs (Building 3 and Building 4) to be less than or equal to that of
a code-compliant single-exit stairway MFD.

2. The most risk-significant failure is the sprinkler system failing to flow. Creating a mare robust
inspection, testing and maintenance program consistent with NFPA standards will increase the
reliability of a sprinkler system to flow on demand and for building occupantsito be notified.
Based on the MFIRS data, the current observed mean reliability of a sprinkler,system flowing on
demand is approximately 88%. If this reliability can be increased to approximately 96%, the
estimated risk of both prototype single-exit stairway MFDs (Building 3tand Building 4) would be
less than or equal to that of a single-exit stairway MFD compliant with theé\MBG having the
observed sprinkler system reliability.

3. A properly operating automatic sprinkler system provides the mest significant comparative risk
reduction impact.

4. The number of exit stairways factors into the sisk calculation only,when the sprinkler system has
failed to control the fire, AND when the door te,the dwelling unit of fire origin is open, AND when
the exit stairway door on the floor of fire origin isialso open.

a.  When this occurs in single-exit stairway MFDs) the exit stairway is no longer tenable for
the building occupants. For multi-exit stairway buildings, the occupants have the ability
to use the unaffectedfexit stairway.

b. The risk of this scénario has a small contribution to the overall risk profile (estimated to
be 0.02% for fifes that start in dwelling units, and 0.09% for fires that start in the
corridors) given the multiple failures (sprinkler system, dwelling unit door, stairway door)
that need to oceur.

5. Almost 97% of the risk forieach scenario can be attributed to the sprinkler system failing to flow
on demand (End\State8.in the event tree) due to:

a4 No water te‘control’or suppress the fire;

b, Noflow in‘the sprinkler system to activate the waterflow switch that activates the
bdilding's,fire alarm system to notify occupants to evacuate; and,

¢, Nojactivation of fire alarm panel also results in no signal being sent to initiate the fire
department response.

Taken in combination, if occupants do not receive a building system cue to evacuate, the analysis
assumes that they remain in their dwelling units where they are either defended-in-place or
rescued by fire fighters. This makes the consequence within the building and associated risk-
informed comparative results strongly tied to the performance of the sprinkler system and the
total number of occupants in the building potentially exposed to untenable conditions. Thus,
reliable fire sprinkler systems are important fire risk mitigation measures.

6. When the sprinkler system fails to control the fire and the door to the dwelling unit of fire origin
is left open, the combustion products freely flow into the corridor. The corridor volumes in the
single-exit stairway buildings are expected to be sufficiently small such that the corridor becomes
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untenable before an occupant can make the decision to evacuate, affecting all occupants on the
floor where the fire occurred. Thus, reliable door closers are important fire risk mitigation
measures.

7. When the sprinkler system fails to control the fire and the door to the dwelling unit of fire origin
in a single-exit stairway MFD is left open AND the exit stairway door is open, the combustion
products freely flow into the stairway. Given that the corridor volume is expected to be sufficiently
small, the exit stairway quickly fills with smoke and becomes untenable before occupants make
the decision to evacuate. In this scenario, all occupants in the single-exit stairway building fail to
evacuate. However, occupants in multiple-exit stairway MFD on floors othepthan whergithe fire
originated can use the unaffected exit stairway to egress.

8. This report focuses on limited fire protection features and systems identified,within the Minnesota
Building Code based on available data. The Consultants defer to the MBC where datax¢ould not
support quantitative conclusions. Examples include construction type‘requirements based on
height and area, fire resistance ratings of structural elements and fire resistance ratings of various
other assemblies.

9. The Consultants reviewed mitigating measures where the risk ofithe prototype MFD exceeded the
baseline risk using the event tree. While many conceptsiwerelevaluated it was not an exhaustive
evaluation of all possible mitigation measuresdlnstead, the focusiwas on items where the available
data could support quantitative evaluations tajcompare the risk‘of the various prototype building
geometries as documented in the Recommendations. These options and others not included in
this report are ultimately up to policy makers. If other options are considered, a similar evaluation
should be conducted

LIMITATIONS

The Consultants noted the following limitations with the data requested and/or reviewed as part of this
study, including areas where additional information could be collected to aid future analysis.

1.

The MFIRS database does not have information related to the buildings’ year of construction or the
number of exit staitwaysin the building. The Consultants could use such data to better understand
the fire protection systemis andifeatures required by the applicable code at the time the building was
constructed, and the potential impact of the number of exit stairways during a fire event.

There was limitedsor no'data available for the reliability of building-wide fire alarm notification
systems,stairway pressurization systems, dwelling unit door position, or exit stairway door position.
This data could be,obtained by additional research studies. For the purposes of this study, the
Consultants/relied on engineering judgment to estimate these failure probabilities and associated
distributions.

The MFIRS database did not include data on why the sprinkler system failed to flow. Given the
importance of a sprinkler system, it is recommended that the MFIRS database add a field
documenting why the sprinkler system failed to flow or review inspection, testing, and maintenance
(ITM) records to understand the non-compliance findings related to sprinkler systems.

Ignition frequency data were not available for MFDs. Calculating definitive frequencies of ignition per
year is unlikely to yield reliable data given the variability in reporting, the significant number of fire
events to review, and the large number of fires that go unreported. Future studies could investigate
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relative correlations between the ignition frequency and the building area or the number of bedrooms
and kitchens.

The MFIRS database did not document the actions taken by the fire department during the fire event,
or how rescue operations were performed. Considering TAG member input and consensus, this
analysis acknowledges the positive fire service impact but does not factor fire department response in
this RIA.

The MFIRS database does not include a detailed cause of death for reported civilian fatalities in the
specific event reports. This information would help analysts better understand the circumstances that
lead to civilian deaths in MFDs, how the MFDs failed to protect the occupants, or if the event was
beyond the design basis.

Data entry into MFIRS is subjective and relies on fire departments to interpretthe fields and
document a response. Firefighters may interpret fields differently or submit incomplete forfns, leading
to variability in the reported data. This is a known problem in data reporting®®¢' andis one reason that
the UL FSRI has developed the new National Emergency Response Information, System (NERIS) system
for fire data reporting. This study does not address non-fire related(events that may result in
occupants either needing to evacuate or remain in place. Examplesof such events outside the scope
of this study are active-shooter or earthquake events.

Limited potential fire risk mitigation measures aredncludediin the Patential Enhancements section of
this report but as noted, sufficient data to quantifyitheir efficacy.in fire risk reduction are not available.
Data collection on performance of these and other systems would enhance RIA of this type.
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RECOMMENDATIONS

Consistent with the stated purpose of this study, recommendations have been developed to reduce the
risk of the prototype MFD single-exit stairway buildings to be less than or equal to that of a code-
compliant single-exit stairway MFD. The recommendations are based upon the RIA to identify features
that significantly impact the risk.

1. Provide smoke detectors in the common means of egress in single-exit MFDs more than three
stories tall.

Providing smoke detectors in common egress areas, such as corridors, in MFDsthat,are ‘sprinklered
throughout provides a diverse means of activating the building fire alarm system that'is,independent from
the sprinkler system. The addition of the common area smoke detectors would,reduce the comparative
risk of the prototype single-exit stairway MFDs (Building 3 and Building 4) to be'less than or equal to that
of a code-compliant single-exit stairway MFD.

2. Increase enforcement of NFPA 25 and NFPA 72 inspection, testing, and maintenance (ITM)
requirements in single-exit MFDs more than three stories tall.

Create a more robust ITM program to increase the reliability ofia sprinkler system flowing on demand.
Based on the MFIRS data, the current observed mean‘reliability ofia sprinkler system flowing on demand
is approximately 88%. If this reliability can be increased tax@pproximately 96%, the estimated risk of both
prototype single-exit stairway MFDs (Building 3 and Building4) would be less than or equal to that of a
single-exit stairway MFD compliant with the MBC having the observed sprinkler system reliability.

The ITM program should also includegeriodically ifispecting that dwelling unit and exit stairway door
closers function properly, and thatddoors are not propped open. The risk-significance of the dwelling unit
and exit stairway doors will risetas the sprinkler system reliability increases.
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APPENDIX A - STATE OF MINNESOTA LEGISLATION

Minnesota Legislature, Office of the Revisor of Statutes

HF 5247, 4th Engrossment — 93rd Legislature (2023-2024). Posted on 6/5/2025; 8:54 AM

Article 15, Sec. 46.

Single-Egress Stairway Apartment Building Report

The commissioner of labor and industry must evaluate conditions under which apartment buildings with a
single means of egress above three stories up to 75 feet would achieve(life safety outeomes equal to or
superior to currently adopted codes. The commissioner must use research techniques that include smoke
modeling, egress modeling, an analysis of fire loss history in juriédictions that have already adopted
similar provisions, and interviews with fire services regdrding fire suppression and rescue techniques in
such buildings. The commissioner shall consult with relevantsstakeholders, including but not limited to
the Minnesota Fire Chiefs Association, Minnesota Professional Firefighters Association, Fire Marshals
Association of Minnesota, Association of Minnesota Building @fficials, Housing First Minnesota, Center for
Building in North America, and faculty from the relevant department of a university which grants degrees
in fire protection engineering. In addition, the comimissioner must also contextualize the life safety
outcomes from the single-egress evaluation to life safety outcomes in other types of housing. The
commissioner may contract with externahexperts or an independent third party to develop the report and
perform other functions required of the commissioner under this section. The report must include
recommendations for code updates for the single-egress buildings evaluated in this section. By
December 31, 2025, theéseommissioner must report on the findings to the chairs and ranking minority
members of the legislative committees with jurisdiction over housing and state building codes.
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APPENDIX B - THE SYSTEMS APPROACH

Unlike the vast majority of structures in the U.S., the property of the federal government does not fall
under the jurisdiction of state and local building codes. Consequently, the U.S. General Services
Administration (GSA), owner-operator of the federal government facilities, was able to deviate from the
common practice of simple code compliance and formulate the “Goal Oriented Systems Approach” to fire
safety in the 1970s. Classic performance-based design in fire protection engineering dates to this era
when it was first applied to the General Services Administration (GSA) Federal Office Building in Seattle,
Washington. Harold E. (Bud) Nelson, a fire protection engineer with GSA (later to become President of
the Society of Fire Protection Engineers), developed this approach in the era of emerging fire safety
demands for high-rise buildings while the model building codes of the time weresgreatlyalacking in
providing adequate fire safety requirements. This method has since evolved and has‘become known as
the "Systems Approach” to fire safety analysis.

The National Fire Protection Association "Committee on Systems Concepts" has developed a similar
version of the GSA systems approach in NFPA 550, Guide to the Fire Safety Concepts Tree. The systems
approach provides an organized way to characterize and evaluate a building's fire safety with respect to
established goals for life safety, property protection and/or business continuity — goals that are often
poorly related, or even unrelated, to many of the building code's prescriptive requirements. The use of
the Fire Safety Concepts Tree also allows for the evaluation ofta particular building component, a manual
fire alarm system for example, with respect to the established fire safety goals for the building.

There are two primary ways to use the Fire Safety Concepts Tree. One approach includes developing the
mathematical probability of success in,reaching agréed upon numerical probability goals. For example, it
could be decided that the goal was99.7% probability of success in having not more than one fire death
per 100,000,000 hours of personfiel exposure, or a 99.6% probability of success in preventing any fire
from exceeding $100,000 in property damage, or a maximum of $250,000 in business interruption loss.
The GSA used this approach‘in,some,of its building designs, establishing parameters such as a 99.999%
probability of successdn confining a fire to a work station, a room, a floor, or a building. The objective use
of the systems approach reguires development of success probabilities related to all components of a
building's fire safety system. dn'seme cases, statistical data are available to develop these probabilities
with a gooddegree of confidence. In other cases, fire test data make it possible to accept basic
assumptions.“Where data are not available, probabilities are typically based on professional judgment.

The Fire Safety, Concepts Tree can also be used in a subjective approach. In that case, the Fire Safety
Concepts Tree is\usedias a method of organizing thoughts regarding the design or evaluation of fire
safety.“lt encourages the evaluator to investigate alternate approaches, and to consider the interaction of
various elements of the overall fire protection system. The subjective use of the Tree provides an
excellent tool for facilitating communications among all interested parties.

