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FIRE SERVICES REVIEW SPECIAL COMMITTEE
SPECIAL MEETING AGENDA

WEDNESDAY, JUNE 18,2025 6:00P.M. COHANZIE FIRE STATION (53 DAYTON RD)

1. Establishment of quorum; call to order

2. Public Comment

3. Approval of minutes for May 1, 2025, meeting and May 29, 2025 meeting.

4. Consideration and possible action on the RTM’s charge to the committee (RTC 6/7/21): :
Review issues including performance, policies, and staffing and present their findings/recommendations
on any changes needed to enhance public safety, creating a steering document and strategic plan.

a. Review and discuss comments provided by Director Haley.
5. Discuss remaining committee meeting schedule.

6. Adjournment.
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encl: May 1, 2025 Minutes
May 29, 2025 Minutes
Comments on draft report-Williams
NIST Report on Residential Fire Response
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Fire Services Review Special Committee Minutes—Special Meeting May 1, 2025

Members Present: Robert Tuneski {BoF); Susan Driscoll (RTM); Tim Condon (RTM Pubtic Protection & Safety Comm.);
Matthew Keatley (RTM); Richard Muckie {BoS); Todd Patton {Chief, Goshen Fire Ca.); Ronnie Williams (WFD)

Members Absent: Mike Howley {Interim Director, Fire Services); Steven Sinagra (Director, Emergency Management);
Mark Greczkowski {WAS Director of Operations}

1. Call to order: Chair Tuneski cailed the meeting to order at 6:00 p.m.

2. Public comment:

3. Previous Minutes: Motion by Keatley, second by Muckle, to approve the March 27, 2025, minutes as presented.
Voice Vote: Unanimous.

4. Consideratton of FSRSC’s charge from the RTM (6/7/21):

a. Discuss Draft 1 of first half of report: Chair announced that RTM Moderator Goldstein has expressed his desire to have
the final repart presented at the RT's June 4 meeting. He asked for members to submit all their comments to him in
the next week so that he can tally comments and requests for additional information for review at next meeting.

b. Initial feedback Draft 1 of second half of report: Chair explained that this version is a template for input, and that while
most information was provided by Director Howley, he also gathered information from the town website and Planning
and Finance Directors, and consulted the IAFC's Blue Ribbon and Red Ribhbon reports. Based on comments from people
outside the committee that the first half draft was “steriie,” he altered the style for the second half in order to make it
more educational for the public.

Discussion focused on fleshing it out; Chair noted that Sinagra could contribute infarmation on the communications
upgrades, efforts continue to get response time data from individual stations and response headcounts for incidents. He
noted that there is still much to he done regarding the capital and fleet management plans and suggested we consider
having a structural engineer prepare reports on the Cohanzie, Goshen, fordan, and Quaker Hill stations. We are also
lacking information on WAS, ather than their current ambulance staffing is one 24-hr shift and one 16-hr shift. Condon
noted that draft contains education, but lacks information on decisions or how/why current status exist—for example,
advisory members Patton and Williams could provide insight into the evolution to a 3 core/2 outsider stations system.
He pointed out that in the 1980s response times were “easy” to determine, but now the goal is to determine how long it
takes to get enough responders on scene. Such information, he added, is how we lean in to staffing recommendations.

¢. Continue discussion on outside review: Passed over.
5. Next meeting: Consensus to tentatively schedule next meeting for Monday, May 19, at 6:00 p.m. Location thd.

6. Adjournment: Motion by Condon; second by Keatley to adjourn at 7:04 p.m. Voice vote: Unanimous.

Submitted by
Susan Driscoll, FSRSC Secretary
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Fire Services Review Special Committee Minutes--Special Meeting May 29, 2025

Members Present: Robert Tunaski {BoF); Susan Driscoll {RTM); Tim Condon (RTM Public Protection & Safety Comm.);
Matthew Keatley (RTM—on phone); Richard Muckle (BoS); Ronnie Williams (WFD}; Fire Services Director Chris Haley

Members Absent: Todd Patton (Chief, Goshen Fire Co.}); Steven Sinagra {Director, Emergency Management);
Mark Greczkowski (WAS Director of Operations)

Also present: John Mariano {Chief, Cohanzie Fire Co.}; David Dow (Chief, Quaker Hill Fire Co.)

1. Call to order: Chair Tuneski called the meeting to order at 6:00 p.m.

2. Public comment: Ursula Moreshead offered comments on the need for strategic planning for entire service
{attached).

3. Consideration of FSRSC’s charge from the RTM (6/7/21}:

a. Receive/review comments on drajt of second haif of report: Condon stated that while the outline was a good
start, the drafts don’t seem to match it and seem to include data not in the record or Howley’s opinions. Inclusion
of the regulations are good, he added, but there is no bridging between them and what we have to do to comply.
He added that we need more input from all the advisory members’ groups, not just the Director, and we need a
faster way to flush out the data. He suggested that we need a roadmap of how best to scale up, with a ranking of
each station’s needs and capabilities. He offered his opinion that the station that should be next to get additional
staffing would be Quaker Hill rather than Oswegatchie because the narthern section is a “staffing desert” and
that recent adjustments/cutbacks in Montville mean that we can no longer count on Montville for mutual aid up
there as we have in the past.

Haley cautioned the committee to remember that data is liquid, impacted by outside influences such as Covid,
business and residential development, and even changes in traffic valume. There has been some restructuring
over the years, and recent addition of 24/7 staffing, but Fire Services is forced to be agile and is still desperately
working to provide minimum standards of service. Recommendations for six months or so are ane thing, he
added, but the situation and needs could be very different in a couple of years.

Williams reported that he has requested response time data for the past 6 years, to include pre-Covid data, and
that it should be available by the next meeting. Condon pointed out that the committee hasn’t seen any of the
revisions from earlier comments and the report seems to be built around a preconceived notion. Muckle stated
that the Chair has full autharity to edit the report as he sees fit and that we've had several comprehensive
reviews of fire services over the years and they all determined that 5 stations are best. Driscoll pointed out that
those reviews were all done 15 or maore years ago and there was no decision on whether 5 stations are the best
system; the fact Is that 5 stations exist and were built hy private groups long before decades of development
altered the demands on fire services. She said the question now is how can or should the town best utilize them.
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Condon said that whatever the final recommendations the report provides, Haley will need the support of the
cammunity behind him. Chair added that he wants to collect all written comments into a spreadsheet so we can
track them and then he will bring them all together so the group can decide what goes into final version.

b, Consider refeasing draft report to new Fire Services Director: Haley stated that charting data such as response
times would he like making a wall out of water. He explained that there are vast inconsistencies in the currentand
previous systems, such as part-time shifts going unfilled, that make it difficult to identify trends. He would not use
current results because in his opinion things taday are being held together for survival and we need to get certain
efficiencies in place. He added that ail we can say is that certain results have changed since the implementation
of 24/7 coverage in some stations. Condon stated that we can use metrics to show certain changes and be able to
say “how many responded in what amount of time.” He added that response times are based more on adequate
staffing rather than location and that while everyone says the fleet needs to be reduced, the new QOSW station
plan adds a bay and the politicians are saying we need a new building.

Haley noted that some of the information seems to have been taken from the plan he supplied for his interview,
which included ideas an how to increase staffing, with offsetting savings to lessen the impact. He added that
everyone involved in his interview process was on board with acknawledging the system needs to be fixed.
Chair entertained motion to give drafts to Haley for his formal review. Driscoll noted that there is no need for
official release; as advisory member, the Director has the drafts and will be part of the ongoing discussions,
comments, and revisions as well as part of the decision-making process. She also asked if the Director would
share his proposal with the entire committee.

Maotion to have Director review draft by Muckle, second by Condon.
Motion passed: Yes-4 No-0 Abstain-1 (Driscoll)

Consider releasing draft report to RTM: Chair reiterated RTM Moderator’s request to have report for June
meeting to supplement discussion on OSW bonding and entertained motion to present draft version ta RTM.
Muckle suggested that the draft be submitted with an FYi-only provision, so that RTM wouldn’t comment.
Condon and Driscoll noted that presenting it formally would demand comment/discussion by RTM and if any
members were curious about FSRSC progress they could find the drafts in our minutes. Condon also argued that a
draft presentation would make our credibility razor-thin and endanger our final report, which seems to have al!
heen predicated on a need for 2 new station but has no data supporting that premise. He added that Cohanzie
and Quaker Hill have also been suffering from long-time maintenance issues, but we haven’t discussed them at all
and the committee needs a decision-making process that is consistent and verified and involves input from all
advisory members. Chair noted that we'll be getting initial comments from Haley at next meeting, and that we
should then be able to issue the final report and be done rather than drag on. Chair then entertained motion to
release draft to RTM. No motion offered.

C

4, Next meeting: Chair asked members who had written comments to send them to him and Driscoll the next day; he
added that he would relay request to absent advisory members so comments could be reviewed at next meeting.
Consensus to schedule next meeting for Wednesday, June 18, at 6:00 p.m. at Cohanzie Fire Station.

5, Adjournment: Motian by Muckie; second by Keatley to adjourn at 8:15 p.m. Voice vote: Unanimous.

Submitted by
Susan Driscoll, FSRSC Secretary

encl: Moreshead public comment



Public Comment for Fire Services Review Special Committee
5/29/25

Since the creation of this committes in 2021, what information has been collected on the
condition of the OFS before the decision was made to completely rebuild? is there an
itemized list of what needs to be repaired at the station?

Asking the town’s residents to pay $12 mitlion towards a brand-new fire stationis
nonsensical if the bones of the building are good. | can’t imagine that a new roof and othet
necessary repairs would cost as much as it will to rebuild.

The BoS voted to table the resolution recommending the appropriation and bond
authorization of $12 million. This decision was smart, and it's a refreshing change from the
frantic rhetoric that the fire station |s literally collapsing on top of people’s heads,

it we're looking at the trajectory of the town’s fire services and the predictive issues around
a country-wide reduction in firefighting staff {both paid and volunteer), we should be
looking at making needed repairs, not rebuilds, in anticipation of consolidating stations.
Has anyone tried bringing OFS and JFS to the table to talk about strategic planning?
Combining staff and equipment is the smart decision to make because if the number of
staff continue to decline, the $12 million building will be obsotete.

A member of the BoF suggested that the town reduce the bonding to $8 million and take the
remaining balance from the Ganeral Fund to bring the cost down and make it more
palatable for the taxpayers. Its shell games and decisions like these that create mistrust
across the board, resulting in push-back from the public and, ultimately, from members of
the RTM.

| would recommend that the town use some of the $2.9 million from the OFS Building
Renovations account to fund an outside consultant who can take an overarching look at
the town's current needs and give recammendations to prepare for predictive changes
within fire services.

Ursula Moreshead W
59 North Rd. .

Waterford, CT. 06385
(860)917-2347
Sadielcoxmsbeglobal.net




| know that a couple of these issues are from the first half of the draft, but | read the
document in its entirety, and there are still errors that were pointed out at the meeting
before May 1, 2025.

The term hybrid should be replaced with combination throughout the entire document.

The Waterford Fire Commission was established on 4/5/1971 and formally disbanded in
2010.

Why does responding to one incident constitute being active? The volunteer stipend
program requires a minimum of 50 incidents (responding to emergencies, trainings, and
meetings). Sa, shouldn’t 50 incidents be considered the minimum number to be listed as
active?

Also, it still says that career and volunteer firefighters are trained to the same level; this
isn’ttrue.

Comments from the second half of the draft are as follows:

The total responses graph should indicate that the noted decline in responses from 2019-
2022 was during the COVID-19 epidemic, where responses were altered to minimize the
responder's exposure and risk of contracting the virus.

Linda Finnigan stated that she provided average response times for apparatus from the
years 2018 through February of 2025, yet the report only shows the year 2022,

The report mentions a risk assessment to determine needs. When was the last time that a
fire department risk assessment was performed? They should be reviewed annually.

The graph with the staffing plan shows that the plan is to hire 3 full-time firefighters per year
through the year 2030, except for the years 2026-2027. The graph shows that the running
total would be 18 full-time firefighters, when the actual number would be 30. This will bring
the town to 3 shifts would 10 firefighters per shift.

Along with the staffing plans, the number of fire apparatus we have should be considered.
The apparatus that we currently have isn’t listed in the report. it should show that we have 7
fire engines, 2 Ladder trucks, 1 elevated master stream, 1 Rescue truck, 6 pick-up trucks, 3
brush trucks, 2 boats, and 1 UTV, as well as 3 vehicles attached to the Fire Marshal's office.
This large amount of apparatus should be looked at to see if the amount of apparatus that
we have is necessary. s it cost-efficient to keep and maintain this amount of apparatus?
Especially considering that the Waterford Fire Department doesn’t have enough people to
fill these apparatuses. The number of apparatuses in town should be reduced and vehicles
relocated for a more sufficient response.



The communications section should note that the town has purchased new pagers far the
volunteers. Also, we are in the process of transitioning to the state radio system to replace
our current radio system.

The Waterford Ambulance section is blank. Some items that should be listed there are:

Waterford Ambulance is a private contractor operating out of its privately owned building
located at 454 Boston Post Road. They operate their ambulances out of this one location,
providing 1 ambulance 24 hours a day. And, 1 ambulance for 16 hours from 08:00-00:00.
Waterford Ambutance is a private contractor whose employees are not employed by the
town of Waterford. The Waterford ambulance service pays Waterford an annual fee for
using our radias, radio system, and dispatching services.

Another thing to think about is, would it be better for the residents of Waterford for us to
continue using a contracted ambulance service, or to take the PSA and provide our own
emergency ambulances? Currently, if both Waterford Ambulances are on calls, thereis a
delay in getting an ambulance on scene while they attempt to assembile a crew. If they
aren’t able to assemble a crew, we then get a mutual aid ambulance. This causes a delay in
the transport of a patient. The Waterford Fire Department currently responds to medical
emergencies under a supplemental R-1 license to provide medical care. Since the
ambulance service is a private contractor, they have no operational standing within the
emergency services in the Town of Waterford.

Under the volunteer decline and professional growth, it should state that the full-time
career staff operate out of the Jordan and Cohanzie fire companies, the part-time
firefighters operate out of the Oswegatchie, Goshen, and Quaker Hill fire companies when
available.

The draft mentions the original volunteer agreements and cites (ref x). What do the original
volunteer agreements say? Are the town and the volunteers meeting the expectations set
forth within these original agreements? There should be a matrix to evatuate these
agreements to ensure that both sides are meeting their expectations.

Under the key questions section;
Under periodic review:

It says that our staffing should undergo periodic review; if that’s the case, fire services
should be reviewed at the same interval.

There is a section that states that the training barrier should be lowered to increase
participation. No matter what the individual's role is within the department, training
expectations should never be towered to make things easier, just to get people involived.



Along with lowering the training barrier, towards the end, there is a section that says we
should expand the roles for people who don’t want to do full firefighting. However, the
examples listed are actually tasks that would fall under pubtlic works and a CERT team. Not
the fire department.

Under the conclusion section:

A recommendation is that we change the organization's name to Emergency Services or a
First Responder Department. We should not be changing the name of an organization
because the number of structural fires has declined. Plus, this would require opening the
charter, which would atlow for anything in the charter to be addressed,

Where it says that we should demanstrate results to the public, it should say that we
demonstrate success through statistics, not objective, believable statistics.

Under mutual aid:

Should Waterford begin to look into gautomatic aid agreements with our mutual aid partners
for specific incident types due to our lack of personnel?

Under Legal Basis:

It says that the town of Waterford retains sole discretion in regards to mutual aid; typically,
this discretion is with the Director of Fire Services or the on-duty Chief Officer. It should say
the on-duty Captain, uniess it is going to be the recommendation of this committee to
promate the captains to battalion chiefs,

Under why 5 stations matter:

It says Interstate 98 instead of Interstate 95.

In the draft, the square mileage of the town is listed at 37 and 38 square miles.
Under Infrastructure readiness:

Has this committee toured all of the fire stations and seen their current state? Some of the
fire stations may require more than routine maintenance. For example, the upper bay floor
at Jordan, the bathrooms at Jordan, and the ventilation system at Jordan. Not to mention
capital improvement projects, which are in queue, these projects would be considered
more than routine maintenance,

Under Looking forward:

It says we must evolve into a modern emergency services and first responder organization.
This should be removed; itisn’t an industry-recognized term, nor is it in the town charter.



Therefore, the Waterford Fire Department shouldn’t be referred to as such. Amore
acceptable term would be Waterford Fire and Rescue, but this would still require a change
in the town charter.

Under why Oswegatchie Matters:

Itis listed that it creates an ideal location for a future command center for Waterford’s growing
team of career firefighters. However, this is not an ideal location. This building is going to be on
a Western outskirt of town; an ideal location would be more in the center of town.

Advances Waterford’s transition toward a combination fire services model, blending
career firefighters and volunteer support, consistent with national best practices and
Waterford’s evolving needs. This shouldn’t be in the report, this isn’t a fact, this is an opinion.

A new, state-of-the-art station will boost the recruitment and retention of both career
and volunteer firefighters. Again, this is an opinion and shouldn’t be in the report. If there is a
study to support this information, then it should be attached to the report to indicate so.

Delaying construction would significantly escalate costs, potentially requiring $15-20

million within 7-10 years for new construction and interim repairs. If this is the estimated cost
for 7-10 years out, why isn’t the current cost listed in this draft? If the town is trying to be
fiscally responsihle for the taxpayer, shouldn’t you alse be transparent about the cost and
where their tax dollars are going?

Volunteer availability is used in the determination of staffing decisions. So, if volunteer
availability is a factor in staffing, then our current reporting software should be used to
generate reports on the volunteer response to incidents. If volunteer availahility is a factor,
then volunteer responses should be regularly reviewed. And this should be listed under data-
driven staffing decisions.

The report calls for the creation of internships and a junior firefighter program. These are both
programs that already exist.

This report should also include the volunteer incentive program. What it is, what the volunteers
are offered, and how much they get from it.

The Town of Waterford has recognized that a minimum of 3 firefighters constitutes a crew. The
NIST study an fireground residential experiments provides numerous examples of how having a
3 persan crew is more beneficial than a 2 person crew. This should be cited in the report as well
as the NIST study. A recommendation in the report should be that the 3 center stations each be
staffed with a minimum of 3 firefighters.
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Abstract

s ervice expectations placed on the fire service, including
Emergency Medical Services (EMS), response to natural

wit¥ disasters, hazardous materials incidents, and acts of
terrorism, have steadily increased. However, local
decision-makers are challenged to balance these community
service expectations with finite resources without a solid technical
foundation for evaluating the impact of staffing and deployment
decisions on the safety of the public and firefighters.

For the first time, this study investigates the effect of varying
crew size, first apparatus arrival time, and response time on
firefighter safety, overall task completion, and interior residential
tenability using realistic residential fires. This study is also unique
because of the array of stakeholders and the caliber of technical
experts involved. Additionally, the structure used in the field
experiments included customized instrumentation; all refated
industry standards were followed; and robust research methods
were used. The results and conclusions will directly inform the
INPFA 1710 Technical Committee, who is responsible for
developing consensus industry deployment standards,

This report presents the results of more than 40 laboratory and
residential fireground experiments designed to quantify the
effects of various fire department deployment configurations on
the most common type of fire — a low hazard residential
structure fire, For the fireground experiments, a 2,000 sq ft (186
m?), two-story residential structure was designed and built at the
Montgomery County Public Safety Training Academy in
Rockville, MDD, Fire crews from Montgomery County, MD and
Fairfax County, VA were deployed in response to live fires within
this facility. In addition to systematically controlling for the
arrival times of the first and subsequent fire apparatus, crew size
was varied to consider two-, three-, four-, and five-person staffing,
Each deployment performed a series of 22 tasks that were timed,
while the thermal and toxic environment inside the structure was
measured. Additional experiments with larger fuel loads as well as
fire modeling produced additional insight. Report results quantify
the effectiveness of crew size, first-due engine arrival time, and
apparatus arrival stagger on the duration and time to completion
of the key 22 fireground tasks and the effect on occupant and
firefighter safety.



Executive Summary

oth the increasing demands on the fire service - such as the
growing number of Emergency Medical Services (EMS)
responses, challenges from natural disasters, hazardous
materials incidents, and acts of terrorism — and previous research
point to the need for scientifically based studies of the effect of
different crew sizes and firefighter arrival times on the effectiveness of
the fire service to protect lives and property. To meet this need, a
research partnership of the Commission on Fire Accreditation
International (CFATY), International Association of Fire Chiefs (IAFC),
International Association of Firefighters {IAFF), National Institute of
Standards and Technology (NIST), and Worcester Polytechnic
Institute (WP} was formed to conduct a multiphase study of the
deployment of resources as it affects firefighter and occupant safety.
Starting in FY 2005, funding was provided through the Department of
Homeland Security (IDHS) / Federal Emergency Management Agency
(FEMA) Grant Program Directorate for Assistance to Firefighters
Grant Program ~— Fire Prevention and Safety Grants. In addition to
the low-hazard residential fireground experiments described in this
report, the muttiple phases of the overall research effort include
development of a conceptual model for community risk assessment
and deployment of resources, implementation of a generalizable
department incident survey, and delivery of a software tool to quantify
the effects of deployment decisions on resultant firefighter and civilian
injuries and on property losses.

The first phase of the project was an extensive survey of more than
400 career and combination (both career and volunteer) fire
departments in the United States with the objective of optimizing a
fire service leader’s capability to deploy resources to prevent or
mitigate adverse events that occur in risk- and hazard-filled
environments. The results of this survey are not documented in this
report, which is limited to the experimental phase of the project.
The survey results will constitute significant input into the
development of a future software tool to quantify the effects of
community risks and associated deployment decisions on resultant
firefighter and civilian injuries and property losses.

The following research questions guided the experimental
design of the low-hazard residential fireground experiments
documented in this report:

1. How do crew size and stagger affect overall start-to-completion
response timing?

2. How do crew size and stagger affect the timings of task
initiation, task duration, and task completion for each of the 22
critical fireground tasks?

3. How does crew size affect elapsed times to achieve three critical
events that are known to change fire behavior or tenability
within the structure:

a. Entry into structure?

b. Water on fire?

¢. Ventilation through windows {three upstairs and one back
downstairs window and the burn room window).

4. How does the elapsed time to achieve the nationat standard of
assemnbling 15 firefighters at the scene vary between crew sizes
of four and five?

In order to address the primary research questions, the research
was divided into four distinct, yet interconnected parts:

® Part | — Laboratory experiments to design appropriate fuel load

H Part 2 — Experiments to measure the time for various crew
sizes and apparatus stagger (interval between arrival of
various apparatus) to accomplish key tasks in rescuing
occupants, extinguishing a fire, and protecting property

# Part 3 — Additional experiments with enhanced fuel load that
prohibited firefighter entry into the burn prop ~ a building
constructed for the fire experiments

B Part 4 — Fire modeling to correlate time-to-task completion
by crew size and stagger to the increase in toxicity of the
atmosphere in the burn prop for a range of fire growth rates.

The experiments were conducted in a burn prop designed to
simulate a low-hazard' fire in a residential structure described as
typical in NEPA 1710® Organization and Deployment of Fire
Suppression Operations, Emergency Medical Operations, and Special
Operations to the Public by Career Fire Departments. NFPA 1710 is
the consensus standard for career firefighter deployment,
including requirements for fire department arrival time, staffing
levels, and fireground responsibilities.

Limitations of the study include firefighters’ advance knowledge
of the burn prop, invariable number of apparatus, and lack of
experiments in elevated outdoor temperatures or at night. Further,
the applicability of the conclusions from this report to commercial
structure fires, high-rise fives, outside fires, terrorism/naturai
disaster response, HAZMAT or other technical responses has not
been assessed and should not be extrapolated from this report.

Primary Findings

Of the 22 fireground tasks measured during the experiments,
results indicated that the following factors had the most
significant impact on the success of fire fighting operations. All
differential outcomes described below are statistically significant
at the 93 9% confidence level or better.