In the case of the single-exit stairway design, the Fire Safety Concepts Tree clearly demonstrates that the
fire risk of a building does not depend upon a single feature, such as its means of egress. Fire risk
depends upon a number of building features and human elements working together, a principle evident
in modern building codes.
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This can be seen graphically in the Fire Safety Concepts Tree, annotated for application to the single-exit
building analysis that identifies the various fire protection features of a building and their relationship to
one another, showing how various fire protection features and combinations of features can work to
achieve an objective (B1). Overall, the Systems Concept provides a powerful method and an organized
approach to evaluating a building’s level of fire risk against established performance objectives. This
approach helped establish the comparative risk assessment used in this study.
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Figure B1. Guide to the Fire Safety Goncept Tree with Notes Applicable to the Typical Single-Exit Stairway
Building Configuration

Having a minimum of two means6f egress from a building has been a fundamental fire safety principle
for many years based'upon. a presumption that a second exit would be available to building occupants in
the event the first exit was not usablefor safe egress. Yet, building codes have allowed limited
circumstances'where a singlé exit can provide a reasonable level of safety based upon factors such as
building height and the number of building occupants at risk. Such determinations have been made on a
consensus,basisiover manyyyears by the fire safety community based upon subjective determinations of

tolefable risk:

It should be noted that providing a minimum of two means of egress from a space cannot assure that all
building ‘@ecupants will be able to escape in all cases, as demonstrated by the fire record in the United
States. This'report, in fact, identifies several such scenarios where occupants may be exposed to a
common atmosphere affecting an exit access corridor that provides access to multiple exits. The viability
of building exits is affected by building geometry, fuel load, occupant density, the presence of automatic
sprinklers, and other factors.
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As stated in NFPA 550, one of the most important uses of NFPA 550 is for communication with
professionals involved in building design and, in this case, building code development:

Codes and standards are not intended to be tutorial; they presume a significant level of
comprehension of the principles of fire protection engineering. The Fire Safety Concepts
Tree is a simple visual representation of the total concept of fire safety incorporated in
codes and standards. It can be used as a means of communication between fire safety
specialists and others to help identify the role of specific requirements. The tree should be
considered as a first level of education in fire protection engineering (i.e., as an introduction
to the full breadth of the subject).

Figure B1 shows that fire safety objectives can be achieved by alternative methodsiyThe Rire Safety
Concepts Tree can also be used to identify redundancies as well as missingffire safety features.in a
building. It also shows how all building features work together as a system that provides for the fire
safety of a structure. Theoretically, if 100 percent success can be achieved by oneypath,/less reliance can
be placed on the others. This “systems concept” is discussed in greater‘detail in theliterature and in NFPA
550.

In reviewing the Fire Safety Concepts Tree, it should be noted that two typesiof "gates" are provided
below the various levels of decision. These include "@f" gates (+),which indicate that either solution below
a particular gate will satisfy the objective above it if theynaredotally’suc€essful or that proportions of each
combined will totally satisfy the objective. The "and" gates (.) indicate that, in order to satisfy the goal
immediately above the "and" gate, all items in the level immediately below it must be satisfied.

An overall view of the Fire Safety Congepts Tree wolld indicate that the left side, "Prevent Fire Ignition,"
refers primarily to those items which would be normally contained within a fire prevention code. The right
side of the Tree, under "Manage Fire Impact,” deals primarily with those items which would be included
within a building code. TheFire Safety Concepts Tree indicates that it is possible to achieve a fire safety
objective by either making fireignition extremely unlikely, or by appropriately managing the fire impact.
Of course, a combinatien of bothiis the most common approach.

Although the Fire Safety:Concépts Tree recognizes various ignition prevention strategies, we have
presumed that'anlignition has occurred and will, therefore, focus on the building’s fire protection features
related to “managing fire impact” which involves managing the fire and managing the exposed. The
relationship of the'meansyef egress to other major fire safety features can be clearly seen in Figure B1
from fire suppression, compartmentation/defend-in-place and the means of egress. The different
protection strategies are represented by the colored lines. The figure has been further annotated in the
colored‘boxes at the bottom of the figure to identify the fire protection features typically required in a
MFD buildingdinder consideration in this study. It should be clear that achieving success with one or
more strategies depicted by the various colored paths can lead to meeting the fire safety objective for the
project. For example, it shows the relationship of the automatic sprinkler system as an alternative means
to providing rated construction.
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When considering managing the fire impact, one can either "Manage the Fire" or "Manage (the) Exposed."
In order to Manage (the) Fire by construction (yellow line on Figure B1), not only does the movement of
the fire need to be addressed, but it is also necessary to provide for sustained structural integrity in heat-
affected areas. The building code provides for the necessary structural integrity by invoking requirements
for the protection of structural elements exposed to fire that vary based upon the building's use, height
and size. The Consultants believe the protection afforded by the minimum construction types included in
the MBC is sufficient and have not proposed modifications or additional enhancements.

A "Manage-by-Construction” issue relates to the walls between the dwelling units and walls'and doors
between the dwelling units and the corridors. The MBC presently requires a minimtim one-half‘hour
construction between dwelling units and common corridors serving more than 10 occupants in new,
sprinklered multi-family residential construction. Such separations can be compromised ifidoors‘are left
open. If we consider fire history, the introduction of self-closing doors on sleeping rooms over the last 40
years has reduced fatalities in this occupancy by a considerable degree, yet we'must consider such a
scenario in our analyses. When speaking of "fire," we are actually referring to all oflitsd€components: heat,
light, smoke and gases. Therefore, effective fire barriers must protecttagainst passage of all of these
elements. Of greatest concern with respect to life safety are smokeyand gases.

The above discussion identifies some critical aspects regarding the management of fire by construction.
Even with significant improvements to building construction materials and methods, reasonable fire
management goals would be difficult to achieve withoutthe assistance of automatic fire suppression,
required in multi-family residential buildings over two storiesiin height in Minnesota since March 1995,
and in all multi-family buildings since the State’s adoption of the IBC-based code in July 2007.

Within the Fire Safety Concepts Treeffire suppression may be either manual or automatic. In the case of
manual suppression, the human glement must be considered. Opportunities for undermining fire safety
goals exist in each of the folloWing stepsfior manual suppression:

®  Detection of the fire;

= Communication of afire signalito responsible persons;
= Decision to act;

= Respongsé to the\affected area;

= Applicationiof thessuppressant in sufficient quantity;

= _Achievement ofifire control.

Considerable time can elapse between the origin of a fire and its detection. Areas of the facility that are
normallyiunoccupied or not typically visible to occupants present the possibility of a delay in detection. In
some instances, the delay could have significant fire safety ramifications, particularly if the areas contain a
large amount of combustibles. Numerous large-loss fires have occurred due to "delay in detection"
and/or "delay in alarm." Even with automatic fire detection systems, the elapsed time between fire
detection and the application of suppressant can jeopardize the fire safety of a much larger area.
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There are also significant time components to many of the steps that follow detection in a manual
suppression scenario. That is why the immediate application of suppressant by automatic means, e.g.,
automatic sprinklers, during the early stages of a fire offers a much higher degree of reliability in
controlling or extinguishing fires when compared to manual methods.

The most widely used method of automatic suppression is the automatic sprinkler system. In recent
years, most major building codes have required the installation of automatic sprinkler protection in an
ever-increasing number of buildings, including multi-family residential buildings. The installation cost in
new construction is often partially or fully offset by a reduction in the construction costs assogiated with
providing other features of fire protection, as well as various other design benefits.

If fire is controlled by automatic suppression, the red line on Figure B1 indicatésythat lesser degrees of
attention may be afforded in other areas in order to achieve a particular firg safety objectiveFor example,
structural protection and fire control via construction can be less important relative to a situation in which
no suppression system was installed. The degree of reduction would dependirather heavily upon the
reliability of the suppression system. In the case of automatic sprinklers,(system reliability depends on many
factors such as system design and maintenance. That is also how one can,view the reduction in the number
of means of egress under limited circumstances.

The effectiveness of automatic sprinklers in controlling or extinguishing fires is generally excellent. If
reasons for unsatisfactory performance related to controllable factarssstich as impaired water supplies and
partial protection are eliminated, records of past performance in many types of occupancies have shown
that sprinklers either extinguish or effectively control fires more,than 99.0 percent of the time. In addition,
there has been no multiple loss of life reported infully-sprinklered buildings where occupants were not
intimate with the fire.

The high degree of reliable performance is partially due to the electrical supervision of the systems.
Electrical supervision of sprinkler systemsygenerally includes the transmission of an alarm signal to a
constantly attended location indicating sprinkler operation or sprinkler system impairment, such as a closed
valve. Improperly closed valves account for the largest portion of the unsatisfactory sprinkler performance.

A sprinkler waterflow alakm results from the operation of a sprinkler system which is indicative of a fire and
is typically arranged to automatically activate the building fire alarm system and notify the fire department.
A valve supervisory alarm indicates tampering with the sprinkler control valve such that the water supply to
the sprinkler system hasibeen impaired. Responsible persons receiving these alarms can contact building
personnel foreorrective action. Additional related equipment, such as fire pumps, water storage tanks, etc.,
canalso be electrically’monitored to further assure the operability of the sprinkler system. An analysis of
the reliance plaged upon the sprinkler system to accomplish fire safety goals will dictate the relative degree
of reliabilityinécessary for the sprinkler system.

The Consultants note that listed residential sprinklers were developed in the early 1980s, designed to limit
room temperature and carbon monoxide in a residential environment, to improve the survivability of
occupants in the room of fire origin. While these sprinklers have been installed in numerous buildings, their
use is not mandated, and we cannot reasonably assure the survivability of occupants intimate with the fire
in all cases.
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In terms of the "Manage Fire Impact" side of the Fire Safety Concepts Tree, fire safety can be accomplished
by taking measures to "Manage the Exposed" rather than to "Manage the Fire." This refers to protection of
people and/or valuable contents. Again, a number of choices are involved including the limiting of the
amount exposed (control of the number of occupants), as previously discussed, or by safeguarding them.

The "Safeguard Exposed" concept allows an individual to be either defended-in-place or moved out of the
affected area. The "Defend in Place" concept relates to areas of refuge and compartmentation, concepts
included in current building codes, typically via requirements related to rated constructioh. (See the blue
line on Figure B1). If we have already managed the fire through an automatic suppression system, an area
of refuge may be viewed as a secondary means of protection. However, secondaryymeans of protection
can be of considerable value and is not to be minimized. A basic principle is included‘in,the Fundamental
provisions of the NFPA Life Safety Code, as follows:

The design of every building or structure intended for human occupangy shall be such that
reliance for safety to life does not depend solely on any single safeguard. An/additional
safeguard(s) shall be provided for life safety in case any single safeguard (s rendered
ineffective...

The alternative to “Defend Exposed in Place” is to “Movex(the) Exposed., (See the green line on Figure B1).
If individuals are to be moved from a potentially dangérous area to an area of safety, it is necessary that the
fire be detected, that movement be caused, and that‘appropriateimeans of movement be provided. In
causing movement, a building alarm system normally is provided for this purpose. Detection can be
accomplished either visually, by an automatic detection system,or by an automatic sprinkler system. After
the fire is detected, it is necessary that a signal be giyen to indicate need for movement. An automatic fire
alarm system is the normal means offcausing movement.

The means of movement relates‘to the,egress systems normally required by building codes, which lead
occupants to the outdoors Or an alternative safe area. The movement means must have adequate exit
facilities for each floor of the'buildifig. The nimber and size of exits is based upon three basic principles:
exit capacity, exit travehdistanceto,an exit and redundancy. Exit capacity relates to having adequate width
of doors and stairways for theypopulation of the building; requirements are dependent upon the anticipated
use of the building. Exit'travél distance is the maximum allowable distance for occupants to reach an exit
from any paint in the area'being evaluated, and it must be within prescribed limits. Also, depending upon
the occupant lead.andyuse, building codes have required a minimum number of exits for each space or on
eachdfloor(with some exceptions) and the physical separation of the exits to reduce the probability that a
single incident'will not,affect multiple egress paths. Aside from providing adequate capacity and meeting
exit travel distance requirements, multiple exits have been viewed to provide redundancy should one of the
exits become unusable, as previously stated.

Many codes allow an increase in the allowable exit travel distance and a reduction in required exit widths
for buildings having automatic sprinklers. This is in recognition of their ability to limit the size and the
spread of building fires, allowing more time for occupants of a building to exit the building or reach an area
of safety.
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It is not the intent of this discussion to provide a detailed analysis of systems concept. It is intended to
identify a tool which provided an element of this fire safety analysis and an outline for the thought process
that was involved in the analysis.

Sprinkler System Reliability

This study is based upon a sprinkler system of 86% as described in the Event Tree. Various other studies
of sprinkler system reliability have been published.

Walter Maybee of the U.S. Department of Energy reported reliability approaching 100 percentiover a
period of 35 years in its highly-maintained facilities.®> Maybee also noted that the DOE,sprinkler reliability
has been approaching that reported by Marryatt in his study of sprinkler performance in‘Australia and
New Zealand® where all systems were required to be electronically supervised and monitored off-site by
third parties.

According to Johansson [include reference (2003)], a study of sprinkler system reliability in the U.S.
indicated a reliability of 98.5 percent. Arvidsson and Hult [include thigyreference] (2006) found that the
probability of a sprinkler system extinguishing a fire was 96 percent, and that the probability of an
unextinguished fire being controlled was 50 percent. Taken in ¢ombinationithat means the probability of
a fire being either extinguished or controlled is 98 percent.

John Hall of the Fire Analysis and Research Division of NEPA reported in his study of fires from 2003-2006
that automatic sprinklers installed in the area of fire origin (@nd where fires were considered large
enough) operated 95% of the time and were 96% effective, resulting in a combined operational
performance of 91%.%

NFPA (Ahrens 2017) provides statistical data that, at first glance, look less promising. According to this
study of sprinkler system effectiveness over several years, systems were effective 88 percent of the time
(Figure B2). As reported inthat document, sprinkler systems either failed to operate or they operated
ineffectively 12 percent of the time.

m Operated and effective m Failed to operate m Operated ineffectively

Figure B2. Sprinkler system operation and effectiveness (Ahrens)
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The NFPA report identified the seven major reasons why sprinkler systems evaluated in the study failed to
operate or were ineffective as discussed below. These failure mechanisms may not properly represent the

expectation in multi-family residential buildings as described below, beginning with comments addressing
several of the "Reasons” documented by Ahrens.