Qverall Scene Time:

The four-person crews operating on a low-hazard structure fire
completed all the tasks on the fireground (on average} seven
minutes faster — nearly 30 % — than the two-person crews. The
four-person crews completed the same number of fireground
tasks (on average) 5.1 minutes faster — nearly 25 % — than the
three-person crews, On the low-hazard residential structure fire,
adding a fifth person to the crews did not decrease overall
fireground task times. However, it should be noted that the

1 A low-hazard occupancy is defined in the NFPA Handbook as a one-, two-, or three-family dwelling and some small businesses, Medium hazards occupancies include
apartments, offices, mercantile and industrial occupancies not normally requiring extensive rescue or firefighting forces. High-hazard occupancies include schools,
hospitals, nursing homes, explosive plants, refineries, high-rise buildings, and other highlife hazard or farge fire potential cccupancies.
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benefit of five-person crews has been documented in other
evaluations to be significant for medivm- and high-hazard
structures, particularly in urban settings, and is recognized in
industry standards.?

Time to Waler on Fire:

There was a 10% difference in the “water on fire” time between
the two- and three-person crews. There was an additional 6%
difference in the "water on fire" time between the three- and
four-person crews. (.e., four-person crews put water on the fire
16% faster than two person crews). There was an additional 6%
difference in the “water on fire” time between the four- and
five-person crews (i.e. five-person crews put water on the fire 22%
faster than two-person crews).

Ground Ladders and Ventilation:

The four-person crews operating on a low-hazard structure fire
completed laddering and ventilation {for life safety and rescue)
30 % faster than the two-person crews and 25 % faster than the
three-person crews,

Primary Search:

The three-person crews started and completed a primary search
and rescue 25 % faster than the two-person crews. The four- and
five~-person crews started and completed a primary search 6 %
faster than the three-person crews and 30 % faster than the
two-person crew. A 10 % difference was equivalent to just over
one minute,

Hose Stretch Time:

In comparing four-and five-person crews to two-and
three-person crews collectively, the time difference to stretch a line
was 76 seconds. In conducting more specific analysis comparing
all crew sizes to the two-person crews the differences are more
distinct. Two-person crews took 57 seconds longer than
three-person crews to stretch a line. Two-person crews took
87 seconds longer than four-person crews to complete the same
tasks. Finally, the most notable comparison was between
two-person crews and five-person crews — more than 2 minutes
{122 seconds) difference in task completion time.

Industry Standard Achieved:

As defined by NFPA 1718, the “industry standard achieved”
time started from the first engine arrival at the hydrant and ended
when 15 firefighters were assembled on scene.’ An effective
response force was assembled by the five-person crews three
minutes faster than the four-person crews. Based on the study
protocols, modeled after a typical fire department apparatus
deployment strategy, the total number of firefighters on scene in
the two- and three-person crew scenarios never equaled 15 and
therefore the two- and three-person crews were unable to
assemble enough personnel to meet this standard.

Occupant Rescue:

Three different “standard” fires were simulated using the Fire
Dynamics Simulator (FDS) model. Characterized in the
Handbook of the Society of Fire Protection Engineers as slow-,

medium-, and fast-growth rate?, the fires grew exponentially with
time. The rescue scenario was based on a non-ambulatory
occupant in an upstairs bedroom with the bedroom door apen.

Independent of fire size, there was a significant difference between
the toxicity, expressed as fractional effective dose (FEDY), for
accupants at the time of rescue depending on arrival times for all
crew sizes. Occupants rescued by early-arriving crews had less
exposure to combustion products than occupants rescued by
late-arriving crews. The fire modeling showed clearly that
two-person crews cannot complete esseritial Aireground tasks in time
to rescue occupants without subjecting them to an increasingly toxic
atmosphere. For a slow-growth rate fire with two-person crews, the
FED was approaching the level at which sensitive populations, such
as children and the elderly are threatened. For a medium-growth
rate fire with two-person crews, the FED was far above that
threshold and approached the level affecting the general population.
For a fast-growth rate fire with two-person crews, the FED was well
above the median level at which 50 % of the general population
would be incapacitated. Larger crews responding to slow-growth
rate fires can rescue most occupants prior to incapacitation along
with early-arriving larger crews responding to medium-growth rate
fires. The result for late~arriving (two minutes later than
early-arriving) larger crews may result in a threat to sensitive
populations for medium-growth rate fives. Statistical averages
should not, however, mask the fact that there is no FED level so low
that every occupant in every situation is safe.

Gonclusion:

More than 60 full-scale fire experiments were conducted to
determine the impact of crew size, first-due engine arrival time, and
subsequent apparatus arrival times on firefighter safety and
effectiveness at a low-hazard residential structure fire. This report
guantifies the effects of changes to staffing and arrival times for
residential firefighting operations. While resource deployment is
addressed in the context of a single structure type and risk level, it is
recognized that public policy decisions regarding the cost-benetit of
specific deployment decisions are a function of many other factors
including peography, tocal risks and hazards, available resources, as
well as community expectations. This report does not specifically
address these other factors.

The results of these field experiments contribute significant
knowledge to the fire service industry. First, the results provide a
quantitative basis for the effectiveness of four-person crews for
low-hazard response in NFPA 1710, The results also provide valid
measures of total effective response force assembly on scene for
fireground operations, as well as the expected performance
time-to-critical-task measures for low-hazard structure fires.
Additionally, the results provide tenability measures associated
with a range of modeled fires.

Future research should extend the findings of this report in
order to quantify the effects of crew size and apparatus arrival
times for moderate- and high-hazard events, such as fires in
high-rise buildings, commercial properties, certain factories, or
warehouse facilities, responses to large-scale non-fire incidents, or
technical rescue operations,

2 NEPA Standard 1710 - A.5.2.4.2,1 ...Other occupancies and structures in the community that present greater hazards should be addressed by additional fire fighter

functions and additional responding personnel on the initial full alarm assignment.

3 NEPA 1740 Standard for the Organization and Deployment of Fire Suppression Operations, Emergency Medical Operations, and Special Operations to the Public by
Career Fire Departments, Section 5.2.1 — Fire Suppression Capability and Section 5.2.2 Staffing.
4 As defined in the handbook, a fast fire grows exponentially to 1.0 MW in 150 seconds. A mediutm fire grows exponentially to 1 MW in 300 seconds. A slow fire grows

exponentially to 1 MW in 600 seconds. A [ MW fire can be thought-of a5 a typical uphoistered chair burning at its peak. A farge sofa might be 2 to 3 MWs.
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ackground

Bihe fire service in the United States has a deservedly proud
tradition of service to community and country dating back
£ hundreds of years. As technology advances and the scope
of service grows {e.g., more EMS obligations and growing
response to natural disasters, hazardous materials incidents, and
acts of terrorism), the fire service remains committed to a core
mission of protecting lives and property from the effects of fire,
Firefighting is a dangerous business with substantial financial
implications. In 2007, U.S. municipal fire departments responded
to an estimated 1,557,500 fires, These fires killed 3,430 civilians
(non-firefighters} and contributed to 17,675 reported civilian fire
injuries. Direct property damage was estimated at $14.6 billion
dollars {Karter, 2008). In spite of the vigorous nationwide efforts
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to promote firefighter safety, the number of firefighter deaths has
consistently remained tragically high. In both 2007 and 2008, the
U.S. Fire Administration reported 118 firefighter fatalities (USFA
2008).

Although not all firefighter deaths occur on the fireground —
accidents in vehicles and training fatalities add to the numbers —
every statistical analysis of the fire problem in the United States
identifies residential structure fires as a key component in
firefighter and civilian deaths, as well as direct property loss.
Consequently, community planners and decision-makers need
tools for optimally aligning resources with the service
commitnents needed for adequate protection of citizens.



Problem

espite the magnitude of the fire problem in the United
States, there are no scientifically based tools available to

# community and fire service leaders to assess the effects of
prevention, fixed sprinkler systems, fire fighting equipment, or
deployment and staffing decisions. Presently, community and fire
service leaders have a qualitative understanding of the effect of
certain resource allocation decisions. For example, a decision to
double the number of firchouses, apparatus, and firefighters
wotld likely result in a decrease in community fire losses, while
cutting the number of firehouses, apparatus, and firefighters
would likely yield an increase in the community fire losses, both
human and property. However, decision-makers lack a sound

basis for quantifying the total impact of enhanced fire resources
on the number of firefighter and civilian lives saved and injuries
prevented.

Studies on adequate deployment of resources are needed to
enable fire departments, cities, counties, and fire districts to
design an acceptable level of resource deployment based upon
community risks and service provision commitment. These
studies will assist with strategic planning and municipal and state
budget processes. Additionally, as resource studies refine data
collection methods and measures, both subsequent research and
improvements to resource deployment models will have a sound
scientific basis,
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Review of Literature

esearch to date has documented a consistent relationship
between resources deployed and firefighter and civilian

i @safety. Studies documenting engine and ladder crew
performance in diverse simulated environments as well as actual
responses show a basic relationship between apparatus staffing
levels and a range of important performance variables and
otfcome measurements such as mean on-scene time, time-to-task
completion, incidence of injury among fire service personnel, and
costs incurred as a result of on-scene injuries {Cushman 1981,
McManis 1984, Morrison 1990, Ontario 1991, Phoenix 1994,
Roberts 1993).

Reports by fire service officials and consulting associates
reviewing fire suppression and emergency response by fire crews
in U.S. cities were the first publications to describe the
relationship between adequate staffing levels and response time,
time to completion of various fireground tasks, overall
effectiveness of fire suppression, and estimated value of property
loss for a wide range of real and simulated environments. In 1980,
the Columbus Fire Division's report on firefighter effectiveness
showed that for a predetermined number of personnel initially
deployed to the scene of a fire, the proportion of incidents in
which property loss exceeded $5,000 and horizontal fire spread of
more than 25 sq ft {2.3 m* was significantly greater for crews
whose numbers fell below the set thresholds of 15 total fireground
personnel at residential fires and 23 at large-risk fires (Backoff
1980). The foltowing year, repeated live experiments ata
one-family residential site using modern apparatus and
equipment demonstrated that larger units performed tasks and
accomplished knockdownt more quickly, ultimately resulting in a
lower percentage of loss attributable to factors controlled by the
fire department. The authors of this article highlighted that the
fire company is the fire department’s basic working unit and
further emphasized the importance of establishing accurate and
up-to-date performance measurements to help collect data and
develop conclusive strategies to improve staffing and equipment
utilization (Gerard 1981).

Subsequent reports from the United States Fire Administration
{USFA) and several consulting firms continued to provide
evidence for the effects of staffing on fire crews’ ability to
complete tasks involved in fire suppression efficiently and
effectively. Citing a series of tests conducted in 1977 by the Dallas
Fire Department that measured the time it took three-, four-, and
five-person teams to advance a line and put water on a simulated
fire at the rear of the third floor of an old school, officials from the
USFA underscored that time-to-task completion and finai level of
physical exhaustion for crews markedly improved not after any
one threshold, but with the addition of each new team member.
This report went on to outline the manner in which simulated
tests exemplify a clear-cut means to record and analyze the
resources initfally deployed and finally utilized at fire scenes (NFA
1981). A later publication detailing more Dallas Fire Department
simulations — ninety-one runs each for a private residential fire,
high-rise office fire, and apartment house fire — showed again
that increased staffing levels greatly enhanced the coordination
and effectiveness of crews’ fire suppression efforts during a finite
time span {McManis Associates 1984). Numerous studies of local
departments have supported this conclusion using a diverse
collection of data, including a report by the National Fire
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Academy (NTFA) on fire department staffing in smaller
communities, which showed that a company crew staffed with
four firefighters could perform rescue of potential victims
approximately 80 % faster than a crew staffed with three
firefighters (Morrison 1990).