Reason 1: System shut-off (40%). Electronic supervision of the sprinkler system components (e.g., control
valves, pump power, water tank level) is intended to prevent inadvertent shut-offs and other impairments,
and to notify responsible personnel in such an event. In the rare instances where a systemywill be shut off
for system maintenance, fire safety issues can be addressed by implementing measures suchias fire
watches. Furthermore, the MFC (Section 901.7) requires the local authorities to be hetified of system
impairments, providing an additional degree of management of such conditions.

Reason 2: Water did not reach fire (17%). Obstructions to sprinkler water reaching thefire can e
minimized by proper system design and regular system inspections.

Reason 3: Manual intervention (13%). The sprinkler system in residential .applications will be automatic,
not requiring manual operation. As for manual interruption of an activated system, protocols by
employees and responding fire fighters can be implemented.

Reason 4: Not enough water discharged (10%). The spribkler system density and site water supply are to
be designed for the hazard; it is unlikely that the natlire of the combustibles in a residential environment
will materially change over time.

Reason 5: Lack of maintenance (8%). The MFC requires systemiinspections, testing and maintenance of
fire sprinkler systems per NFPA 25, Standard for the Inspection, Testing, and Maintenance of Water-Based
Fire Protection Systems, and the associated fire alafm systems are required to be inspected, tested and
maintained per NFPA 72, National'Fire,Alarm and Signaling Code. Rigorous enforcement of these
requirements is recommended!

Reason 7: Inappropriate system for type of fire,(6%). The systems will be designed for the specific hazards
associated with multi-family residential buildings and are, therefore, expected to function effectively.

This leaves Reason 6 (systemicemponent damage) which accounts for 6 percent of the total and 7 percent
of the 12 percentiof ineffective cases, representing a failure percentage of 0.9% [0.07 x 0.12 = 0.0084].
The resulting reliability is 99:1 percent. An appropriate evaluation of the NFPA (Ahrens 2017) data and
reliability data cited in“several other references consistently support the assumption that a properly
designed andimaintained sprinkler system would be able to suppress or control a fire at least 98 percent
of the time, which means failure to do so 2 percent of the time.

Nevertheless, the reliability used for this analysis is 86 percent [0.88 x 0.98].
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APPENDIX C - TECHNICAL ADVISORY GROUP AND SUMMARY OF COMMENTS

As part of the project, the State of Minnesota DLI created a Technical Advisory Group (TAG) to advise the
Consultants on the project. This input included three formal meetings and individual stakeholder
interviews. The Consultants appreciate the time, effort and dedication of the TAG Members in the interest

of public safety.

Technical Advisory Group Members

Name

Role

Organization

Mary Barnett

Multi-family Housing Architect

Minneseta Construction Codes
Adyisory Council

Tom Brace

Fire Sprinkler System Expert

National Fire Sprinkler
Association

Nathan Bruhn

Large Municipality Building
Official

Association of Minnesota
Building Officials, St. Paul

Adam Casillas

Professional Firefighter

Minnesota Professional
Firefighter's Association

Nick Erickson

Housing Development Advocate

Housing First Minnesota

Patrick Farrens

Fire Chief/Taétical Analysis

Minnesota Fire Chiefs
Association

Jim Fisher

Fire Prevention Advocate

Governor's Council on Fire
Prevention

Stephen Kartak

kocal Government
Representative

Minnesota Construction Codes
Advisory Council

Jerry Norman

Large Municipality Building
Official

City of Rochester

Tom,Pitschneider

Municipal Fire Marshal

Fire Marshal’s Association of
Minnesota

Melisa Rodgiguez

Fire Protection Engineer

Governor's Council on Fire
Prevention

David Selinsky

Licensed Professional Architect

Minnesota Chapter, American
Institute of Architects
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Name

Role

Organization

Stephen Smith

Advocate for Single-Exit
Stairways

Center for Building in North
America

Amanda Swanson

Chief Deputy State Fire Marshal

Minnesota DPS/State Fire
Marshal Division

DLI Staff
Name Role Organization
Greg Metz Building Codes Coordinator Minnesota DLI Construction
Codes and Ligensing
Ryan Rehn Building Codes Coordinator Minnesota DLI Construction
Codes and Licensing
Consultants
Name Role Organization

Carl Baldassarra

Senior Principal, Fire
Protection

Wiss, Janney, Elstner Associates

Kyle Christiansen

Senior Fire & Life Safety
Consultant

Crux Consulting

Brian Meacham

Director, Risk & Regulatory
Consulting/Adjunct Professor

Crux Consulting/Lund University

Nicholas Ozog

Associate Principal, Fire
Protection

Wiss, Janney, Elstner Associates
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TAG Comment Summary
A summary of the comments discussed at the TAG meetings is provided below, in no particular order.

®  Data provided by TAG members and other outside data, along with commentary from TAG, identified
sprinkler reliability, door closer effectiveness, and stairway integrity as key factors that impact
occupants’ ability to egress unassisted through the building exits.

= Minnesota-specific data on apartment sizes, fire loss history, fire service staffing, and yarious system
reliability were shared. Evaluation of the data is included in the data summary part of thissreport.

= Data inconsistency and associated reliability were discussed and acknowledged,but the Consultants
reviewed all data provided by TAG along with insights or caveats associated.with such data.

®  Both passive and active fire protection system integrity and reliability are of concern. Potentially, this
can be addressed via regular inspection, testing, and maintenance programs and regulatory reporting.

= For single-exit stairway buildings, the concepts of education and realistic expectations for defend-in-
place strategies should be discussed and formally documented. Same of this is currently part of a
larger human behavior discussion beyond the scope of the building.code.

= Minnesota building departments are engaged and active, but somevariability exists across the state in
working with building owners in reporting, inspection and enforcement.

= The inclusion of an elevator in the subject buildings'isynot specifically required. However, practical and
market drivers may result in an elevator being included; especially if the building is four stories or
more in height. However, the cost of including an elevator'is a factor and increasing the number of
units per floor, useable floor area, or stories assists in making an elevator economically viable.

= |n asingle stairway design, thedcompartmentation integrity should have increasing importance.

= Egress width for stretcherananeuverability and potential elevator access should be considered in
potential rule-making efforts.

= Flexibility in unit designs andsizes should not be limited in rule-making; building design should be
driven by market factors. "Garden-type” dwelling units are currently not prohibited.

= Current limitations of singdle-exit,buildings have an impact on options for unit sizing. Market factors on
affordability and\lot sizes factor into unit sizing; not necessarily code language. There is reported
interest in‘unitsizes,that vary from studios to multiple bedrooms, i.e., three plus bedrooms.

= _Other jurisdictions have allowed various versions of single exit buildings, including Seattle and New
York City.

®  Passive systems such as structural fire resistance ratings, compartmentation and associated fire
resistancefratings of floor and wall assemblies of dwelling units, common corridors, and exit stairways
can support a defend in place strategy and contribute to limiting smoke spread.

= Focus on the data from Minnesota; review sprinkler effectiveness data and how NFPA 13 and NFPA
13R systems are different.

= Review fire incident data from Minnesota and other jurisdictions where single-exit stairway buildings
have been allowed. This review should include where injuries occur and impacts on the fire service.
Ignition sources and fire spread data could be reviewed as well, where available.
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= |nspection, testing, and maintenance records were discussed with common modes of failure
addressed.

= The characteristics of the general building stock for the jurisdiction were reviewed qualitatively for
construction type, number of stories and presence of elevators, including typical violations.

= Human behavior related to egress during a fire event should be discussed, although it is
acknowledged that the building code does not explicitly address human behavior.

= Appropriate context to the data from NFPA, Appendix D and other sources is importantito note to
frame conclusions within the context of the data.

= The use of emergency escape and rescue openings and other means by the fire setvice were
discussed. Ultimately, TAG identified additional egress options, includingdfire service rescue, to,be
minimized due to the large variation in response time resulting from large fire protectiondistricts and
large areas of coverage.

= |nspection, testing and maintenance for both active and passive protection systems currently has a
large variation in enforcement, but this should be standardized tofincrease compliance for important
systems.

= Construction type and fire resistance ratings of comfjpartmentation walls were acknowledged as being
reviewed but were viewed as being adequately addressed by the current building code and are
acceptable at this time.

m  Accessibility requirements are not part of this study, but'with the importance of the issues the
potential for various egress requirements are reviewed.
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APPENDIX D - DATA AND FIGURES

National Fire Protection Association

The National Fire Protection Association (NFPA) is an organization that performs fire event research,
publishes standards, and provides information to the public regarding fire safety. NFPA Research
published findings from data collected on residential home fires, including 1- or 2-family dwellings as well
as apartments (see Figure D1). Fire events are much more common in 1- or 2-family homgs compared to
multi-family dwellings, which is to be expected given the substantially larger housing stock'of single-
family homes versus MFDs. Additionally, the number of reported fire events in apartment buildings from
2000 - 2020 has stayed mostly constant while the single-family home fire events havefallen over the
same timeframe.

Figure 1. Reported home structure fires
by year: 1980-2021
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Figure D1. Reported home structure firesdy year: 1980420216

To supplement this data, a studydy Pew Charitable Trusts titled “"Modern Multifamily Buildings Provide
the Most Fire Protection” evaldated the death rates of single-family homes, MFD built 1999 or earlier, and
MEFD built 200 or later. Figure,D2 illustrates the significant reduction in annual death rates for MFD
constructed in the year 2000 orlater, signifying safety advancements in the U.S. building codes for multi-
family housing.
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Modern Multifamily Buildings Were the Safest Type of Housing

In 2023, multifamily buildings built after 1999 had lower fire death rates than
single-family and older multifamily buildings

10

N/

Annual fire deaths per million residents

0
I Single-family buildings [ Older multifamily (built 1999 or earlier) [l Newer multifamily (built 2000 or later)

Figure D2. Annual Death Rates of Single-Family versus Mu

NFPA also published home fire deaths by area of fire origin b
separated by residential building type
room and bedroom are responsibl
kitchen fires from 2000 - 2020.

ar. (Figure D3) These data are not
.g., single-family, multi-family, etc. Fires that start in the living

r approximately three times as many annual deaths compared to
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Figure D3. Home fire deaths by area of fire origin and year: 1980-2020%

The Consultants contracted NFPA Research to create a custom dataiset fonMFDs from their national
database for this report. The data available included the following for MEDs from 1999 — 2023: number of
fires, civilian death rates, fires by area of origin, item first ignited; extend'of flame spread, civilian deaths in
by sprinkler presence, and civilian deaths by detection presénce. Much of this data were categorized by
MFD 1-3 stories, 4 — 6 stories, and 7+ stories. The objective of reviewing this data set is to better
understand trends causing civilian deaths in MFDs.

The release of NFIRS version 5.0 in 2003 changed the way that fire event data were collected and
reported. To use a more consistent data set that aligns with NFIRS 5.0, the Consultants pared the data set
to include events from 2004 and onwards.

The data produced some valuable insights. Figure D4 shows that most civilian deaths occur in non-
sprinklered buildings up to 3 stories: on average, 88% of civilian deaths occurred in non-sprinklered MFDs
up to 3 stories from 2004<12023. Only 2% of the deaths occurred for the same period in sprinklered MFDs
up to 3 stories._The Minnesota Building Code (MBC) allows MFD buildings up to 3 stories to have a single
stairway. AltHough'the stairway count was not part of the data set, the impact of sprinklers to reduce
civilian fatalities, in MEDs where a single stairway is permitted is significant.

Additionally,‘EigurexD5 shows that deaths in sprinklered buildings are uncommon events: the average
number of annual civilian deaths in the USA in sprinklered 1 — 3 story, 4 — 6 story, and 7+ story MFD are
9.3, 4.5/and 7.0 deaths, respectively. Comparatively, the number of annual civilian deaths in the USA in
non-sprinklered 1 — 3 story, 4 — 6 story, and 7+ story MFD are 483, 23.9, and 18.6 deaths, respectively.
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Civilian Fatalities by Year, Building Height, and Sprinkler Status (2004-2023)
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Figure D4. NFPA Custom Multi-Family Housing Fire Event Data (2004-2023)

Given that most of the fires occur in 3 story MFDs (which are believed to be the largest of the three
housing height categories), the Consultants normalized theata to calculate the civilian deaths per 1,000
fire events based on MFDs at 1 -3, 4 — 6, and 7+ stories. The non-sprinklered 1-3 story MFDs has the
highest death rate at approximately 5.5 fatalities per 1,000 fire.events. The second and third highest death
rates were non-sprinklered 4-6 story and 7+ story bdildings at approximately 5 fatalities per 1,000 fire
events. The presence of an automati€ sprinkler system installed throughout the MFD reduced the civilian
death rate for all three MFD height groups to an average of approximately 1 to 1.5 civilian fatalities per
1,000 fire events. This trend démonstratesithe effectiveness of sprinklers to reduce the civilian death rate
in different MFD geometries.
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National Civilian Deaths Per Thousand MFH Fires
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@ Sprinklered 4-6Floors A Sprinklered 7+ Floors

Figure D5. NFPA Custom MFD Ekire Event'Data (2004-2024)

State of Minnesota

The Minnesota State Fire Marshal's Office (MSFMO), under the Minnesota Department of Public Safety, is
responsible for providing support to local fire depaftments, educating the public on fire safety,
developing and adopting the State’s fire code, and reviewing State fire data.