During the same time period that the impact of staffing levels on
fire operations was gaining attention, investigators began to
question whether staffing levels could also be associated with the
risk of firefighter injuries and the cost incurred as a result of such
injuries at the fire scene. Initial results from the Columbus Fire
Division showed that “firefighter injuries occurred more often
when the total number of personnel on the fireground was less
than 15 at residential fires and 23 at large-risk fires” (Backoff
1980), and mounting evidence has indicated that staffing levels
are a fundamental health and safety issue for firefighters in
addition to being a key determinant of immediate response
capacity. One early analysis by the Seattle Fire Department for
that city’s Executive Board reviewed the average severity of
injuries suffered by three-, four-, and five-person engine
companies, with the finding that “the rate of firefighter injuries
expressed as total hours of disability per hours of fireground
exposure were 54 % greater for engine companies staffed with 3
personnel when compared to those staffed with 4 firefighters,
while companies staffed with 5 personnel had an injury rate that
was only one-third that associated with four-person companies”
(Cushman 1981). A joint report from the International
Association of Fire Fighters (IAFF) and Johns Hopkins University
concluded, after a comprehensive analysis of the minimum
staffing levels and firefighter injury rates in ULS. cities with
populations of 150,000 or more, that jurisdictions operating with
crews of less than four firefighters had injury rates nearly twice
the percentage of jurisdictions operating with crews of
four-person crews or more (IAFE, JHU 1991).

More recent studies have continued to support the finding that
staffing per piece of apparatus integrally affects the efficacy and
safety of fire department personnel during emergency response
and fire suppression. Two studies in particular demonstrate the
consistency of these conclusions and the increasing level of detail
and accuracy present in the most recent literature, by looking
closely at the discrete tasks that could be safely and effectively
performed by three~ and four-person fire companies. After testing
drills comprised of a series of common fireground tasks at several
fire simulation sites, investigators from the Austin Fire
Department assessed the physiological impact and injury rates
among the variably staffed fire crews. In these simulations, an
increase from a three- to four-person crew resulted in marked
fmprovements in time-to-~task completion or efficiency for the
two-story residential fire drill, aerial ladder evolution, and
high-rise fire drill, leading the researchers to conclude that loss of
life and property increases when a sufficient number of personnel
are not available to conduct the required tasks efficiently,
independent of firefighter experience, preparation, or training.
Reviews of injury reports by the Austin Fire Department
furthermore revealed that the injury rate for three-person
companies in the four years preceding the study was nearly
one-and-a-half that of crews staffed with four or more personnel
{Roberts 1993}, In a sequence of similar tests, the Office of the
Fire Marshal of Ontario, Canada likewise found that three-person



fire companies were unable to safely perform deployment of
backup protection lines, interior suppression or rescue operations,
ventilation operations that required access to the roof of the
involved structure, use of large hand-held hose lines, or establish a
water supply from a static source without additional assistance
and within the time limits of the study. Following these data, Fire
Marshal officials noted that three-person crews were also at
increased risk for exhaustion due to insufficient relief at fire
scenes and made recommendations for the minimum staffing
levels per apparatus necessary for suppression and rescue related
tasks {Office of the Fire Marshal of Ontario 1993).

The most comprehensive contemporary studies on the
implications of fire crew staffing now include much more
accurate performance measures for tasks at the fireground, in
addition to the basic metric of response time. They include
environmental measures of performance, such as total water
supply, which expand the potential for assessing the
cost-effectiveness of staffing not only in terms of fireground
personnel injury rates but also comparative resource expenditure
required for fire suppression. Several examples from the early
1990s show investigators and independent fire departments
beginning to gather the kind of specific, comprehensive data on
staffing and fireground tasks such as those suggested and outlined
in concurrent local government publications that dealt with
management of fire services (Coleman 1988). A report by the
Phoenix Fire Department laid out clear protocols for responding
to structure fires and response evaluation in terms of staffing,
objectives, task breakdowns, and times in addition to outlining
the responsibilities of responding fire department members and
the order in which they should be accomplished for a full-scale
simulation activity (Phoenix i991). Oue attempt to devise a
prediction model for the effectiveness of manual fire suppression
similarly reached beyond response time benchmarks to describe
fire operations and the step-by-step actions of firefighters at
incident scenes by delineating the time-to-task breakdowns for
size-up, water supply, equipment selection, entry, locating the fire,
and advancing hose lines, while also comparing the predicted
time-to-task values with the actual times and total resources
{Menker 1994). Two separate studies of local fire department
performance, one from Taoyuan County in Taiwan and another
from the London Fire Brigade, have drawn ties between fire crews’
staffing levels and total water demand as the consequence of both
response time and fire severity. Field data from Taoyuan County
for cases of fire in commercial, business, hospital, and educational
properties showed that the type of land use as well 43 response
time had a significant impact on the water volume necessary for

fire suppression, with the notable quantitative finding that the
water supply required on-scene doubled when the fire department
response increased by ten minutes (Chang 2005),

Response time as a predictor of residential fire outcomes has
received less study than the effect of crew size. A Rand Institute
study demonstrated a relationship between the distance the
responding companies traveled and the physical property damage.
This study showed that the fire severity increased with response
distance, and therefore the magnitude of loss increased
proportionally {Rand 1978). Using records from 307 fires in
nonresidential buildings over a three-year period, investigators in
the United Kingdom correspondingly found response time to
have a significant impact on final fire area, which in turn was
proportional to total water demand (Sardqvist 2000).

Recent government and professional literature continues to
demonstrate the need for more data that would quantify in depth
and illustrate the required tasks, event sequences, and necessary
response times for effective fire suppression in order to determine
with accuracy the full effects of either a reduction or increase in
fire company staffing (Karter 2008). A report prepared for
National Institute of Standards and Technology {NIST) stressed
the ongoing need to elucidate the relationship between staffing
and personnel injury rates, stating that “a sclentific study on the
relationship between the number of firefighters per engine and
the incidence of injuries would resolve a Iong-standing question
concerning staffing and safety” (TriData 2005). While not
addressing staffing levels as a central focus, an annual review of
fire department calls and false alarms by the National Fire
Protection Association (NFPA} exemplified the need to capture
not only the number of personnel per apparatus for effective fire
suppression but also to clarify the demands on individual fire
departments with resolution at the station level (NFPA 2008).

In light of the existing literature, there remain unanswered
questions about the relationships between fire service resource
deployment levels and associated risks. For the first time this
study investigates the effect of varying crew size, first apparatus
arrival time, and response time on firefighter safety, overall task
completion and interior residential tenability using realistic
residential fires. This study is also unique because of the array of
stakeholders and the caliber of technical advisors involved.
Additionally, the structure used in the field experiments included
customized instrumentation for the experiments; all related
industry standards were followed; robust research methods were
used; and the results and conclusions will directly inform the
NFPA 1710 Technical Committee, as well as public officials and
fire chiefs,

5 NFPA is a registered trademark of the National fire Protection Association, Quincy, Massachuasetts. NFPA 1710 defines mininmum requirerzents relating to the
organization and deployment of fire suppression operations, emergency medical operations, and special operations to the public by substantially all career fire
departments. The reguirernents address functions and objectives of fire department emergency service delivery, response capabilities, and resources. The purpose of this
standard is to specify the minimum criteria addressing the effectiveness and efficiency of the career public fire suppression operations, emergency medical service, and
special operations delivery in protecting the citizens of the jurisdiction and the cccupational safety and health of fire department employees. At the time of the

experiments, the 2004 edition of NFPA 1710 was the current edition.
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Purpose and Scope of the Study

this project systematically studies deployment of fire
fighting resources and the subsequent effect on both
firefighter safety and the ability to protect civilians and
their property. It is intended to enable fire departments and
city/county managers to make sound decisions regarding optimal
resource allocation to meet service commitments using the results
of scientifically based research. Specifically, the residential
fireground experiments provide quantitative data on the effect of
crew size, first-due engine arrival time, and subsequent apparatus
stagger on time-to-task for critical steps in response and fire
fighting.

The first phase of the multiphase project was an extensive survey
of more than 400 career and combination fire departments in the
United States with the objective of optimizing a fire service
leader’s capability to deploy resources to prevent or mitigate
adverse events that occur in risk- and hazard-filled environments.
The results of this survey are not documented in this report,
which is limited to the experimental phase of the project, but they
will constitute significant input into future applications of the
data presented in this document.

This report describes the second phase of the project, divided
into four parts:

# Part 1 — Laboratory experiments to design the approptiate
fuel packages to be used in the burn facility specially
constructed for the research project

8 Part 2 — Field tests for critical time-to-task completion of key
tasks in fire suppression

# Part 3 — Field tests with real furniture (room and contents
experiments}

# Part 4 — Fire modeling to apply data gathered to slow-,
medium-, and fast-growth rate fires
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The scope of this study is limited to understanding the relative
influence of deployment variables on low-hazard, residential
structure fires, similar in magnitude to the hazards described in
NFPA® 1710, Standard for the Organization and Deployment of
Fire Suppression Operations, Emergency Medical Operations, and
Special Operations to the Public by Career Fire Departments,

The standard uses as a typical residential structure a 2,000 sq ft
{186 m?) two-story, single-family dwelling with no basement and
no exposures (nearby buildings or hazards such as stacked
flammable material).

The limitations of the study, such as firefighters’ advance
knowledge of the facility constructed for this experiment,
invariable number of apparatus, and lack of expesiments in
extreme temperatures or at night, will be discussed in the
Limitations section of this report, [t should be noted that the
applicability of the conclusions from this report to commercial
structure fires, high-rise fires, outside fires, and response to
hazardous material incidents, acts of terrorism, and natural
disasters or other technical responses has not been assessed and
should not be extrapolated from this report.



A Brief Overview of the Fireground Operations

egardless of the size of a structure on fire, firefighting
crews identify four priorities: life safety of occupants and
% firefighters, confinement of the fire, property conservation,
and reduction of adverse environmental impact. Interdependent
and coordinated activities of all fire fighting personnel are
required to meet the priority objectives.

NFPA 1710 specifies that the number of on-duty fire
suppression personnel must be sufficient to carry out the
necessary fire fighting operations given the expected fire fighting
conditions, During each firegrovnd experiment, the following
were dispatched to the test fire building;

B three engine companies
B one truck company

B a command vehicle with a battalion chief and a command
aide

Staffing numbers for the engine and truck crews and response
times were varied for the purposes of the tests. Additional
personnel available to ensure safety will be described later in this
report.

The following narrative account describes the general sequence
of activities in part 2 of the experiments {time-to-task), when the
fuel load permitted firefighter entry:

The first arriving engine company conducts a size-up or
initial life safety assessment of the building to include signs of
occupants in the home, construction features, and location of
the original fire and any extension to other parts of the
structure. This crew lays a supply line from a hydrant close to
the buiiding for a continuous water supply.

The truck company usually arrives in close proximity to the
first engine company. The truck company is responsible for
gaining access or forcing entry into the building so that the
engine company can advance the first hose line into the
building to locate and extinguish the fire. Usually, they assist
the engine company in finding the fire. The NFPA and
OSHA 2 Inf2 Out® crew is also assembled prior to anyone
entering an atmosphere that is immediately dangerous to life
or health (IDLH). This important safety requirement will
have a large impact on availability of firefighters to enter the
building when small crews are deployed.

Once a door is opened, the engine crew advances a hose line
{attack line} toward the location of the fire, At the same time,
members from the truck crew accompany the engine crew and

assist in ventilating the building to provide a more tenable
atmosphere for occupants and firefighters. Ventilation also
helps by improving visibility in an otherwise “pitch black”
environment, but it must be coordinated with the attack line
crew to ensure it helps control the fire and does not contribute
to fire growth. The truck crew performs a systematic rapid
search of the entire structure starting in the area where
occupants would be in the most danger. The most dangerous
area is proximate to the fire and the areas directly above

the fire.

Depending upon the travel distance, the battalion chief and
command aide will have arrived on the scene and have taken
command of the incident and established a command post.
The role of the incident commander is to develop the action
plan to mitigate the incident and see that those actions are
carried out in a safe, efficient, and effective manner. The
command aide is responsible for situational assessment and
communications, including communications with crew
officers to ensure personnel accountability.

Depending on response time or station location, the second
{engine 2) and possibly the third engine company {engine 3)
arrive. The second arriving engine (engine 2) connects to the
fire hydrant where the first engine (engine 1) laid their supply
line. Engine 2 pumps water from the hydrant through the
supply line to the first engine for fire fighting operations.
According to NFPA 1710, water should be flowing from the
supply line to the attack engine prior to the attack crew’s
entry into the structure.

The crew from the second engine advances a second hand
line as a backup line to protect firefighters operating on the
inside and to prevent fire from spreading to other parts of the
structure,

The third engine crew is responsible for establishing a Rapid
Intervention Team (RITY), a rescue team staged at or near the
command post or as designated by the Incident Commander
{in the front of the building) with all necessary equipment
needed to locate and/or rescue firefighters that become
trapped or incapacitated. The RIT plans entry/exit portals
and removes hazards, if found, to assist interior crews,

As the fire fighting, search and rescue, and ventilation
operations are continuing, two members of the truck
compary are tasked with placing ground ladders to windows
and the roof to provide a means of egress for occupants or
firefighters. The truck crew is responsible for controlling
interior utilities such as gas and electric after their ventilation,
search, and rescue duties are completed.

Once the fire is located and extinguished and occupants are

6 The “2 In'2 Qut” policy is part of paragraph {g){4) of OSHAs revised respiratory protection standard, 29 CER 1910.134. This paragraph applies to private sector
workers engaged in interior structaral fire fighting and to Federal employees covered under Section 19 of the Occupational Safety and Health Act. States that have chosen
1o operate OSHA-approved occupational safety and health state plans are required to extend their jurisdiction to include employees of their state and local governments.
These states are required to adopt a standard at least as effective as the Federal standard within six months.

OSHAs interpretation on requirements for the number of workers required to be present when conducting operations in atmospheres that are immediately dangeraus ta
life and health (IDLH) covers the number of persons who must be on the scene before re fighting personnel may initiate an attack on a structural fire, An interior
structural fire (an advanced fire that has spread inside of the building where high temperatuares, “heat” and dense smoke are normally occorring) would present an IDLH
atmosphere and therefore, require the use of respirators. In those cases, at least two standby persons, in addition to the minimum of two persons inside needed to fight

the fire, must be present before fire fighters may enter the building.

Letter to Thomas N. Cooper, Purdue University, from Paula O, White, Director of Federal-State Operations, U.S, Departmest of Labor, Occupationat Safety & Health

Administration, November 1, 1995,
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removed, the incident commander reassesses the situation
and provides direction to conduct a very thorough secondary
search of the building to verify that the fire has not extended
into void spaces and that it is fully extinguished. (Ina
nonexperimental fire situation, salvageable property would
be covered or removed to minimize damage.)

Throughout the entire incident, each crew officer is
responsible for the safety and accountability of his or her
personnel along with air management. The location and
wellness of crews is tracked by the comimand aide through a
system of personal accountability checks conducted at
20-minute intervals.

Following extinguishment of the fire, an onsite review is
conducted to identify actions for improvement. Crews are
monitored, hydrated and rested before returning to work in
the fire building.

The Relation of Time-to-Task Completion and Risk

Delayed response, particularly in conjunction with the
deployment of inadequate resources, reduces the likelihood of
controlling the fire in time to prevent major damage and possible
loss of life and increases the danger to firefighters.

Figure 1 illustrates a hypothetical sequence of events for
response to a structure fire. During fire growth, the temperature
of a typical compartment fire can rise to over 1,000° F {538° C).
‘When a fire in part of a compartment reaches flashover, the rapid
transition between the growth and the fully developed fire stage,
flame breaks out almost at once over the surface of all objects in

the compartment, with results for occupants, even firefighters in
full gear, that are frequently deadly.

Successful containment and control of a fire require the
coordination of many separate tasks. Fire suppression must be
coordinated with rescue operations, forcible entry, and utilities
control, Ventilation typically occurs only after an attack line is in
place and crews are ready to move in and attack the fire. The
incident commander needs up-to- the-minute knowledge of crew
activities and the status of task assignments which could result in
a decision to change from an offensive to a defensive strategy.

Standards of Response Gover

Developing 2 standard of response cover - the policies and
procedures that determine the distribution, concentration, and
reliability of fixed and mobile resources for response to fire (as
well as other kinds of technical response) -~ related to service
commitments to the community is a complex task. Fire and
rescue departments must evaluate existing {or proposed)
resources against identified risk levels in the community and
against the tasks necessary to conduct safe, efficient and effective
fire suppression at structures identifted in these various risk levels,
Leaders must also evaluate geographic distribution and depth or
concentration of resources deployed based on time parameters.

Recognition and reporting of a fire sets off a chain of events
before firefighters arrive at the scene: call receipt and processing,
dispatch of resources, donning protective gear, and travel to the
scene, NFPA 1710 defines the overall time from dispatch to scene
arrival as the total response time. The standard divides total

Agaffionaf [Nmitioniion ] Dispatciiol | | Fire Fire Hrtass,
Fire ar | ewiergency | Depacment | Bopartment Fravel Thie ., Rewwig,
| Emermeney Units. Tiintaut loprirtie - o : i Ventilice onid
Respunse Suppress:
trisoavery ] Sysiem
& ¥ Y y ¥ Y
Fite Oveitinul /'
Pepiarimien Seere £
Arrivab il /
i Inéhlent Scene v o
. FLASHOVER "

Figure 1: Hypothetical Timeline of Fire Department Response to Structure Fire
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response time into a number of discrete segments, of which travel
time -~ the time interval from the beginning of travel to the scene
to the arrival at the scene ~— is particularly important for this
study.

Arrival of a firefighting response force must be immediately
followed by organization of the resources into a logical, properly
phased sequence of tasks, some of which need to be performed
simultaneously. Knowing the time it takes to accomplish each
task with the allotted number of personnel and equipment is
critical. Ideally crews should arrive and intervene in sufficient
time to prevent flashover or spread beyond the room of origin.

Decision-making about staffing levels and geographic
distribution of resources must consider those times when there
will be simultaneous events requiring resource deployment.
There should be sufficient redundancy or overlap in the system to

allow for simultaneous calls and high volume of near
simultaneous responses without compromising the safety of the
public or firefighters.

Policy makers have long lacked studies that quantify changes in
fireground performance based on apparatus staffing levels and
on-scene arrival time intervals. These experiments were designed
to observe the impact of apparatus staffing levels and apparatus
arrival times on the time it takes to execute essential fireground
tasks and on the tenability inside the burn prop for a full initial
alarm assignment response. It is expected that the results of this
study will be used to evaluate the related performance objectives
inn NFPA 1710.
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Part 1: Planning for the Field Experiments

Laboratory Experiments

The purpose of the first segment, the laboratory experiments, was
to characterize the burning behavior of the wood pallets as a
function of:

8 number of pallets and the subsequent peak heat release rate
{HRR)

B compartment effects an burning of wood pallets

@ effect of window ventilation on the fire

# effect on fire growth rate of the loading configuration of
excelsior (slender wood shavings typically used as packing
material)

Characterization of the fuel package was critical in order to
ensure that the field experiments would not result in a flashover
condition, one of the primary safety considerations in complying
with the protocols in NFPA 1403: Standard on Live fire Training
Evolutions.” Appendix A of this report contains the methods and
full results for the laboratory experiments, which are summarized
below. Figure 2 shows a test burn of pallets in the laboratory.

Results of Laboratory Experiments

The objective of the laboratory experiments was to quantify the
spread of heat and smoke throughout the planned burn prop in
order to ensure that the fuel package would result in a fire large
enough to generate heat and smoke consistent with a residential
structure fire, yet not so large as to transition to flashover. The
full results of the laboratory experiments and modeling are shown
in Appendix A and Appendix B. To summarize briefly, a
four-pallet configuration, which produced a peak of
approximately 2 MW, was determined to be the largest fuel load
the room could support without the threat of transitioning to
flashover. The compartment produced a negligible effect on the
heat release rate of the fire compared to open burning conditions.
The presence of an open window in the burn room reduced the

E_igura 2: Test Burn of Pallets in Laboratory

production of carbon monoxide and carbon dioxide gases,
primarily through enhanced oxygen availability and dilution,
respectively. The focation and quantity of excelsior had a
significant impact on the growth rate of fire. More excelsior
located nearer the bottom of the pallets resulted in a more rapid
achievement of peak burning.

The results of the fuel load experiments to inform the building
and experimental design indicated development of untenable
conditions in the field experiments between 5 min and 15 min,
depending upon several factors: fire growth rate, ventilation
conditions, the total leakage of heat into the building and through
leakage paths, and manual fire suppression. This thne frame
altowed for differentiation of the effectiveness of various fire

7 NFPA 1403 contains the minimum requirements for training all fire suppression peronyel engaged in firefighting operations under live fire conditions.
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art 2: Field Experiment

ethods

department response characteristics.

n part 2, five experiments were canducted in a residential-scale
burn prop at the Montgomery County Public Safety Training
Academy in Rockville, MD.

Field Site

Montgomery County (MD) Fire and Rescue Department
provided an open space to construct a temporary burn prop, with
ready access to water and electrical utilities, at the Montgomery
County Fire and Rescue Training Facility in Rockviile, MD.

The burn prop was constructed as a two-story duplex with a
common stairwell and movable walls between the sections to
allow for multiple experiments daily. Symmetrically dividing the
structure about the short axis allowed one side of the test
structure to cool and dry out after a fire test with suppression. The
burn prop contained two mirror-image, two-story units each
totaling 2,000 ft* (186 m?), without basement or nearby exposures
— each therefore a typical model of a low-hazard single-family
residence identified in NFPA 1710. An exterior view of the burn
prop is shown in Figure 3. For each experiment there was a
confirmed fire in the living room in the first floor rear of one unit

Figure 3: Exterior View of Burn Prop

of the structure.
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Qverview of Field Experiments

In order to evaluate the performance representative of a NFPA
1710-compliant fire department, the field experiments consisted of
two parts (the second and third parts of the four described in this
report}. In the first of the two parts of the field experiments,
firefighter participants from Montgomery County (MD) and Fairfax
County {VA) Fire Departments simulated an initial alarm assignment
response to a structure described in NFPA 1710 as a low-hazard
residential structure to which firefighters respond on a regular basis,
The staffing level of fire apparatus was varied incrementally from two
to five personnel per piece. The interval between apparatus on-scene
arrival times was varied at either 60 s or 120 5. Trained timing staff
were used to record the start and completion times of 22 tasks
deemed essential for mitigation of a residential five incident by the
study’s technical experts. The pallet and excelsior configuration
chosen from the laboratory experiments repeatably produced a
consistent and realistic quantity of heat and smoke, similar to what
fivefighters encounter at a residential structure fire.

Although the fire source used in part 2 of the field experiments
created a realistic amount of heat and smoke, the requirements of
NEPA 1403 prevented use of a fire source which could potentially
reach flashover within the structure, Therefore, part 3 of the fire
experiments was conducted in order to change the fuel package to
be representative of realistic fuel loading that could be found ina
living room in a residential structure {sleeper-sofa, upholstered
chairs, end tables, etc), The

report enstiring physical separation for the data collection
personnel from the effects of the fire, while minimizing the wire
and tube lengths to the data logging equipment. See Appendix C
for additional details about the instrumentation,

St

Figure 5: Noncombustiblz Furniture Used in the Time-to-Task Experiments

intent of this part of the study
was to determine how the times
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of firefighter interactions,
averaged with respect to the
staffing and arrival intervals,
impacted the interior tenability
conditions. Fire fighting tactics
were performed in @ manner
which complied with NFPA
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Figure 7: Fireground Safety Officer

Safsty Protocols

Firefighter safety was always a primary concern in conducting
the research, Participants were drawn from two departments —
Fairfax County, VA and Montgomery County, MD — that
regularly conduct NFPA 1403 compliant live fire training for their
staff and recruits. '

A safety officer was assigned to the experiments by the
Montgomery County Fire and Rescue Department to assure
compliance with NFPA 1403. The safety officer (Figure 7)
participated in all orientation activities, daily briefings, and
firefighter gear checks and was always actively involved in
overseeing all experiments. The safety officer had full authority to
terminate any operation if any safety violation was observed. In
addition to the safety officer, a rapid intervention team (RIT),
assigned from dedicated crews not in the actual experiment, was
in place for each experiment, and a staffed ambulance was on
standby at the site. Radio communication was always available
during the experiments should a “mayday” emergency arise.

Experiments were stopped for any action considered to be a
protocol breach or safety concern. For example, all ladders — 24
ft {7.3 m} or 28 ft (8.5 m} — were to be raised by two firefighters.
As crew sizes were reduced, some firefighters attempted to place
ladders single-handedly in an effort to complete the task more
quickly. This procedure, while vividly illustrating how firefighters
try to do more with less in the field, is unsafe and could
potentially result in strain or impact injuries.