The MSFMO publishes an anndal “Fire inlMinnesota” report that documents the fire events, trends, and
losses that calendar year. The,report.relies onythe fire event data submitted by local fire departments into
the Minnesota Fire Incident Reporting System (MFIRS). On average, over 92% of fire departments across
the State annually reportitheir fire'@vent data. The Consultants reviewed these annual reports to
determine:

1. How does the Minnesota data compare to the NFPA national data?
2. The number of multi<family residential building fires
3¢ Themumber and nature of civilian and firefighter deaths

The'MSFMO also, created an export of the MFIRS database for MFDs from 2002 up to the date the report
was runiin 2025/ The data include the date / time, city, number of floors above grade, presence of smoke
detection, ‘ared of fire origin, equipment involved in ignition, first item ignited, structure fire spread,
presence of automatic extinguishing systems (AES), type of AES, operation of the AES, civilian injury
counts, civilian death counts, and fire service injury counts. The Consultants pared this data from 2004 (to
align with the adoption of NFIRS version 5.0) — 2024 (the last full year of data). The Consultants also pared
the data to only reflect MFD buildings since these most closely match the types of structures for the
study.
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There are similar trends between the national data provided by NFPA and the state data provided by the
MSFMO. The Minnesota data reporting the area where a fire is most likely to start (the kitchen) and the
areas where the fire originates that causes the largest number of civilian fatalities (the living room /
bedroom) compares well with the national NFPA data: approximately 50% of the Minnesota MFD fire
events started in the kitchen and almost 55% of the civilian deaths occurred in fires starting in the
common living room or bedroom. Similarly, the comparison of the Minnesota civilian fatalities per 1,000
reported fire events in 1, 2 family homes versus MFD matches the national trend of 1,2 family homes
having a significantly higher civilian fatality rate compared to MFD. The Minnesota data als@jincluded
firefighter injuries per fire event. Figure D6 identifies firefighter injuries in MFDs of 1,— 3 floors‘in,height, 4
-6 floors in height, and 7 or more floors in height in both sprinklered and non-sprinklered buildings.

Firefighter Injuries by Sprinkler Presence and Building Height
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Figure D6. Minnesota Fire Event Data (2004-2024, Multifamily Dwelling)
Source: Minnesota State Fire Marshal'’s Office
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Top 9 Fire Areas of Origin by Number of Fire Events (2004 - 2024)
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Figure D7. Minnesota Fire Event Data (2004-2024, Multifamily,Dwelling) Souree: Minnesota State Fire Marshal's
Office

Civilian Fatalities by Area of Fire Origin
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Figure D8. Minnesota Fire Event Data (2004-2024, Multifamily Dwelling) Source: Minnesota State Fire Marshal's
Office

The Consultants also reviewed the location of fires in MFDs and focused on fires that occurred in the
means of egress (corridors, stairwells, or ramps). 179 fire events started in the interior stairway or ramp
which resulted in 0 civilian fatalities and 6 firefighter injuries. 164 of these fires occurred in 1 — 3 story
buildings where a single stairway is permitted per today’'s MBC. 244 fire events started in hallway corridors
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which resulted in O civilian deaths and 11 firefighter injuries. 188 of these fires occurred in 1 — 3 story
buildings.

The Consultants reviewed the number of civilian fatalities per fire event. Of the 9,812 MFD fires that
occurred between 2004 and 2024, 98.8% of fire events resulted in O civilian fatalities. Of the 138 civilian
deaths that occurred during this period, 100 of the fire events involved a single civilian fatality (note that
the sprinkler coverage was undetermined for 8 of the fire events where a single fatality occurred). The fire
events that resulted in multiple civilian fatalities occurred in non-sprinklered buildings. Evaluating the
civilian fatalities by the location where the fatality occurred shows that 75% of fatalities occurred in the
area where the fire originated. Civilian fatalities outside the area of origin are not as‘éommon, especially
for sprinklered buildings.

Number of Fire Events by Civilian Fatalities per Event and
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Figure D9. Minnesota Fire EventiData (2004-2024, Multifamily Dwelling) Source: Minnesota State Fire
Marshal's Qffice

Page | 65



W] E Minnesota Single-Exit Stairway Apartment Building Study
Cf'U)( State Minnesota RFP 2000016452 Response

CONSULTING

Civilian Casualty General Location at Time of Injury by Sprinkler Presence
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Figure D10. Minnesota Fire Event Data (2004-2024, Multifamily Dwelling), State Fire Marshal's Office

Data Reliability
Beta Distribution

The Consultants evaluated the reliability of different mitigating systems as beta distributions: a continuous
probability distribution that reports values between 0 and 1 based on the shape parameters alpha (o) and
beta (B), which represent th@ success countiand failure count, respectively. Larger alpha and betas
represent a larger sample size ‘and{reduce the distribution’s variance. The purpose of capturing each
system's success or failute,as beta'distributions is to quantify the uncertainty associated with the system’s
performance and its impact onithe overall results. Where possible, the Consultants used data specific to
the state of Minnesota. If'data were‘lacking or unavailable, other data sources (national, international)
were used.

Fire Size

The' MFIRS data teports if the fire was too small to activate the sprinkler system. Modeling this parameter
addresses the likelihood that the fire is large enough to fuse a sprinkler. Fires that are too small to
activate a sprinkler system are generally sufficiently small such that they do not pose a significant adverse
impact to building occupants. Of the 569 fire events that occurred in MFD equipped throughout with an
automatic sprinkler system, two fire events reported a single civilian death. The alpha parameter of the
beta distribution is equal to the number of events where the fire was too small to activate the automatic
sprinkler system. The beta parameter is equal to the sum of the events where the fire is large enough to
require sprinkler activation.

Sprinkler Systems
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The MFIRS and NFIRS fire event databases include information about the sprinkler system during a fire
event: whether the building was not protected / partially protected / fully protected by an automatic
sprinkler system; if the fire was too small to activate the sprinkler system; if the sprinkler system flowed
successfully or failed to flow; or if the sprinkler system flowed, but failed to control the fire. Of the 1,368
fire events that occurred in buildings protected throughout by an automatic sprinkler system and had
sprinkler performance data available, 50% of sprinklers operated effectively, 42% of fires were too small to
activate the sprinkler system, 6% of sprinklers did not operate, 1% of sprinklers operated but not
effectively, and 1% was unknown or other.

The alpha parameter of the sprinkler system failing to flow on demand is equal to the,number ofifire
events that occurred in MFDs sprinklered throughout where the sprinkler system did netoperate. The
beta parameter is equal to the sum of the fire events where the sprinkler system dischargedywatér.

The alpha parameter of the sprinkler system failing to control the fire is equalito the number of fire events
that occurred in MFDs sprinklered throughout where the sprinkler system operated but/was not effective.
The beta parameter is equal to the number of fire events where the sprinkler system @perated and was
effective.

Fire Alarm System

The Consultants could not find published data on the reliability ofibuilding-wide fire alarm occupant
notification systems to fail on demand. Therefore, the Consultants used engineering judgment for this
system’s beta distribution to fail on demand. The basis for this engineering judgment is that the MBC
requires a fire alarm system to be continuously monitored, and'that these systems have historically
demonstrated a track record of reliable, performance.

Dwelling Door Position

The Consultants could not find any published data on the reliability of dwelling unit doors to be in the
“open” or “closed” positions. The MBC requires dwelling unit doors in MFDs to be equipped with self-
closers; however, this@ees not prevent building occupants from propping doors open. The Consultants
used engineering judgmentifor the beta distribution of the dwelling unit door to be in the open position.
The basis for thissengineering judgment is that the doors are mostly passive systems with self-closers that
are generally reliable.

Stairway.Door Position

Kevin Frank's thesis for the University of Canterbury® performed a study evaluating the position of exit
stairway, doors with self-closers in hotels (6), apartments / condominiums (2), boarding houses (2), and
rest homes,(3) in'New Zealand. Logging devices placed in the exit door measured the door position as a
function of time for 180 days. The results indicated that exit stairway doors in apartments were closed
approximately 86% of the time with a standard deviation of 0.30. The Consultants used this information to
create a beta distribution for the stairway door position to be open with a mean of 0.14 to match the data
in that report and an assumed distribution based on the relatively large standard deviation.

Table 7 summarizes the beta distributions for each system or event, including the 5%, 50%, and 95% of
the distribution. The purpose of reporting these values is to provide the 90% confidence range of the
system failure and to conduct a holistic uncertainty analysis of the systems for their impact on risk.
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Table 7. Beta Distribution Parameters for System Reliability

Description Parameter — Alpha Parameter - Beta Values
Fire is too small to activate the 569 780 5% ~ 0.40
automatic sprinkler system 50% ~ 0.42
95% ~ 0.44
Sprinkler system fails to flow on 90 690 5% ~ 0:10
demand 50% ~0012
95% ~ 0.13
Sprinkler system fails to control 10 680 5% ~ 0.008
the fire 50% ~ 0.014
95% ~ 0.023
Building-wide fire alarm fails to 16 144 5% ~ 0.06
1
operate on demand 50% ~ 0.10
95% ~ 0.14
Dwelling unit door fails to close’ 16 64 5% ~ 0.13
50% ~ 0.20
95% ~ 0.28
Exit stairway door fails'te,close? 14 86 5% ~ 0.09
50% ~ 0.14
95% ~ 0.20
'Beta'distribution parameters assumed based on engineering judgment
%Beta distribution parameters based on Kevin Frank University of Canterbury thesis
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APPENDIX E - BUILDING CODE CRITERIA

The following sections outline major sections The discussion provided in the following sections is not
intended to comprehensively describe all requirements of each reviewed code and standard as they relate
to the subject topics. This is a summary, for all requirements the adopted building code should be
referenced.

Podium Construction

Podium construction is a building design method where one structure is separated into two buildings
under the code using a fire-resistance-rated horizontal element. Such buildings include a lower floor
typically having Type | construction (i.e., the podium) that supports multiple floersyof light-frame
construction above.

The ICC-based codes allow separate MFD buildings to be built above a “podium” where/the podium is of
Type IA (fire resistive) construction, is equipped throughout with a sprinkler system,in accordance with
NFPA 13, and where the podium is separated from the MFD building abhove by a minimum 3-hour fire-
resistance-rated horizontal assembly. Additionally, vertical enclosures passing through the rated
horizontal assembly are required to be minimum 2-hour fire resistancerated. (One-hour rated
construction is allowed under certain conditions.) Alsgf the maximum building height cannot exceed the
most restrictive height limits based on the occupanciesief thé two buildings (IBC 510.2, MBC 510.2, and
SBC 510.2).

MFD Buildings with Type IIA or IlIA Construction

Modified methods for podium constrliction are permitted for MFD buildings with Types 1A and I1IA
construction. Buildings with TypedlA“¢onstruction are allowed to be up to nine stories and 100 feet in
height (as opposed to five stories and 85xfeet) where the building is separated by not less than 50 feet
from any other building on‘the lot and adjacent lot lines, exits are enclosed by 2-hour fire-resistance-
rated construction, and the firstifloor construction has a fire resistance rating of not less than 1-1/2 hours
(IBC 510.6, MBC 510.6, and, SBC 510:5).

The IBC allows the heightiof MFDibuildings with Type IlIA construction to be increased by one story and
10 feet wheré the first floor construction above a basement has a fire-resistance rating of not less than 3
hours and thefloor/area is subdivided by 2-hour fire-resistance-rated fire walls into areas of not more
than 3;000°square feet. Wheére the same conditions are met, the MBC currently allows increases in the
height limitations to'six stories and 75 feet (MBC 510.5).

Similarly, the SBC allows MFD buildings with Type llIA construction that meet certain conditions to have
an increased héight up to six stories. Increasing the allowable number of stories to six provides a
particular benefit to buildings protected with NFPA 13R systems which are typically limited to a maximum
of four stories above the grade plane. For the increased height limitation to apply all stories are required
to be less than 12,000 square feet, stories greater than 6,000 gross square feet are required to be
subdivided into compartments by 2-hour fire-resistance-rated fire walls, and each compartment is
required to be provided with an enclosed exit stairway with a standpipe (SBC 510.10).
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Fire-Resistance Ratings of Building Elements

Corridors

The ICC-based codes and NFPA 101 require corridors in MFD buildings equipped throughout with
automatic sprinkler systems (excluding corridors within dwelling units or sleeping units) to have fire-
resistance ratings of at least 30 minutes (IBC 1020.2, MBC 1020.1, SBC 1020.2, NFPA 30.3.6.1.2). Per the
MBC a dwelling unit is a “single unit providing complete, independent living facilities for ane or more
persons, including permanent provisions for living, sleeping, eating, cooking and sanitation“(MBC 202)
and a sleeping unit is a “single unit that provides rooms or spaces for one or more gersons, includes
permanent provisions for sleeping and can include provisions for living, eating and either sanitatiomor
kitchen facilities but not both. Such rooms and spaces that are also part of adwellingyunitiare not
sleeping units.” (MBC 202)

Interior Exit Stairway

In the ICC-based codes and NFPA 101, stairway enclosures are typically‘required to have a fire resistance
rating of 2-hours when connecting four or more stories and 1 hour.wheniconnecting less than four
stories(IBC 1023.2, MBC 1023.2, SBC 1023.2, NFPA 7.1.3.2.1).