Additional safety features were built in to the field structure.

A deluge sprinkler system oriented to the known location of the
fuel package could be remotely activated for rapid fire
suppression. All first floor rooms had direct access to the exterior
of the building through either doors or windows. The second
story had an emergency exit to the roof of the attached
instrumentation room.

A closely related concern to ensure firefighter safety and
readiness to repeat experiments with equivalent performance was
adequate rehabilitation (see Figure 8). At the beginning and end
of each day, crews completed a health and safety check. The
importance of staying well-hydrated before and during
experiments was especially emphasized.

Figure 8: Crew Rehabilitation
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Time-to-Task Experiments

On-Scene Fire Department Tasks

The on-scene fire department task part of the study focused on
the tasks firefighters perform after they arrive on the scene of a
low-hazard residential structure fire, A number of nationally
recognized fire service experts were consulted during the
development of the on-scene fire department tasks in order to
ensure a broad applicability and appropriateness of the task
distribution® The experiments compared crew performance and
workload for a typical fire fighting scenario using two-, three-,
four-, and five-person crews. 24 total experiments were conducted
to assess the time it took various crew sizes to complete the same
tasks on technically similar fires in the same structure. In addition
to crew sizes, the experiments assessed the effects of stagger
between the arriving companies. Close stagger was defined asa
I-minute time difference in the arrival of each responding
company. Far stagger was defined as a Z-minute time difference in
the arrival of each responding company. One-minute and
two-minute arrival stagger times were determined from analysis of
deployment data from more than 300 U.S. fire departments
responding to a survey of fire department operations conducted by
the International Association of Fire Chiefs {IAFC) and the
International Association of Fire Fighters (TAFF). Considering
both crew size and company stagger there were eight experimerits
conducted in triplicate totaling twenty-four tests, as shown in the
full replicate block in Table 1. A full replicate was completed in a
randomized order (determined by randomization software) before
a test configuration was repeated.

Crew Size

For each experiment, three engines, a ladder-truck and a
battalion chief and an aide were dispatched to the scene of the
residential structure fire. The crew sizes studied included two-,
three-, four-, and five-person crews assigned to each engine and
truck dispatched. Resultant on-scene staffing totals for each
experiment follow: {FF = firefighter)

8 Twa Person crews = 8 FFs + Chief and Aide = 10 total on-scene

B Three Person crews = 12 FFs + Chief and Aide= 14 total
on-scene

B Four Person crews = 16 FFs + Chief and Aide = 18 total
on-scene

& Five Person crews = 20 FFs + Chief and Aide = 27 total
on-scene’

Depariment Participation

The experiments were conducted in Montgomery County, MD
at the Montgomery County Fire Rescue Training Academy during
the months of January and February 2009. All experiments took
place in daylight between 0800 hours astd 1500 hours.
Experiments were postponed for heavy rain, ice, or snow and
rescheduled for a later date following other scheduled
experiments.

Montgomery County {MD) and Fairfax County (VA)
firefighters participated in the field experiments. Each day both
departments committed three engines, a ladder truck and

2 Person Close Stagger {One minute)
3 Person Close Stagger {One minute)
4 Person Close Stagger (One minute)
5 Person Close Stagger {One minute)
2 Person Far Stagger (Two minutes)
3 Person Far Stagger (Two minutes)
4 Person Far Stagger {Two minutes)
5 Person Far Stagger {Two minutes)

Table 1: Primary Variables for Time-to-Task Experiments

associated crews, as well as a battalion chief to the experiments.
The two battalion chiefs, alternated between the roles of battalion
chief and aide. Firefighters and officers were identified by
participating departments and oriented to the experiments. Each
experiment included engine crews, truck crews and command
officers from each participating department. Participants varied
with regard to age and experience. Crews that normally operated
together as a company were kept intact for the experiments to
assure typical operation for the crew during the scenarios,
However, in all experiments crews were used from both
departments, including engine crews, truck crews, and officers.

This allocation of resources made it possible to conduct
back-to-back experiments by rotating firefighters between field
work and rehabilitation areas.

GCrew Orientation

All study participants were required to attend an orientation
prior to the beginning of the experiments (see Figure 9, page 25).
The orientations were used to explain experiment procedures,
task flows, division of labor between crews, and milestone events
in the scenario.

Daily orientations were conducted for all shifts to assure every
participant attended. Orientations included a description of the
overall study objectives as well as the actual experiments in which
they would be involved. Per the requirernents of NFPA 1403, full
disclosure regarding the structure, the fire, and the tasks to be
completed were provided. Crews were also oriented to the
fireground props, instrumentation used for data collection, and
the specific scenarios to be conducted. Every crew member was
provided a walkthrough of the structure during the orientation
and each day prior to the start of the experiments.

8 Technical experts included Dennis Compton, Russelt Sanders, William “Shorty” Bryson, Vincent Dunn, David Rohr, Richard Bowers, Michael Clemens, James Walsh,
Larry fenking and Doug Hinkle. More information abaut the experts is presented in the Acknowledgments later in this report,
9 Note that the on-scene totals account for only the personnel assigned to “work” the fire. Additional personnel wete provided for an RIT team, a staffed ambulance on
site, and a safety officer specific to the experiments. The additional personnel are not included in thee staffing described above,
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Tasks

Twenty-two fireground tasks
were completed in each
experiment. Meticulous
procedures gathered data to
measure key areas of focus,
such as individual task start
times, task completion times,
and overall scenario
performance times. Each task
was assigned a standardized
start and end marker, such as
crossing the threshold to enter
the building with a hose line or
touching a ladder to raise it to
a second story window, The 22
tasks, with the events for
measuring start and stop times,
are shown in Table 2 (page26).
Figures 10 — 19 illustrate
firefighter activity in 2 number
of the tasks to complete
experiments or prepare for the
next experiment.

For reasons of both safety and
cost efficiency, two tasks —
forcible entry of the front door
and ventilation of the windows
on the first and second stories
— required special procedures.

The study could not
accommodate replacing the
doors and windows daily for
the fire suppression
experiments. Before the start
of experiments with the full
sequence of tasks, these two
tasks were measured ina
realistic manner using training
props constructed at the site of
the fireground experiments. As
with the overall experiments,
these two tasks were repeated in
triplicate and the times
averaged. The average time to
complete the tasks was then
used in the larger scale
experiment, As firefighters
came to the point of breaching
the door or windows, the timers
would hold them for the time
designated by the earlier
experiments and then give them
the approval to open the door
or windows. The start and end
times were then recorded just as
other tasks were.

i

Figure 14: Door Forcible Entry Prap

Figure 11: Ventilation

Figure 15: Crew Preparation and Cue Cards
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Table 2: Tasks and Measurement Parameters

1. Stop at Hydrant, Wrap Hose

START - Engine stopped at

hydrant

STOP - Firefighter back on engine
and wheels rolling

13. Conduct Primary Search

START - Firefighters enter front
door

STOP - Firefighters transmit
“search camplete”

2. Position Engine 1

START - Wheels rolling from
hydrant

STOP - Wheels stopped at
structure

3. Conduct Size-up
(360-degree lap), transmit
report, establish command

START - Officer off engine
STOP - Completes radio
transmission of report

14, Ground Ladders in Place

START - Firefighter fouches ladder
to pull it from truck

STOP - 4 Ladders thrown: 3
ladders on the 2%-story windows
and 1 to the roof

4. Engage Pump

START - Driver off engine

STOP - Driver throttles up pump

15. Horizontal Ventilation
{Ground)

START- Firefighter at 1 window to
begin ventilation (HOLD for 8
seconds)

STOP - Hold time complete -
window open

5. Position Attack Line
(Forward Lay)

START - Firefighter touches hose
1o pull it from engine

STOP - Flake, charge and bleed
complste those at front door
prepared to advance)}

16. Horizontal Ventilation
(2" Story)

START - Firefighter grabs ladder
for climb, (Firefighter must leg lock
for ventilation, HOLD time at each
window is 10 seconds)

STOP - All 2%-story windows apen
- descend ladder - feet on ground.

6. Establish 2 In/2 Qut

Company officer announces —"2
In/2 Out established” (4 persons
assembled on scene OR at the
call of the Battalion
Chiet/Company Officer)

17. Contral Utilities (Interior)

START - Radio transmission to
control utifiies

STOP - When firefighter
completes the task at the prop

7. Supply Attack Engine

START - Firefighter touches
hydrant to attach line

STOP - Water supply to attack
engine

18. Control Utilities (Extetior)

START - Radio transmission to
control utilities

STOP - When firefighter
completes the task al the prop

8. Establish RIT

9. Gain/Force Entry

Time that Company Officer
annaunces RIT is established

START - Action started
{HOLD time= 10 seconds)

19. Conduct Secondary Search

START - Firefighters enter front
daor

STOP - Firefighters transmit
“secondary search complete™

10, Advance Attack Line

STOP - Door opened for entry
START — Firefighter touches hose

STOP — Water on fire

11. Advance Backup Line
{stop time at front door)

START - Firefighter touches hose
to pull from engine bed

STOP - Backup line charged 1o
nozzle

20. Check for Fire Extension
(walls)

START- Firefighters pick up
check-for-extension prop

STOP- Compiletion of 4 sets total
{t set =4in and 4 out)

This task may be done by more
than one parson.

12, Advance Backup
Line/Protect Stairwell

START - Firafighter crosses
threshold

STOP - Position line for attack at
siairwell

21. Check for Fire Extension
(ceilings)

START - Firefighters pick up
check-for-extension prop

STOP - Completion of 4 sets total
(1 set =3 up and 5 down)

This task may be done by more
than cne person.

22. Mechanical Ventilation

START - Firefighters touch fans to
remove from truck

8TOP - Fans in place at front door
and started
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Data Collection:
Standardized Conirol
Measures

Several control measures were
used 1o collect data, including
crew cue cards, radio
communications, task timers,
and video recording.
Performance was timed for each
task in each scenario including
selected milestone tasks such as
door breach, water-on-fire, and
individual window ventilation.
Data were collected for crew
performance on each task, and
individual firefighter
performance was not considered.

i

Task Fiow Charts and
Crew Cue Cards

Task procedures were
standardized for each
experiment/scenario. Technical
experts worked with study
investigators to break down crew
tasks into individual tasks based
on crew size. Task flow charts
were created and then
customized for the various crew
sizes. The carefully designed task
flow ensured that the same
overall workload was maintained
in each experiment, but was
redistributed based on the
number of personnel available
for the work. See Appendix D
for additional details.

All tasks were included in each
scenario and cue cards were
developed for each individual
participant in each scenario. For
example, a four-person crew
would have a cue card for each
person on the crew including the
officer, the driver, and the two
firefighters. Cards were color

Figure 20: Task Timers

Figure 16: Connecting {o the Hydrant

. Figure 17: Crews Responding

st

Figure 21: Video Recording for Quality Contral

coded by crew size to assure
proper use in each scenario.

Radio communicatiohs

Interoperability of radio equipment used by bath participating
departments made it possible to use regular duty radios for
communication during the experiments. Company officers were
instructed to use radios as they would in an actual incident,
Montgomery County Fire and Rescue Communications recorded
all radio interaction as a means of data backup. Once all data
quality control measure were complete, the records were then
overwritten as a routine procedure,

Task Timers

Ten observers/timers, trained in the use of a standard stop watch
with split-time feature, recorded time-to-task data for each field
expetiment, To assure understanding of the observed tasks,

firefighters were used as timers, each assigned specific tasks ta
observe and to record the start and end times.

To enhance accuracy and consistency in recording times, the data
recording sheets used several different colors for the tasks (see
Appendix D). Each timer was assigned tasks that were coded in the
same color as on the recording sheet. All timers wore high-visibility
safety gear on the fireground (see Figure 20).

Video records

In addition to the timers, video documentation provided a
backup for timed tasks and for quality control (see Figure 21), No
less than six cameras were used to record fireground activity from
varied vantage points. Observer/timer data were compared to
video records as part of the quality control process.
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Crew Assignment

Crews from each department that regularly operated together
were assigned to work as either engine or truck companies in each
scenario. Both Fairfax County and Montgomery County crews
participated in each experiment,

Crews assigned to each responding company position in one
scenario were assigned to another responding company position
in subsequent scenarios, with the objective of minimizing
learning from one experiment to another. For example, crews in
the role of engine 1 in a morning scenario might be assigned to
the engine 3 position in the afternoon, thus eliminating learning
from exact repetition of a task as a factor in time to completion,
Additionally, participating crews from both Montgomery County
and Fairfax County were from three different shifts, further
reducing opportunities for participant repetition in any one
position.

Response Time Assumptions

Response time assumptions were made based on time objectives
set forth in the NFPA 1710, Time stagger allocations were set by
the project technical advisors in order to assess the impact of
arriving unit time separation on task start and completion times,
as well as the overall scene time.

Below are the values assigned to the various time segments in
the overall response time. The total of the response time
segments may also be referred to as the total reflex time.

The design of this part of the experiments allowed firefighter
entry into the burn building. The next part of the experiments
required a modified methodelogy.

10 After the experiments were complete, the NFPA 1710 technical committee released a new edition of the standard that prescribes 80 seconds for turnout time.
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Part 3: Room and Contents Fires

s previously discussed,
NFPA 1403 prohibits
@firefighters in a training
exercise from entering a
structure with sufficient fuel
load to result in room
flashover. But the value of the
data from the time-to-task
experiments lies not just in the
duration and
time-of-completion statistics
for tasks, but also in measuring
the tenability of the
atmosphere for accupants
urgently needing firefighter
assistance. Therefore Part 3 of
the experiments (room and
contents fires) used a larger

The Tornado Remaote Controlled
Manitor is Praduced by Task
Force Tips, Valparaiso, Indiana,
USA. Permission to publish

fuel load to focus on the seven courtesy of Task Farce Tips

Figure 22: Remotely Controlied Fire Suppression Nozzle for Room
and Contents Fires

of the 22 tasks that causc a
change in the fire behavior
through ventilation or active suppression:

L. Forced entry of the front door

2. Water on fire

3. Second floor window #1 ventilated {burn room window)

4. Second floor window #2 ventilated {front window, near
corner)

5, Second flaor window #3 ventilated (front window, near front
door)

6. First floor window #1 ventilated {window beside the fire
room)

7. First floor window #2 ventilated {self-ventilated at flashover)

Because the fuel load was sufficient for flashover, all firefighter
activity was conducted outside the building. Tasks that in Part 3
required entry into the building, such as search or interior utility
control, were factored into this part by delaying the next task for the
average duration of the task from Part 2. Firefighters in full gear
opened the door with a gloved hand or opened windows from the
ground with a tool such as a pike pole or angle iron, again at the
time specified by the averages from Part 2. Averages were derived
from the three iterations of each scenario. The different number of
iterations in Part 3 will be explained later in this report,

Because firefighters could not enter the building, a nozzle
controlled from the instrumentation room was installed. The
nozzle was placed in the room directly outside the burn room and
oriented toward the burn room near the doorway in order to best
emulate the nozzle location of live firefighter suppression {see
Figure 22). The nozzle was encased with mineral wool and
heavy-duty aluminum foif (bottom picture in Figure 22) to
protect the electronics and wiring from the intense radiation
energy emitted by the fire. Blocks were used to anchor the nozzle
against the lateral forces exerted by the momentum of the water
supply. The activation time for suppression was determined by
the data from the time-to-tagk test results.

A 159 spray pattern was directed toward the seat of the fire and
swept horizontally from side to side. While the remotely
controlted hose line knocked down the majority of the fire, it was

not as effective as a live firefighter with a better view into the
room of origin. Therefore, after the fire was diminished, a
supplemental stream was applied through the burn room window
in order to control the fire (see Figure 23). All personnel on the
hase line were in full turnout gear and self-contained breathing
apparatus during the exterior application of water.

Fuel Packages for the Room and Gontents Fires

In order to maximize the repeatability of the fire development,
nominally identical rooms of furniture of identical manufacturer,
style, and age were used for each test. A plan-view schematic of
the furniture is shown in Figure 24 and pictures of the burn room
prior to testing are shown in Figure 25. Key dimensions, mass,
and materials for combustible furnishings are detailed in
Appendix C.

Figure 23: Supplemantal Suppression Applied for Room and
Contents Tests
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Figure 24: Configuration of Furnishings in Burn Room (Room and Contents Fires)

Figure 25: Pictures of the Room and Contents Furnishings
30

The ignition source consisted
of a cardboard book of 20
matches that was ignited by an
electrically heated wire, often
referred to as an electric match.
The electric match was placed
near the bottom of a 21 gt
(19.9 L) polypropylene waste
container. The height of the
waste container was 15.5 in
(394 mm) with interior
dimensions at the top opening
of 14.5in (368 mm) by [1.3 in
{287 mm). Approximately 0.7
Ibs (0.3 kg) of dry newspaper
was added to the waste
container. The majority of the
newspaper was folded flat, and
placed on edge along the sides
of the waste container. Pour
sheets of newspaper, 22 in (559
mm) by 25 in (635 mm) were
crumpled into “balls”
approximately 3.9 in (100 mm)
diameter and placed on top of
the electric match in the center
of the waste container.

Experimental Matrix for
Room and Conlents Fires

Sufficient amounts of
furniture for 16 rooms were
available for the room and
contents fires, so eight
experiment scenerios were
conducted — each with a
replicate. Because the time to
untenable conditions was a
primary variable of interest in
the room and contents fires,
the arrival time of the first due
engine was a paramount
consideration. Because the
effects of the subsequent
apparatus stagger were
explored in the time-to-task
tests, the stagger was fixed at
the “close arrival” time.
Additionally, a baseline
measurenent was required to
compare the effectiveness of
response to the absence of a
fire department response.
Therefore, a five-person, later
arrival combination was
eliminated in favor of a
no-response scenatio (with
replicate). Table 3 summarizes
the 16 tests conducted.

The first due engine arrival
times were determined using
the following assumptions:
ignition of the fire occurs at



time zero. Smoke detector
activation and a call to 9-1-1

2-Person Early Arrival of First Engine (6.5 min) — close stagger gﬁgﬁi;é‘;é%ﬁf (i)r:lti:itfzrdme
3-Person Early Arrival of First Engine (6.5 min) — close stagger E;%i;f;g%;;iﬁtﬁ;;? The
4-Person Early Arrival of First Engine (6.5 min) - close stagger S;E?gl}; ttzr:ht:il;ec:?nigggf:}::
5-Person Early Arrival of First Engine (6.5 min} — close stagger :zii:fl ,;gisbgi::ﬂt 1‘;?;2, ,:)2;2;
2-Person Later Arrival of First BEngine (8.5 min) — close stagger %}?eﬁ%ﬁeﬁ?ﬁfﬁﬁiﬁ?ﬂé
3-Person Later Arrival of First Engine (8.5 min) — close stagger fiﬁff;::tc:f;frzln:iﬁfs?:ag‘;o
4-Person Later Arrival of First Engine (8.5 min} — close stagger :;;gﬁf,ff:ﬁ;ﬁ;i 22{::;2?3:1&
Mo Repose (e N8

Table 3: Experimental Matrix for Room and Contents Tests {Each Conducted in Replicate)

room and contents experiments,
the close stagger {60 seconds)

Figure 26: Direct Comparison of Temperatures,
Before (Top) and After Adjustment (Bottom)

between subsequent apparatus
times was used.

Procedurs for Minimizing the Effect of Variance in Fire
Growth Rate

Fires involving furnishings have inherent variance in burning
behaviors. Factors such as humidity and minor variations in
materials {particularly worn furnishings that may have different
foamn compression or fabric wear patterns), can result in
uncertainty of 20 % or more, despite significant efforts to
enhance repeatability. The early growth period of fire
development is often associated with the greatest variance, since
minor factors (as discussed above) can influence the thermal
environment more easily when the fire is small. Therefore, the
room and contents fires were normalized to the 212 °F (100 °C)
temperature near the ceiling in the burn room in order to
minimize the variance of the room and contents fires. The time at
which the burn room reached this temperature (usually in
approximately 180 seconds) rather than the actual ignition time,
was designated as the “zero time.”

Figure 26 shows the time-temperature curves before and after
normalizing at 100°C. This approach was implemented during the
experiments by watching the time temperature data in real-time
from the instrumentation room and announcing the “zero-time”
over the fireground radio system. The normalization procedure
did not negatively affect tenability measurements in the target
room because when the fire is small, products of combustion do
not reach the room because of lack of momentum. Therefore,
adjusting all room and contents tests to the samne upper layer
temperature was an appropriate way to minimize variance.

Milestone Times for Critical Tasks

As stated earliey, firefighters could not enter the burn building during
the room and contents experiments because of the danger for
potential flashover in an experimental scenario. Therefore,
prescribed tasks were performed at specified times based on data from
part 2. In this section we report on significant data gathered from
instrumentation and describe an additional part of the experiments
designed to extend our understanding of the effect of crew size and
stagger on the tenability of the atrosphere in a burning structure.

Table 4 (page 32} identifies significant tasks selected as key
milestones because of the way they affect fire behavior and
atmospheric tenability inside the structure.
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~ Time from ignition {min :'s)

| Breached Door
Upper Fire Window

e

Time from ignition {min ¢ s)

7:35.

o — ah - m g
Ground Fire Window _ 04:30

Table 4: Tasks That Affect Fire Behavior and Atmospheric Tenability
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Analysis of Experimental Results

his section describes the analytic approaches used to
address the research objectives of the study. First the
statistical methods used to analyze the fireground
time-to-task observations are presented. Then the time-to-task
data and the room and contents data were combined to assess
crew performance in relation to tenability within the structure,

Time-to-Task Analysis

Time-to-task data were compiled into a database and assessed
for outliers and missing entries. Because all time-to-task
experiments were conducted in triplicate, missing data were
apparent and were reviewed via video and radio tapes, Missing
data attributable to timer error were replaced by a time observed
in the video. Where video and/or radio documentation was not
adequate, missing data were recoded to the mean of the task times
from the other two experiments.

Data Queries

The statistical methods used to analyze the time-to-task data
were driven by a principal goal of this research project — to assess
the effect of crew size, first-due engine arrival time, and
subsequent apparatus stagger on time-to-task for critical steps in
response and fire fighting. This research goal motivated the
development of four specific research questions (see Figure 27)
that in torn pointed to specific statistical analyses for generating
inference and insight.

Statistical Methods - Time-to-Task

The analysis of the time-to-task data involved a sequence of
multiple linear regressions using Ordinary Least Squares to
generate and test the effects of staffing and stagger on timings.
The regressions were of the form:

Fo= By # Pixy+ Byxy i Bixy ¥ £,
where the x;;. reflect factors such as stagger and crew size, and the
y represents our dependent/outcome variable.

Time-related outcomes (i.e., the dependent variables in the
regression equations) could include task duration, elapsed time to
start the task, and elapsed time until task completion, all
measured in seconds. Table 5 (page 34) lists the time-related
outcomes used to test the effect of crew size and stagger for the
tasks in the field experiments.

The effects of crew size and stagger were explored using
indicator variables in the regression analyses. The coefficient for a
given indicator {for example, crew size of four relative to a crew
size of twa) indicated the number of seconds the larger crew size
added or reduce the timing outcome of a task. Crew sizes were
collapsed in some regressions to test whether the timings of
“larger” crew sizes of four and five were significantly different
than “smaller” crew sizes of two and three. Interaction terms were
not assessed in these regression analyses because of the small
number of experiments available for analysis,

Standard t-tests examined statistical significance {i.e., to see if
the hypothesis of “no impact” could be rejected) to estimate the
impact of several specific configurations:

B crew sizes of three versus two
& crew sizes of four versus three
¥ crew sizes of five versus four

Figure 27: Research Questions for Time-to-Task Experiments

B {occasionally) five versus two, and four vetsus two

B Jarger (four & five combined) versus smaller {two & three
combined) and

B stagger

The specific tests for each task {regression analysis) are shown in
the Appendix E. The actual coefficients of each regression and
their corresponding standard errors are presented in Appendix .
To infer impact, significant tests were conducted at the 0,05
significance level, Only statistically significant contrasts of crew
size and/or stagger are included in this section of the report.
Graphic expositions of relevant time/task related findings are then
presented as well. Where stagger was statistically significant, the
effects are graphed separately. Where stagger was not statistically
significant, the data for crew size were combined.
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Figure 28: Example Time-to-Task Graph

Task:
Start® Completion™
Conduct she-up - * x Ty ¢
Position attack line X ' X
Establish'2 i ~2 St X
Establish RIT X
Gain farced entry X
Advanceline X,
Advarics lins _ . . X
Agdvarice Backupline to dogy’ X X
Anfvance Backug line ta stairwall X
Adyance backup e 2 X
Conduict primary search 1 X
Grottd laddersin place X X
THevizantal vantiation; sacand stary; window 3. X X '
Huriiontal vantilation, secand story, witdaw 29 X X
Harizontal veritifation; secand stary, window 1 X X.
Harizontal venttiation; firststory, window 2 X X
Controf utilitles Intériar X
tontiotutilities éiterior X
Conduct secondary search x
“Check for fire xtension walls X
Check for fire extension cafling X _

% The columis of this table show the dapéndant vaflabifes, and this.rows ndicate thie Tasist an 'X'in 3 cell Indicates that a

separate regression analysis Was condiictetl for wg#ven ddpenddnt Varfable.