Shafts

Similar to the requirements for stairway enclosures, the ICC=based codes and NFPA 101 typically require
shaft enclosures such as stairways to have a fire resistance rating of 1-hour when connecting less than
four stories and 2-hours when connecting four or mére stories IBC 713.4, MBC 713.4, SBC 713.4, NFPA
8.6.5).

Means of Egress Width and Capacity

Interior Exit Stairways

The ICC-based codes‘and,NFPA 101 require minimum widths of egress components to be determined
based on the occupantioad served byythe component. The ICC-based codes and NFPA 101 require
minimum stair@iayswidths tofbe detérmined based on an egress capacity factor of 0.3 inches per occupant.
The egress €apacity factor is\allowed to be reduced to 0.2 inches per occupant when the building is
equipped. throughoutwith, an’automatic sprinkler system and an emergency voice/alarm communication
systém. Stairways serving at least 50 occupants are not allowed to have widths less than 44 inches.
Stairways serving, lessithan 50 occupants are allowed to have a minimum width not less than 36 inches
(IBC, MBC, SBC Sections 1005.3.1 and 1011.2, NFPA 101 7.2.2.2.1.2 and 7.3.3.1).

Corridors

According to the ICC-based codes and NFPA 101, minimum widths of egress components other than
stairways are required to be determined based on an egress capacity factor of 0.2 inches per occupant.
The egress capacity factor is allowed to be reduced to 0.15 inches per occupant when the building is
equipped throughout with an automatic sprinkler system and an emergency voice/alarm communication
system. Stairways serving at least 50 occupants are not allowed to have widths less than 44 inches.
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Stairways serving less than 50 occupants are allowed to have a minimum width not less than 36 inches.
(IBC 1020.2; MBC 1020.1; SBC 1020.2; NFPA 101 30.3.6.1.2)

Fire Alarm Systems

Requirements for the provision of fire alarm systems in each reviewed code and standard is based on the
building’s number of stories or total number of dwelling or sleeping units. The IBC and the SCB require
fire alarm systems where dwelling or sleeping units are located three or more stories above the lowest
level of exit discharge (IBC 907.2.9.1 and SBC 907.2.9.1). The MBC is more restrictive and requires fire
alarm systems in buildings with dwelling or sleeping units located two or more stories above the level of
exit discharge (MBC 907.2.9.1). Each ICC-based code also requires fire alarm systems imbuildings having
more than 16 dwelling or sleeping units.

NFPA 101 requires apartment buildings having four or more stories in height)or having morethan 11
dwelling units to be provided with a fire alarm system unless 1-hour separationis provided between each
dwelling unit and each dwelling unit has its own independent exit (NFPA,101 30.3'4x1.4 and 30.3.4.1.2).

Smoke Alarms

Requirements for the provision of smoke alarms in residéntial buildings are generally similar between
each of the codes and standards included in the Code Summary. Each code and standard requires smoke
alarms to be provided in each room used for sleeping purpgses, outside of each sleeping area in the
immediate vicinity of bedrooms, and in each story within a‘dwelling unit. The SBC also requires smoke
alarms in loft spaces (IBC and SBC 907.2.11.2, MBC 907.2.9.1.3,'NFPA 101 30.3.4.5).

NFPA 101 has similar requirements tofthe IBC regafrding single exits from buildings. A building is allowed
to have a single exit where the total number of stories does not exceed four, there are not more than four
dwelling units per story, and the building,is equipped throughout with a sprinkler system designed in
accordance with NFPA 13. ln addition, the exit travel distance from a dwelling unit entrance door to an
exit door is required not to exceedd35 feet, the'exit stairway (including opening protections) and corridors
are required to be 1-Rour. fire resistance rated, and dwelling units are required to be separated by 1/2-
hour fire resistance rated constructiom(NFPA 101 30.2.4.6).

Smokeproof Enclosures

In general, smokeproofienclosures are only required by the codes and standards included in the Code
Suminary in‘high-rise buildings, (i.e., buildings having floors more than 75 feet above the lowest level of
fire'department ehicle access). Where only one interior exit stairway is provided, the SBC required that
stairwayito be asmokeproof enclosure (SBC 1006.3.4). Additionally, proposals for changes to the IBC
would requirednterior exit stairways in single exit MFD buildings to be smokeproof enclosures (Proposal
E24-24).

Fire Department Access

At a minimum, each reviewed ICC-based code and NFPA 1 require fire apparatus access roads to extend
to within 150 feet of all portions of a building. Extensions are allowed where the building is equipped
throughout with an NFPA 13 or NFPA 13R sprinkler system. The IFC does not prescribe a specific
extension distance and leaves that authority to the fire code official. The MFC, SFC, and NFPA 1 allow the
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extension of fire apparatus access roads to be increased to 600 feet, 375 feet, and 450 feet, respectively,
where the building is equipped throughout with an automatic sprinkler system (IFC 503.1.1, MFC 5003.1.1
and 503.1.1.1, SFC 503.1.1, and NFPA 1 18.2.3.2.2, 18.2.3.2.2.1). NFPA 1 also requires the fire apparatus
access road to extend to within 50 feet of an exterior door providing access to the building interior.

Additionally, each reviewed ICC-based code and NFPA 1 require fire apparatus access roads to have a
minimum, unobstructed width of 20 feet. The MBC allows a reduction of the road width to 16 feet where
the building is Group R and equipped throughout with an NFPA 13 or NFPA 13R sprinklerisystem (IFC
503.2.1, MBC 503.2.1, SFC 503.2.1, NFPA 1 18.2.3.5.1.1).

FACTORS NOT CONSIDERED BY CODES AND STANDARDS

It should be noted that building codes and standards do not address key factors thataffectthefoverall
level of fire and life safety provided by a specific building. These factors include, but are not limited to,
variations in the quantity and flammability of contents within dwelling units, behavioral characteristics of
residential occupants, fire department response times, and fire departm@ént responsei@activities. Some
factors, such as contents within dwelling units and human behavior, will vary depending on the physical
location of the building within a country or state, but can also vafy gteatlybetween dwelling units within
the same building. Fire department response requireménts, including response time, will largely depend
on the municipality and will be based on factors suchias ruralyersus urban areas, volunteer versus
professional fire service, and the specific location of the building relative to the nearest fire stations.
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APPENDIX F — MODEL DESCRIPTION

Model Building Geometries

Multiple model building geometries were developed for inclusion in the fire modeling analysis to
compare the relative differences in fire safety between buildings with varying layouts. The model buildings
used in the fire modeling analysis are described below:

1.

40,625 square foot building: This building was intended to serve as a baseline in théanalysis and
represents a typical residential building with two exit stairs. Each floor of the building measures 625
feet long by 65 feet wide (approximately 40,625 square feet in area per floor) andhhas eight levels.
Each story is 10 feet in height. Each of the building's two interior exit stairwaysshaftsiare 18 feet by 8
feet with stairways that are 44 inches wide. Each residential unit is served by a single corridet that is
approximately 535 feet long and 5 feet wide. The building contains a single elevator with shaft
dimensions of 9 feet by 9 feet. A sketch of this building geometry is providedhin Figure F1 below.

6,000 square foot building: This building was intended to represent one potential layout for a
single-exit stairway MFD residential building. Each floor of the building measures 100 feet long by 60
feet wide (approximately 6,000 square feet in area per floor) and has eight levels. Each level is 10 feet
in height. The building’s single interior exit stairway shaft is\18 feet by 8 feet with stairways that are 44
inches wide. The building contains 8 dwelling units per leVel, ofiroughly equal dimensions. Each
residential unit is served by a single corridor that is 65feet long and 5 feet wide. The building contains
a single elevator with shaft dimensions of 9 feet by 9 feet.)A sketch of this building geometry is
provided in Figure F2 below.

4,000 SF building: This building was intended to represent a second, slightly smaller potential layout
for a single-exit stairway MFB residential building. Each floor of the building measures 67 feet long by
60 feet wide (approximatély 4,000 square feet in area per floor) and has eight levels. Each level is 10
feet in height. The building's single interigr, exit stairway shaft is 18 feet by 8 feet with stairways that
are 44 inches wide, The building contains 4 residential units per level, of roughly equal dimensions.
Each residential unit is'Served bysa single corridor that is 30 feet long and 5 feet wide. The building
contains a single elevatorawithyshaft dimensions of 9 feet by 9 feet. A sketch of this building geometry
is providéd in Figure F3 below.

|
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-

Figure F1. FDS model of the 40,625 sq. ft. building
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Figure F2. FDS model of the 6,000 sq ft. building

Figure F3. FDS model of the 4,000 sq ft. building

Fire Modeling Description
Fire Dynamics Simulator

Fire Dynamics Simulator(EDS) wasiselected as the software used for the fire modeling analysis. FDS is a
computational fluid dynamics (CFD) software that models fire-driven fluid flow. FDS numerically solves a
form of the Navier<Stokes equation within each cell of a three-dimensional, gridded system. This model is
appropriatefor low-speed, thermally driven flow simulating the properties of the smoke and heat
trdnsport from'a fire:EDS will provide more accurate results than hand calculations presented in NFPA 92
or the'lise of a two-zone modeling software like CFAST. FDS has the ability to more closely simulate actual
fire conditiens where the smoke layer naturally varies in height as it moves away from the fire plume.

Design Fire Fuel Loads

Two design fires with distinct fuel loads were considered in the fire modeling analysis. The first design fire
was based on the fuel load for a fully involved room fire that achieved a flashover condition. The fuel load
for the second design fire consisted of a micromobility device, specifically an electronic bicycle (i.e., an e-
bike), powered by a lithium-ion battery.
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Heat Release Rates

Room Fire (Dwelling Unit)

The heat release rate (HRR) for the flashover fuel load was developed based on full-scale residential

dwelling room fire tests conducted by NIST.®® The subject room’s nominal dimensions were approximately
12.1 ft. by 12.1 ft. with a 7.9 ft. ceiling that included a 7.9 ft. wide by 6.9 ft. tall opening created in one wall
and centered at the front of the room. The rooms contained standard items that would be provided in a

typical living room such as a couch, tables, and chairs. The typical layout of the room anddhe fuel load are

depicted in Figure F4 and Figure F5. Recorded test data for three room fire tests are providedjin Table F1

below and in Figure F6. The HRR curve for the modeling analysis was developed tofepresent theyresults
of the three room fire tests. The HRR curve for the flashover room fire is provided in Table F2.

* »
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Figure F4. Photo of NIST room, fire test
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Figure F5. Plan view of NIST room fire test

Table F1. Results of room fireitests gonductedhby NIST

Test No. Time to peak HRR Peak HRR (kW) Total HRR (M)J)
(min)

1 81 +02 9180 + 550 2550 + 160

2 217 £ 0.2 8420 + 500 2250 + 140

3 6.7 £ 0.2 9640 + 580 2640 + 160
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e  Fire Curve In Modeling
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Figure F6. HRR curves of room fire tests conducted by NIST \

Table F2. Flashover room fire HRR curve tabulated values

Fraction of Peak Heat

Time (min) Heat Release e (MW)
Release Rate

0. 0.0%

5.1%

10.3%

71.9%

100.0%

71.9%

36.0%

10.3%

30 0.37 4.1%
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E-Bike Fire (Corridor)

The HRR for the e-bike fuel load was developed based on fire testing of micromobility devices conducted
by the Institute of Applied Fire Safety Research.”® The research project focused specifically on e-bikes and
their fire behavior. The tested e-bikes contained an aluminum frame, 28-inch tires, hydraulic brakes,
plastic components, a 250W motor, and a 660Wh lithium-ion battery.

One outcome of the research project was the development of a representative design fire curve for

Table F3. E-bike fire HRR curve tabulated values

Time (min) Heat Release Rate (kW)
0 0
0.2 54.99
0.75 900 0
14 80
1.67 0 0.0%
30 0 / 0.0%
Design Fire Gyrye,/ E-bike
1000° | |
90~ § =
80~
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x
o s08:
§ a0e
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o
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Figure F7. E-bike fire HRR curve
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Fuel Characteristics

Fuel characteristics for both the flashover room fire and the e-bike fire were based on polyurethane foam.
This material is expected to comprise a large portion of the interior materials within a typical dwelling unit
and is representative of a majority of the combustibles provided within the NIST room fire tests. While
other combustible materials will also be present within a typical apartment, polyurethane generally
exhibits increased soot production compared to other common combustibles. Therefore, @ssuming the
main combustible involved in the fire is polyurethane will provide conservative estimates forsmoke filling
behavior within the dwelling units, common corridors, and stairway enclosures.

Flexible polyurethane foam GM27 was selected as the representative fuel soureesFlammability properties
for the foam are provided in Table F4 below.

Table F4. Properties of Polyurethane Foam GM 277"

Parameter Value
Chemical formula C1.0H4.7 003 Noos
Heat release per unit mass of O 13,100 ki/kg
Yield fraction of CO from fuel (kg/kg) 0.05
Yield fraction of soot from fuel (kg/kg) 0.10
Radiative fraction 0.35

Mesh Size Selection

In FDS, cell sizing must be determined to adequately resolve fluid flow and plume dynamics. The measure
of how well a flow field\is fesolved for simulations involving buoyant flames is given by the non-
dimensional expression D'/6x The,D" value represents the characteristic fire diameter and is based on the
peak heat release rate and ambient conditions. The value &x represents the nominal size of each mesh
cell.”? TypicallypD"/8x values of 4, 10, and 16, are used to represent course, moderate, and fine mesh
resolutionsjprespectively.

The'computational domain was required to include the entirety of each building to understand building-
wide smeke moyement during a fire scenario. Due to the relatively large computational domain, a mesh
resolution‘withfa nominal cell size of one foot was selected to simulate fire conditions on the floor of fire
origin. This is‘representative of a moderate mesh with regard to the flashover room fire and a course
mech for with regard to the e-bike fire. A more course mesh resolution was selected for all other areas not
included on the floor of fire origin. These mesh resolutions were selected to optimized run time given the
large domain without compromising simulation results.
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Weather Conditions

For all scenarios, the ambient conditions both inside and outside the buildings were set as 70°F. Wind
conditions were not considered for the current fire modeling analysis. Additional analysis would be
required to determine the potential effect of variable weather and climate conditions on the modeling
results.

Leakage

Due to the relatively small enclosures considered by the fire modeling analysis, leakage from, construction
was considered within each fire modeling scenario. Defining construction elements with leakage areas,
rather than impenetrable boundaries, allows for pressures within the building to regulate as theywould
be expected during an actual fire scenario. To account for leakage between thesbuilding‘siexterior, and
interior areas, all dwelling units within each scenario were provided with ope small opening te.the exterior
that measured 1 foot tall by one foot wide.

Leakage within the building’s interior was modeled based on the gaps between stair doors and elevator
doors, their frames, and the floor in accordance with information provided in the Smoke Control
Handbook. Stairway doors were assumed to provide a leakage area of 0.:50 square feet. Leakage at doors
was modeled using the HVAC features of FDS.

Performance Criteria

A tenability analysis of the hazards associated with the smoke, as recommended in NFPA 92,7 was
performed to assess the impacts of the products of combustien and heat exposure from a fire within the
building on the ability of building occupants to safely navigate to the nearest exit. This area was
monitored in the CFD model for the fallowing impairments for the full duration of the CFD simulation.”7>

1. Impaired vision from smoke gbscuration (Visibility).
2. Asphyxiation from toxic gases causingiconfusion and loss of consciousness (Asphyxiates).

3. Pain to exposed skin and‘tespiratory tract.caused by burns from exposure to radiant and convective
heat leading to callapse (Heat Exposure).

For the purposes of this tenability analysis, it was necessary to isolate the primary toxic species present in
fire effluents teprovide an aécuratelprediction of when impairment on physiological and pathological
functions willadversely affect the egress of occupants.’® The primary species responsible for asphyxiation
in fire include carbon"moenoxide (CO).

A simmary ofithe thresholds selected for each tenability criteria is provided in Table F5 below. Each of the
criteria,were evaluated at an elevation six feet above the finished floor for the subject floor based on the
fire scenario.
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Table F5. Summary of Tenability Criteria and Thresholds

Tenability Criteria Tenability Threshold
Visibility 15 feet

Carbon Monoxide 600 ppm
Temperature 140°F

Visibility

Low visibility caused by smoke obscuration can slow occupant egress or causeloccupants to turn back.
Familiarity with the egress route and training also contribute to an occupant’s willingness to pass through
smoke in limited visibility. The SFPE Handbook of Fire Protection Enginéering recommends a visibility
tenability limit of 30 feet for large enclosures, 15 feet for small spaces.” 15 feet of visibility is considered
as the tenability limit.

Carbon Monoxide

Asphyxiates affect the amount of oxygen delivered to vatiods parts of the body and can cause
incapacitation when oxygen levels in the brain are critically‘affected. The following asphyxiates represent
the documented’ greatest hazard to occupants exposed to thefire effluent:

Exposure to toxic gases is a complex.i§sue that may be reasonably approached with a focus on the effects
of exposure to carbon monoxide (€O). CO is a toxic and incapacitating gas that always produced in
building fires. CO is responsibleifor mostiof the fire casualties and can cause confusion and loss of
consciousness.

The concept of Fractional Effectivé Dose (FED) has been introduced in different guides and standards and
is a measure of the airborfe,contaminants that are absorbed by an occupant. Typically, FED values
correlated to fatalities orincapacitation and depend on how long the occupant is exposed to harmful
conditions. E@r COexposure, the international standard ISO 135717 evaluates FED,

where:

[COJ: = average eoncentration in ppm, of carbon monoxide over the chosen time increment,
At =chosen time increment, expressed in minutes,

(C t) ="exposure dose causing occupants’' compromised tenability, expressed in ppm. min.

Also, ISO 13571 states that the human population is assumed to be comprised of healthy, young adults at
a moderate level of activity, with allowances then made for variability due to more susceptible
subpopulations:

“An FED criterion of 1.0, corresponding to the median value of a log-normal distribution of human
responses, translates to a blood carboxyhemoglobin saturation of approximately 30%. Use of a threshold
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criterion of 0.3 FED would reduce the blood carboxyhemoglobin saturation to about 10% as an allowable
maximum for acute exposure, above which tenability could potentially be compromised.”

Purser® indicates that “since individual susceptibility varies in the population, it is considered that
approximately 11.3 percent of the population is considered likely to be susceptible below an FED of 0.3.
Approximately 90 percent of the population is considered susceptible below an FED of 1.3. For this
reason, it will be necessary for the user to select an FED value to protect an acceptable proportion of
vulnerable subpopulations (for example, an FED of 0.3 or some other value)

When 0.3 FED is considered be exposed for 20 minutes, the minimum concentration of carbonimonoxide
could potentially be compromised is 600 ppm. In other terms, the tenability limit for'an exposure‘of 20
min. at a constant concentration is 600 ppm.

Temperature

Heat exposure can cause heat stroke (hyperthermia), skin burns, and respiratoryitract burns. Convective
heating exposure is expected to cause the most severe heat exposure atsthe top level 6f the building
where the hot gases rise from the fire source below. Saturated air at aitemperature of 140°F is expected to
cause burns for exposure times greater than 30 minutes.8' 140°F aleng any,walking surface within the
building was used as a conservative tenability limit.

EGRESS ANALYSIS
Egress Simulator

The Pathfinder® model was utilized to conduct computer-based egress analysis. Pathfinder is an agent-
based egress and human movement simulator deveéloped by Thunderhead Engineering based upon
human behavior in fire and is one of the most accepted egress models around the world. The program
simulates evacuation and general'pedestrian movement for each occupant (agent) using a combination of
parameters to select their cufrent path toan exit.

Modeling Parameters

The parameters used for the,egressianalysis include: queue times for each door of the current room, the
time to travel to.each door ofitheieurrent room, the estimated time from each door to the exit, and the
distance already traveled in the room. The agent responds dynamically to changing queues, door
openings/closures,and changes in room speed constraints (simulating smoke and debris).

Egress Models

The egress model for the 40,625 square foot building included approximately 200 occupants per floor and
approximately 16,000 occupants in the entire building (Figure F8). The 6,000 square foot building model
included approximately 30 occupants per floor and 240 occupants total in the building (Figure F9). The
4,000 square foot building model included approximately 20 occupants per floor and 160 total occupants
total in the building (Figure 10).

Each scenario in the fire modeling analysis assumed fires on the lowest level near the stairway discharge.
This fire location was selected as it was expected to most significantly impact egress from upper floors of
each building.
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Figure F8. Egress model of the 40,625 sf building

Figure F10. Egress model of the 4,000 sf building
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Table F6. Summary of fire modeling scenarios

Scenario No. Building Fire Fuel Load Peak HRR Dwelling Stairway
Location Unit Door Door
Position Positions
1-1 40,625 First floor Room fire 10 MW Open Closed
square foot  dwelling unit
building
1-2 40,625 First floor Room fire 10 MW Open Opén on fire
square foot  dwelling unit floor
building
1-3 40,625 First floor Room fire 10 MW, Open Open on fire
square foot  dwelling unit floor and
building floor above
fire floor
1-4 40,625 First floor E-bike 0.9 MW N/A Closed
square foot  corridor
building
2-1 6,000 square  First floor Room fire 10 MW Open Closed
foot building adwelling,unit
2-2 6,000 squarey, Firstyfloor Room fire 10 MW Open Open on fire
footbuilding “dwelling unit floor
2-3 6,000 square Wkirst floor E-bike 0.9 MW N/A Closed
foot buildihg corridor
3-1 4/000°square First floor Room fire 10 MW Open Closed
foot building dwelling unit
3-2 4,000 square First floor Room fire 10 MW Open Open on fire
foot building dwelling unit floor
3-3 4,000 square First floor E-bike 0.9 MW N/A Closed
foot building corridor
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APPENDIX G - EGRESS

This Appendix provides a brief explanation and additional information affecting the egress analysis within
this report. The analysis and findings related to human behavior within the buildings that constitute this
study are found within the main body of this report. As stated in the body of the report, the egress
models included in this analysis do not assume specific human actions in a fire environment. Human
behavior in fire is a complex subject and is beyond the scope of this analysis. There are five primary
factors affecting human behavior that occur during building fires:

1. The behavior of the fire, hot gases, and smoke;

2. The behavior of the building subjected to the fire (aka “passive fire protection®);

3. The behavior of the devices that detect fire, notify people, and suppress-afire, e.gy smoke
detectors, fire alarms, and sprinkler systems;

The behavior and actions of the occupants within the building; and,

5. The behavior and actions of the fire service responding to the incident tojprotect the lives of
occupants, extinguish the fire, and minimize additional damage to the building and adjacent
property.

All of these factors overlap in varying manners with the athers dnd caniimpact one another. The behavior
of fire and smoke within the various buildings selected for this study is a major part of the analysis
associated with the scope of this project. The behaviorief thé'passiveahd active fire protection systems
are not a primary focus of this project but were given consideration appropriate to the scope of this
project.

It is also noted that building codes do_not typically. address the human factors that can affect the fire risk
of buildings. In a given scenario, building occupants may decide to remain in their units as a “defend-in
place” strategy rather than exit the building because they perceive that to be a safer alternative. The SFPE
Guide to Human Behavior in Fire providesiadditional information on this emerging field.®? . This report
does not prescribe or assumeispecific action‘on the part of building occupants but identifies occupants
“at risk” for the various building'designs and fire scenarios.

Within the United States, wheén,a building is subject to a fire incident and the occupants have been
notified of suchievent, mostccupants have been trained since their youth to promptly and fully evacuate
the building. .There are some exceptions to this, but they do not apply to the MFD building occupancy
(MBC Use Group,R<2)ithat.is'the subject of this study. The most notable of these exceptions are hospitals
andgimilar institutional facilities that are designed to have two or more fire-rated compartments within
the'building. During afire, this design allows for patients and other occupants to promptly relocate from
an area affected/by a fire to another area on the same floor that is not subject to the fire or its effects, and
does not requife the use of stairways or elevators to do so. Other occupants on the fire floor and
elsewhere in the building who are already in the protected areas can remain where they are and need not
evacuate the building unless directed otherwise. This is a version of the fire safety strategy known as
"defend in place” or “protect in place.” For a major fire, it can be part of the fire safety strategy allowing
an orderly and safe phased full evacuation of a building.
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The defend-in-place strategy requires special attention to certain elements of building design and
construction as well as the training of building managers and occupants, so they understand how and
when to utilize this option in lieu of a full evacuation of a building. It also requires awareness of the
responding fire department that there may be occupants within the building who might not evacuate
unless they are directed to do so by the fire department or by others in a position of authority. Whether a
strategy of full evacuation or a defend-in-place strategy is utilized, the goal is the same: to protect the
occupants from the hazards of fire and the effects of fire, i.e., heat, smoke, and toxic gases, and structural
failure for such time that the building can be evacuated.

Egress Models

The engineering and computational models used in this analysis are of twotypes. One is a“firednodel”
which utilizes building-specific information and identifies the growth and movement of fire, smoke, and
hot gases through the building over time. The model utilized for the analysis ofithis report is “Fire
Dynamics Simulator” as described in Appendix F. The second type of medel used in,this report is an
egress model that identifies the locations and the movement of building occupants during a fire event in
order to establish the estimated amount of time required for the.eeeupants to safely and completely
move to an area of refuge or egress from the building géometries evaluatedia exit stairway(s). The
model utilized for the egress analysis of this report is*Pathfinder as described in Appendix F.

The data derived from the egress model resulted in the identification of the Required Safe Escape Time
(RSET). The two sub-types of values established for the RSEThare a base RSET which utilizes egress by all
occupants beginning simultaneously with the ignition of the fire. The other value acknowledges the great
variability in egress time required by the various og€upants throughout a building and utilizes ranges of
time for varying quantities of occupants.

Overlaying the results of the egress models onto the fire model results in the identification of the
Available Safe Egress Time (ASET). It is typically the goal to have an ASET that is appropriately greater than
the RSET to provide an adequate margin of safety for the occupants to leave the building. For this analysis
the egress model andfite,model provides context to the consequence evaluation as defined within this
report.

The RSET begins atithe timé from the ignition of the fire and concludes at the time that occupant
evacuation isicomplete.

If the ASETis,less'than the RSET, then the design would indicate that a hypothetical occupant must find an
aréa of refuge'withinithe building to defend in place or an alternative escape route. Typically, for an MFD
this iseither within their own dwelling unit or elsewhere within the building, such as a fire-resistance-rated
stairway enclosdre. Under these circumstances, the occupants remain in that location until the fire is
extinguishediand the smoke has subsided to the point where it is possible for them to exit the building
(usually under the guidance of the fire department), or they may remain in the protected location until
they are rescued by the fire department, either through windows, from balconies, or from within their
dwelling units or other areas.

For floors above grade fire department rescue may be accomplished through the use of hand-carried fire
department ladders positioned by fire department personnel. Above three floors, the use of a truck-
mounted aerial ladder is usually required due to the height limitations of hand-carried ladders. Such
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vehicles require adequate space to deploy built-in braces that provide lateral stability when the aerial
ladder is extended. The positioning of this rescue vehicle must be coordinated with the positioning of
other obstructions, including vehicles and further complicated by the potential existence of obstructions
including but not limited to overhead wires, light poles, and large trees. These and other factors can
negatively impact the ability and speed at which rescue operations from an aerial ladder vehicle can occur.

The significant events, activities, and time frames that are utilized in establishing the RSET and the ASET
are organized within a timeline which allows for comparison of the conditions within eachsscenario. The
timeline consists of ten time individual segments that begin with the time of the ignition of afire, as
noted in the “SFPE Handbook of Fire Protection Engineering”® as follows:

1. Detection Time: The interval between the fire ignition and the first detection of'the fire by a
device or an individual.

2. Warning Time: The interval between detection of the fire and the time at which'an alarm signal is
activated or notification of occupants takes place.

3. Recognition Time: The interval between the time at which the alarm signal‘is,perceived and the
time at which the occupant interprets this signal as indicating'an actual fire/emergency event.
This time includes investigation and milling, for examplegtondetermine the situation.

4. Response Time: The interval between recognitioi time and the time‘at which the first action is
taken to evacuate the building. This time inéludes activities such as firefighting (occasionally
attempted by the occupants within the unit of ofigifn), warning others, gathering family members
and pets, dressing, retrieving personal belongings, calling the fire department, and similar
activities.

5. Travel Time: The time needed,,once movement toward an exit has begun, for all occupants to
reach of place of safety.

6. Margin of Safety: The time between when the evacuation is complete and the tenability limit of an
area. If the tenability/limit is reached in an area prior to the evacuation of all occupants needing
to use that area to escape, then thoseioccupants do not have a margin of safety.

7. Pre-Evacuation,Time: The interval of time between the time at which a general alarm signal or
warning is given anchthe time at which the first deliberation evacuation movement is made. This
consists.of two components; recognition time (Iltem 3) and response time (Item 4).

8. Evacuation Time: The time from the alarm signal to the time at which the occupants reach a place
of safety. This.is the sum of the Pre-movement Time (Item 7) and the Travel Time (Item 5).

94 Required Safe Escape Time (RSET): The calculated time necessary between ignition of a fire and
time at whichhall occupants can reach an area of safety. This is the sum of the Detection Time
(Item 1), the Warning Time (Item-2), and the Evacuation Time (Item-8). RSET is equivalent to the
Escape/lime.

10. Available Safe Egress Time (ASET): The calculated time available between the ignition of the fire
and the time at which tenability criteria are exceeded in the means of egress. The ASET should be
longer than the RSET (Item-9) by an acceptable Margin of Safety (Item-6).
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Analysis

Considering the various segments of the RSET evaluation for this comparative study, the detection time
segment is included in the pre-movement, delay time segment and is not impacted by the number of
stairways in a building.

Within the unit of origin of the fire, the Warning Time is not impacted by whether or not a building has
one exit stairway or two, and therefore is included in the pre-movement, delay time segment and is not
individually evaluated. In units other than the unit of origin, the Warning Time is also not impacted by the
number of stairways, but it is highly variable depending on the types and locations of detectiondevices
and alarm devices, and by the manner in which the alarm devices are activated in various areas ofithe
building. Delays in the activation of alarm devices result in delays in the start.of Réeognitien Time. For
the purposes of this study the alarm time within the unit of origin has been used as thexalarmytime within
all other units, except where otherwise noted.

The duration of the Recognition Time can vary significantly due to different characteristics of building
occupants. Being in a state of sleep is one of the most important facters, and it is further varied by the
depth of sleep at the time of the alarm, and by the individual’s physical characteristics that impact their
ability to be awakened by audible or visual alarms. The nature of the audible,and visible performance
characteristics of the alarm devices has been the subjéct of intethational research that has impacted the
design of the devices and the requirements for them within.the building codes. In simple terms, research
has indicated that variations from half a minute to five minutes are not uncommon, however the extremes
can range from as little as a few seconds to hours.®

This can be a significant issue, with the understanding that most human beings are asleep approximately
one-third of their time during a typi€al week, and that being asleep can frequently constitute as much as
50% or more of the time that occupants are in their dwelling units, particularly for those who work outside
of their homes. Within Recoghition Time(which occurs following an alarm), occupants will have variable
amounts of time spent priorte, leaving theirunits and initiating Travel Time. The behavior during this time
includes confirming the conditions, dressing, gathering important items, and assisting others within the
unit. It can also include,contacting @thers outside the unit or the building.

The assumptiongis,that the amountief time between the Warning Time and the potential start of Travel
Time will befsignificant and frequently will result in all or nearly all building occupants being in their units
prior to the corridor enythe fire floor becoming untenable or otherwise not available for escape.

Because of this.in some fire events, building occupants might not exit their units and reach the exterior of
the building prior to the means of egress becoming untenable due to fire, smoke or hot gases, the life
safety strategy of defend-in-place is useful, particularly for those who are on the same floor as the unit of
origin.

The major variables impacting the Travel Time include the quantity of occupants, their physical
characteristics and abilities to self-evacuate or to evacuate with assistance, the physical characteristics of
the escape path (corridor and stairway widths, and exit travel distance from the most remote dwelling
units to an exit stairway and to an exit discharge door), and the environmental conditions within the
egress components (including the presence and intensity of fire, hot gases, and smoke).
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For any given building, the individual Travel Time for occupants of each unit varies, with the primary time
identified within the analysis of this report as being the maximum for the building. Where appropriate,
the specific circumstances for the building configurations examined are discussed in further detail
elsewhere within this report.

The results of the egress modeling of this report established the movement times for each building type
using different scenarios of fire incident conditions. The criteria used for each scenario are identified
elsewhere within this report.

Actions of the Fire Service

As stated previously, the actions of the responding fire service have also been.given consideration
appropriate to the scope of this project. The building codes used to design'buildingsiin NorthAmerica
are considered minimum standards that provide a reasonable level of safety for the public. The codes
have been developed for national applications and do not assume a specific fire'department level of
staffing, equipment, training or response time. The building code criteria-applies in‘the same manner to
buildings in large cities and buildings in rural areas. Nevertheless, building codes have been developed to
facilitate fire department actions and interactions with the building imythe interest of life safety and
property protection. Examples of this include requireménts forifire department access to buildings,
minimum size of windows allowing fire department rescue, building standpipe systems for manual
firefighting, fire command centers, etc.

As noted above, the location of physical elements around thelperimeter of a building, and the design of
windows and balconies for use by occupants to self-escape, or to do so with the assistance of the fire
department, are important factors regarding actiofis of the fire department outside of a building.

Within a building during a firefighting eperation, the activities of the fire fighters typically involve the use
of at least one exit stairway, also used byieccupants for their escape. For the analysis of multi-story
buildings residential buildings,with a single exit stairway, there are additional considerations. Specifically,
it is recognized that the exit staitway could become untenable for occupants due to the presence of fire,
smoke, or hot gases because the dgers to the stairway are open to facilitate firefighting operations. The
other is that the stairway\becomies unavailable for egress due to the presence of the fire fighters within
the stairway g€ngaged in firefighting operations. For these reasons, the unavailability is nearly always due
to the presence of smoke and hot gases entering the stairway as the result of the stairway door on the fire
floor beingyopenéd, eitherifrom occupants exiting the fire floor or from firefighting operations when the
dogr on the fire floohis continuously at least partially open due to the necessity of running of a hose line
from'the standpipe within the stairway to locations of the fire.

For a building with two or more exit stairways, there can theoretically be at least two means of self-escape
through stairways. One is an exit stairway that is available until it is taken out of service by the fire
department for firefighting operations. The second is the second stairway, which presumably remains
available during firefighting operations.
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Defend in Place

As noted above, the life safety strategy of defend in place is currently used within certain building types
and occupancies within the United States. This strategy is used for high-rise buildings where occupants
cannot evacuate the building in a reasonable time and firefighting must be conducted from within the
building. As the result of significant research several decades ago, researchers had determined that
occupants of residential buildings frequently did not begin self-evacuation until after fire department
vehicles began arriving in front of their building, even when they had received audible and\visual alarms,
or other clues or information, well in advance of that time.®> It was only then that many occupants felt
that the need to evacuate had been confirmed. Their reluctance prior to the arrival ofithe fire department
was usually driven by uncertainty about the actual existence of a fire (resultingfrem priohexperiences with
false alarms) or of the actual severity of the fire.

The use of defend-in-place strategy requires the presence of certain physical‘elements that are not always
included within tall residential buildings. These include communications systems between the fire
department command panel and the individual dwelling units; enhanced passive firejprotection between
dwelling units and the corridors and between individual dwelling units;'and higher fire resistance-rated
construction of the building’s structural frame so that occupants'wholare defended-in-place can safely do
so until the fire burns out or is otherwise extinguisheddy the fire department.

Defend-in-place strategies may also consider training of,\building eeeupants so that they understand the
strategy. Research has indicated that the use of defend-in=place has a high success rate in buildings that
are properly designed, constructed, and maintained; and whemboth the building occupants and the fire
department are familiar with its implementation.

Automatic sprinkler systems are widély considered to be the most effective and reliable fire protection
feature for building occupants' ife safety. Automatic sprinkler system installations require a building
inspection and acceptance test when firstinstalled and periodic inspection, testing and maintenance over
the life of the building, mandated byjstate and, local fire prevention codes. (The current fire prevention
code is the 2020 Minnesota State Fire Code, effective March 31, 2020, based upon the model 2018
International Fire Code.)

Yet, as a mechanical system, failures)in automatic sprinkler protection are possible, as reflected in the
reliability data included inthis report. Accordingly, the passive fire protection measures for a defend-in-
place strategyare provided based upon a number of factors, fuel load being one of them, and are usually
provided without'censideration of automatic sprinkler protection.

When,sprinkler'system’outages are known to building managers, alternative plans for safeguarding
buildingioccupants should be implemented. Section 901.7 of the MFC requires the fire code official to be
notified immediately when a required fire protection system is known to be out of service. The fire code
official may impose a fire watch for the building until the fire protection system has been restored to
service or, in extreme cases, the fire code official may require the building to be evacuated.
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In cases where fires are controlled by the sprinkler system as expected, building occupants may elect to
remain in their residential units unless they perceive themselves to be immediately threatened.

Occupants who maintain situational awareness during a fire event can be expected to make appropriate
decisions concerning evacuation or remaining in their residential units. Situational awareness is achieved
through systems that provide building occupants timely and credible information concerning the situation
they are in and information allowing them to make decisions concerning their safety. Building voice alarm
systems can provide such real-time information to building occupants when staffed by responding
firefighters.

Several scenarios have been identified where the exit access corridor has been advetsely affected,by fires
that have not been controlled by automatic sprinkler protection and/or failure of the compartmentation,
resulting in building occupants being adversely affected. In such cases, affected building eecupafits may
either attempt to escape through the smoke-filled corridor or remain in theinresidential units. Studies
have shown that approximately 60% of people will elect to move through smoke, to escape the fire.

Nevertheless, the concept of a “defend-in-place” strategy is consideredaiable. Lows=rise and mid-rise
buildings have lower total occupant loads than high rise buildings. They, usually do not have as robust fire
resistive construction, but are of a fire resistance commensurate withythe building'’s fire loading to allow
burn-out of the structure without collapse in the unlikel§’event/of sprinkler system failure, sufficient for
occupants to evacuate or defend-in-place for rescue

A series of public comments submitted to the NFPA Life Safety Code Technical Committee for the 1985,
1988 and 1991 Revision Cycles are of interest. James Macdonald, Travelers Insurance Company, was a
proponent of a formal defend-in-place strategy for residential buildings and his proposals received
considerable attention at that time. M Macdonald was proposing that the Technical Committee
recognize a defend-in-place strategy for residential buildings of fire resistance-rated construction, similar
to the strategy successfully used, for hospitals where patients are defended-in-place for most fire
emergencies. Mr. Macdonald cited fatalities,where people left the safety of their residential units and
attempted to evacuate, including fifes at the MGM Grand Hotel (1980), the Las Vegas Hilton (1981). He
stated that occupantsiare more likely to die in the process of evacuation and that self-closers for corridor
doors are important to'contaima room,fire or control spread of a corridor fire. He also stated residential
buildings are constructed with manysmall compartments that restrict the size of a fire and provide a
natural wayto limitismoke'spread. He noted that buildings having a single exit-access corridor serving
two exit stairways €fféctivelylack a second means of egress and that a defend-in-place strategy was
necessary.

The Technical Committee took no specific action concerning the proposals but included the following
note in'the Appendix of the 1985 edition of NFPA 101:

It is'abt always necessary to completely evacuate the building or structure to escape from a
fire or other emergency. An area of refuge formed by horizontal exits, smoke barriers, other
floors, or like compartmentation often can serve as a place for the occupants to remain in
relative safety until the emergency is over. In those occupancies where access to the exits is
by way of enclosed corridors, particularly with sleeping occupants, a single fire may block
access to all exits, including horizontal exits and smoke barriers. In such cases, the occupants
may achieve a greater degree of safety by remaining in their rooms.
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This information has been identified in this report as it constitutes a viable alternative to the traditional
building evacuation strategy reflected in the building’s means of egress design. While this report
identifies MFD building occupants “impacted” under certain scenarios, it is reasonable to expect that
occupants can defend-in-place when conditions are such that they cannot readily evacuate the building.

&
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APPENDIX H - MODELING RESULTS
40,625 Square Foot Building Results
Fire Modeling Results

The fire modeling results for all scenarios in the 40,625 square foot building indicated that visibility within
occupiable spaces was reduced below 15 feet (the selected tenability criteria) prior to increased
temperatures or carbon monoxide concentrations exceeded their respective tentability thresholds.
Therefore, visibility was determined to be the limiting factor when determining the ASET for eagh scenario.
Visibility, temperature, and carbon monoxide concentration were each measured at anyelevation six feet
above the walking surface of the fire floor.

Scenario 1-1

Visibility was reduced below the tenability criterion of 15 feet in approximately'50% of the fire floor's
corridor within 300 seconds. Visibility was reduced below 15 feet in all pertions of thedfire floor corridor
within 60 seconds (Figure H1).
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Figure H1. FDS visibility results of the 40,625 sf building with stairway door closed. (Visibility tenability
criterion: 15 feet).
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Figure H2. FDS visibility results of the fire floor in the bu ith stairway door closed.

(Visibility tenability criterion: 15 feet).
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Temperature was increased above the tenability criterion of 140°F in approximately 10% of the fire floor
corridor at 300 seconds and in 50% of the corridor at 600 seconds. CO concentration was increased above
the tenability criterion of 600 ppm in approximately 5% of the fire floor corridor at 300 seconds and in
100% of the corridor at 600 seconds.
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Figure H3. FDS temperature re of the 40,625 sf  Figure H4. FDS carbon monoxide concentration.
building with stairwa

losed(Temperature results of the 40,625 sf building with stairway door
closed. (CO concentration tenability criterion: 600

ppm)

tenability criterion: 140
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Scenario 1-2

Visibility was reduced below the tenability criterion of 15 feet in approximately 50% of the fire floor
corridor within 300 seconds. Visibility was reduced below 15 feet in all portions of the fire floor corridor
within 60 seconds (Figure H5).
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Figure H5. FDS visibility results of the 40,625 sf building with stairway door open on fire floor. (Visibility
tenability criterion: 15 feet)
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Figure H6. FDS visibility results of the fire floor in the 40,625 sf building stairway door open on fire
floor. (Visibility tenability criterion: 15 feet)

Temperature was increased above the tenability criterion'@f 140°F in approximately 10% of the fire floor
corridor at 300 seconds and in 50% of the corridor at 600 seconds. CO concentration was increased above
the tenability criterion of 600 ppm in approximately 5% of the fire floor corridor at 300 seconds and in

100% of the corridor at 600 seco&
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Figure H7. FDS temperature results of the 40,625 sf 4 Figure H8. FDS carbon monoxide concentration.
building with stairway door open onfthe fire floor.”  results of the 40,625 sf building with stairway door
open on the fire floor. (CO concentration tenability

criterion: 600 ppm)

(Temperature tenability criterion:

Scenario 1-3

Visibility was re bility criterion of 15 feet in approximately 50% of the fire floor
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Figure H10. FDS visibility results of the fire floor in the sf bu g with stairway door open on fire

floor and floor above. (Visibility tenability criteria: 15 feet).

/

criterion of 15 feet in approximately 100% of the fire floor

Scenario 1-4

Visibility was reduced below th i
corridor within 90 seconds @e H11).
A

300s
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Figure H11. FDS visibility results of the 40,625 sf building, with é-b rridor. (Visibility tenability
criterion: 15 feet).

vis_c
(m)

: W . L
) ]._l 120s
l_l - e 300s
. i "
. 1]
\ 600 s

Figure H12. FDS results of the fire floor in the 40,625 sf building with e-bike fire in corridor
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Egress Modeling Results

The occupant load on each floor is approximately 200 people. The movement time required to complete
egress of the fire floor is approximately 60-120 seconds. See the discussion on consequences.

The movement time required to complete egress of the entire building is about 900-960 seconds when
two stairways are available. When one of the stairways is blocked and only one stairway is available for
egress, the movement time required to complete egress of the entire building exceeds 1800 seconds.

300s 900s

Figure H13. 40,625 square fodt building egress model at 300 and 900 seconds where two stairways are
available.
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900s 1800s

Figure H14. 40,625 square foot building egress model at 900 and 1800 seconds where one stairway is
available and one stairway is blockedt

6,000 Square Foot Building Results
Fire Modeling Results

The fire modeling, results fordll scenarios in the 6,000 square foot building indicated that visibility within
occupiable spaces was reduced below 15 feet (the selected tenability criteria) prior to increased
temperatures or catbon monexide concentrations exceeded their respective tentability thresholds.
Therefore, visibilityawas determined to be the limiting factor when determining the ASET for each scenario.
Visibility, temperatureépand carbon monoxide concentration were each measured at an elevation of six feet
abovethe walking surface of the fire floor.

Scenario 2-1

Visibility was reduced below the tenability criterion of 15 feet in approximately 100% of the fire floor
corridor within 150 seconds (Figure H15).

Page | 102



W]E Minnesota Single-Exit Stairway Apartment Building Study
CFU)( State Minnesota RFP 2000016452 Response

CONSULTING
as
3
25
2
15
'
u.:sI
o
3000
300s
5
s
3
25
2
'
MI
0
8008
600s

Figure H15. FDS results of the 6,000-sf building with stairway door closed. (Visibility tenability criterion: 15
feet).

Page | 103



W]E Minnesota Single-Exit Stairway Apartment Building Study
Cf'U)( State Minnesota RFP 2000016452 Response

CONSULTING

vis_C
(m)

120's 300s 600s

Figure H16. FDS results of the fire floor in the 6,000 s
tenability criterion: 15 feet).

ilding @ ay door closed. (Visibility

0% of the fire floor corridor at 300 seconds.
600 ppm in 100% of the fire floor

Temperature was above the tenability criterion of 140°F in
CO concentration was increased above the tenability criterio

corridor at 300 seconds. « /
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Figure H17. FDS temperature results of the 6,000 sf  Figure'H18. FDS carbon monoxide concentration.
building with stairway door closed. (Temperature results of the 6,000 sf building with stairway door
tenability criterion: 140°F) ’ closed. (CO concentration tenability criterion: 600

ppm)

Scenario 2-2
Visibility was reduced e tenability criterion of 15 feet in approximately 100% of the fire floor
corridor within 150 seco 9).
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Figure H19. FDS results of the 6,000 sf building with stairway door open on the fire floor. (Visibility
tenability criterion: 15 feet).
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Figure H20. FDS results of the fire floor in the 6,000
(Visibility tenability criterion: 15 feet).

uilding @ ay door open on the fire floor.

Temperature was above the tenability criterion of 140°F in 100% of the fire floor corridor at 300 seconds.
CO concentration was above the tenability criteriofi'of 600 ppm in 100% of the fire floor corridor at 300

seconds.
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Figure H21. FDS temperature results of the 6,000 sf ~ Figure'H22. FDS carbon monoxide concentration.

building with stairway door open on the fire floor. , results of the 6,000 sf building with stairway door

(Temperature tenability criterion: 14 ’ open on the fire floor. (CO concentration tenability
criterion: 600 ppm)

Scenario 2-3
Visibility was
corridor wi

bility criterion of 15 feet in approximately 100% of the fire floor
Figure H23).
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Figure H23. FDS results of the 6,000 sf building with e-bike fire in corridor. (Visibility tenability criterion:
15 feet).
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Figure H24. FDS results of the fire floor in the 6,000 sf building with e fire in corridor. (Visibility
tenability criterion: 15 feet). O

Egress Modeling Results

The occupant load on each floor is approximately 30 people.FThe movement time required to complete

egress of the fire floor is approximately 30-60 sec?. See the discussion on consequences.

The movement time required to complete egress of the entire building is approximately 270-300 seconds.

Density
(oces/ft2)

S

30s 60s

Fig.30 Egress model results of the fire floor in the 6,000 sf building
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60s 270s

Figure H25. Egress model of 6,000 sf building at 60 and 270 seconds.

4,000 Square Foot Building Results
Fire Modeling Results

The fire modeling results for allisceharios in the 4,000 square foot building indicated that visibility within
occupiable spaces was reduced below 15 feet (the selected tenability criteria) prior to increased
temperatures or carbon monéxide cohcentrations exceeded their respective tentability thresholds.
Therefore, visjbility,was detefminedito be the limiting factor when determining the ASET for each scenario.
Visibility, temperature, andcarbon monoxide concentration were each measured at an elevation six feet
above the walkihgésurface, of the fire floor.

Scenario 3-1

Visibility was reduced below the tenability criterion of 15 feet in 100% of the fire floor corridor within 120
seconds (Figure H26).
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Figure H26. “EDS results of the 4,000 sf building with stairway door closed. (Visibility tenability criterion: 15
feet).
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@ ay door closed. (Visibility

Temperature was increased above the tenability criterion o °F in 100% of the fire floor corridor at 180
seconds. CO concentration was increased above th?enability criterion of 600 ppm in 100% of the fire

floor corridor at 180 seconds. «

Figure H27. FDS results of the fire floor in the 4,000
tenability criterion: 15 feet).
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Figure H28. FDS temperature results of the 4,000 sf4 Figure H29. FDS carbon monoxide concentration.
building with stairway door closed. {Temperature results of the 4,000 sf building with stairway door
tenability criterion: 140°F) closed. (CO concentration tenability criterion: 600
ppm)
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Scenario 3-2

Visibility was reduced below the tenability criterion of 15 feet in 100% of the fire floor corridor within 120
seconds (Figure H30).

ST
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Figure H30. FDS visibility results of the 4,000 sf building with stairway door open on the fire floor.
(Visibility tenability criterion: 15 feet).
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Figure H31. FDS visibility results of the fire floor in the 4,000 sf @ ith stairway door open on the
fire floor. (Visibility tenability criterion: 15 feet).

Scenario 3-3
Visibility was reduced below the tenability criterioéw feet in 100% of the fire floor corridor within 30

seconds (Figure H32).

Page| 116



W]E Minnesota Single-Exit Stairway Apartment Building Study
Cf'U)( State Minnesota RFP 2000016452 Response

CONSULTING

300s

600s \

Figure H32. FDS visibility results‘ef the 4,000 sf building with e-bike fire in corridor. (Visibility tenability
criterion: 15 feet).
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Figure H33. FDS visibility results of the fire floor in the 4,000 sf k
(Visibility tenability criterion: 15 feet).

ith e-bike fire in corridor.

Egress Modeling Results /

The occupant load on each floor i roximately 20 people. The movement time required to complete

of the entire building is ap
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Figure H34. Pathfinder results of the fire floor in the 4,000 sf building
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Figure H35. 4,000 sf building egress model at 30 and 180 seconds.
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APPENDIX |- UNCERTAINTY DISTRIBUTIONS

[67.4,76.7) (76.7, 86.1] (86.1, 95.4] (954, 104.7) (104.7, 114.1] (114.1, 123.4) (123.4, 132.7) (132.7, 142.1] (142.1, 151.4] (151.4, 160.7)

Risk (Occupants Falling to Egress / Fire Event)

Figure 11. Uncertainty Distribution for Building 1 Dwelling Unit Fire
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[32.36)  (36,4.0) (40.45]  (45.49)  (49.53)  (53.58) (58.62) (6267  (67.71]  (7.1,75)

Risk (Occupants Faling to Egress / Fire Event

Figure 12:-Ungértainty Distribution for Building 2 Dwelling Unit Fire
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Figure 13. Uncertainty Distribution for Building 3 Dwelling Unit Fire
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Figure 14. Uncettainty’Distribution for Building 4 Dwelling Unit Fire
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Figure I5. Uncertainty Distribution for Building 1 Corridor Fire
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Figure 16. Uncertainty Distribution for Building 2 Corridor Fire
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Figure I7. Uncertainty Distribution for Building 3 Corridor Fire
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Figure, 18. Uncertainty Distribution for Building 4 Corridor Fire
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