Table 5: Dependent Variables Used in a Regression Analysis of the Effect of Crew Size and Stagger on

Time-to-Task Qutcomes
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Regression analyses
Appendix F presents the
regression results for each task
and relevant outcome, along
with their corresponding
standard errors. The results of
conducting significance tests at
the 0.05 level of significance
are shown in Appendix E.
Rather than detailing each of
the lengthy lists of coefficients
found to be significant, only
the answers to the primary
research questions are
presented for each task,

Measurement Unceriainty
The measurements of length,
temperature, mass, moisture
content, smoke obscuration,
and stopwatch timing taken in
these experiments have unique
components of uncertainty that
must be evaluated in order to
determine the fidelity of the
data. Appendix G summarizes
the uncertainty of key
measurements taken during the
experiments, Importantly, the
magnitudes of uncertainties
associated with these
measurements have no impact
on the statistical inferences
presented in this report.

How to Interprat
Time-to-Task Graphs

Figure 28 presents a sample
time-to-task analysis, in this
case results for venting time.
Each crew size has a column
graphic showing the start time
and completion time for the
task. Visually, columns starting
lower on the graph depict
deployment confipurations
that resulted in earlier start
times. The height of the
coflumn graphicisa
visualization of the duration of
the task, taller columns
indicating longer times to task
completion. Time data are also
shown in a table below the
graph. Where stagger was
statistically significant, the
effects are graphed separately.
Where stagger was not
statistically significant, as in the
illustration, the data for crew
size were combined.



Time-to-Task Graphs
Overall Scene Time {(Time to
Complete All 22 Tasks)

The four-person crews
operating on a low-hazard
structure fire completed the
same number of tasks on the
fireground (on average) 7
minutes faster than the
two-person crews (see Figure
29). The four-person crews
completed the same number of
fireground tasks {on average)
5.1 minutes faster than the
three-person crew. The
four-person crews were able to
complete necessary fireground
tasks on a low-hazard
residential structure fire nearly
30 9% faster than the
two-person crews and nearly
25 9% faster than the
three-person crews. Although
on the low-hazard residential
structure fire, adding a fifth
person to the crews did not
show any additional decrease in
fireground task times, the
benefits of a five-person vs. a
four-person crew are significant
in other measurerments,
particularly the “water-on-fire”
time. Additionally, the greater
need for five-person crews for
medium- and high-hazard
structures, particularly in urban
settings, has been documented
in other studies (Backoff et al.,
1980; Cushman, 1982;
McManis Associates et al.,
1984} and five-person crews are
required for areas that contain
medium and high-hazard
structures in fire protection
consensus standards.!!

62400
A

ddd

DREH0.

Overall Scene Time

Endnime. |

StarTime

Figure 29: Overall Scene Time

11 NFPA 1710, Section 5.2.3.1.2 and Section 5.2.3.2.2: In jurisdictions with tactical hazards, high-hazard occupancies, high incident frequencies, geographical
restrictions, or ather pertinent factors as identified by the AHJ, these companies shall be staffed with a minimurm of five or six on duty members.
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Qverall Scene Time and
Crew Sizes

The graphs in Figure 30 show Five-Person Crew

average times for each task by Replicate Average
crew size, o '
0260

. A,Q' \.)%- R :.}‘9&;“

@_& \;’3‘0qsp

Figure 30 a: Overall Scene Time-Flve Person Crew

-F@ur&Péfsan Crew -
Replicate Average.
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Figure 30 b: Overall Scene Time-Four Person Crew
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Figure 30 c: Overall Scene Time-Three Person Crew
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Figure 30 d: Overall Scene Time-Two Person Crew

a7



Advance Attack Line
Timea {Hose Stretch Time)
Figure 31 measures the
interval from the start of the
task “Position Attack Line” to
the end of the task “Advance
Attack Line” In comparing
four- and five-person crews to
two and three-person crews
collectively, the time difference
for this measure was
statistically significant at 76
seconds {1 minute 16 seconds).
In conducting more specific
analysis comparing all crew
sizes to a two-person crew the
differences are more distinct. A
two-person crew took 57
seconds longer than a
three-person crew to stretch a
line. A two-person crew took
87 seconds longer than a
four-person crew to complete
the same task. Finally, the most
notable comparison was
between a two-person crew and
a five-person crew, with a
122-second difference in task
completion time, ™ 12

02480 -

et

. Advarice Attack Ling Time (Hose Siretch Time}

| EFesen Fhenan & Person Fperon

EndTima | . G016 00915 - - D0BAL o081 >
ati 00338 _opEse QOX0Z 0022y
ke “pps;se: 058 oosEs

Figure 31: Advance Line Time {Hose Stretch Time) by Crew Size

12 Apparatus stagger was not statistically significant, so the dara for crew size were combined.
13 Where subtracting the start time from the end time yieids a result that differs from the duration noted in the chart by one second, it is the result of rounding fractional

seconds to the nearest whole second.
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Water on Fire Time
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Figure 32; Water on Fire Time by Crew Size and Stagger
Advance Back Up Line
024100
02000
G160
0:1200
00800
00400
00000
2-Person | 3-Person | 4-Person | 5-Person 2-Person | 3-Person | 4-Person | 5-Person
Close Close Close Close Far Far Far Far
End Time | 0:11:28 0:11:33 0:10:55 0:11.48 0:13:37 0:12:23 G:11:54 0:12:04
Dutration 0:02:34 0:02:58 0:02:45 0:03.00 0:02:45 0:02:04 0:01:41 0:02:44
StartTima | 0:08:54 0:08:35 0:08:08 0;08:39 0:10:52 0:10:19 0:10:13 0:09:20

Figure 33: Times to Advance Backup Line by Crew Size and Stagger

Tirme to Water on Fire

There was a 10% difference in
the “water on fire” time
between the two- and
three-person crews. There was
an additional 6% difference in
the "water on fire" time
between the three- and
four-person crews. (i.e.,
four-person crews put water on
the fire 16% faster than two
person crews), There was an
additional 6% difference in the
“water on fire” time between
the four- and five-person crews
{i.e, five-persan crews put
water on the fire 22% faster
than two-person crews).

Advancing a Backup Line

Advancing a backup line to
the door and stairwell was
started 16 % faster and
completed 9 % for replicates
with shorter staggers between
company arrivals. Advancing a
backup line is typically a task
completed by the third arriving
engine on a full alarm
assignment and is critical to
the safety of firefighters already
in the building on the initial
attack line. For this task,
stagger of arrival was
statistically significant and is
an important consideration for
overall station location and full
alarm response capability. The
differences can be seen in
Figure 33, which shows the
time from the start for the task
“Deploy Backup Line” to the
end of the task “Advance
Backup Line.”
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Primary Search
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Figure 34: Times to Conduct Primary Search by Crew Size

14 Stagger was not significant, so data from close and far were combined to increase statistical power.
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Laddering Time
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Figure 35: Laddering Time by Crew Size
Venting Time
024:00
L2000
1600
1200
on8io0
004:00
00000
2-Person 3-Person 4-Person 5-Person
End Time 0:20:02 0:18:33 0:13:30 0;12:59
Duration 0:07:36 0:07:01 0:04:42 0:04:04
Start Time 0:12:26 0:11:32 0:08:48 0:08:55

Figure 36: Ventilation Times by Crew Size'®

Primary Search

Figure 34 summarizes the
times that crews took to start
the primary search. On the
low-hazard, two-story
single-family dwelling 2,000 sq
ft (186 m?}, the three-person
crew started a primary
searchfrescue more than 25 %
faster than the two-person
crew. In the same structure,
the four- and five-person crews
started a primary search 6 %
faster than the three-person
crews and 30 9% faster than the
two-person crew. Note that
there is no end time included
in this figure. Primary search
end times were reliant upon
radio communication by
firefighters inside the structure.
On occasion this
communication did not occur
or was delayed. Therefore data
reliability was insufficient for
analysis of task duration and
end time. ™

Laddering and
Venting Time

A four-person crew operating
on a low-hazard structure fire
completed laddering and
ventilation (for life safety and
rescue) 30 % faster than a
two-person crew and 25 %
faster than a three-person crew.

Ground laddering time
started with the removal of the
first fadder from the truck and
stopped at end time of the last
ladder put in place. A tatal of
four ladders were raised on
each experiment,

Truck operations ventilation
time is the time from the start
time of ventilation of the first
window until the last window
ventilation was complete,

The differences in start times
and duration of the tasks can be
seen in Figure 35 and Figure 36.

15 Stagger was not statistically significant, so the data for crew size were combined.
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e B« Force  IndlustryStandard Eftective Resgionse Farce Assembly Tine-
Assembly Time B
NEPA 1710 requires that a fire '

department have the capability

to deploy an initial full-alarm Dl
assignment to a scene within o
eight-minutes {480 seconds).

The number of people required Dbl
falls between 15 and 17,

depending on whether an

aerial apparatus is used, and/or B
if two engines are being used to
provide a continuous water
supply. In these experiments,
the measurement for an
effective response force
assembly time started from the
first engine arrival at the
hydrant and ended when 15

firefighters were asserrllbled on umu Abaran - ' T 5.&,5“ '
scene, Figure 37 reveals the P e i
— 1 - : Ry raren
differences in assembly times I—E"dﬂm . A — 0209:10 4 . 0 5'57 -
between the four and Durstion. L. . - poaab
five-person crews. An effective Start Time | G040 | 0:04:09.

response force was assembled

by the five-person crews a full

three minutes faster than the Figure 37: Industry Standard Effective Response Farce Assembly Time
four-person crews. Itis

important to note that (by

definition), the two-and

three-person crews were unable

to meet this standard at any

time during the experiments.'®

16 Stagger was not statisticaily significant, so the data for far and near stagger were combined.
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art 4: Fire

n the room and contents
experiments conducted in

@il Part 3 of the study,
instrumentation measured
oxygen, carbon dioxide, and
carbon monoxide
concentrations. Data were
grouped by the type of
experiment conducted with
respect to crew size and first
due engine arrival time. As
previously shown in the
experimental matrix, each
group contained two replicate
tests. In each group of data the
results of the replicates were
averaged to simplify the data
for further comparison. Figure
38 and Figure 39 show the
typical concentration curves for
the experiments,

These two graphs show the
ranges representative of those
found in the experiments.
Charts of gas curves for the
remainder of the experiments
— for both the burn room and
the target room — can be
found in Appendix H.

Fire Modefing Methods

A primary poal of fire
department response is to
prevent civilian injuries and
deaths. Because the significant
majority of fire deaths in the
United States occur in
residences, a rapid fire service
response provides the last
line-of-defense against civilian
fire deaths. Further, because the
fire service is less likely to rescue
occupants intimate with the
fire (i.e., inside the room of
origin where conditions
deteriorate rapidly), tenability
measurements were taken in a
remote bedroom on the second
floor of the residential burn
structure. The pas and
temperature measurements were
taken at the 5 ft {1.5 m } height
above the floor, 3 ft (0.9 m)
from the west wall in order to
simulate 2 nonambulatory
occupartt (e.g, someone asleep,
under the influence of alcohol or
drugs, or otherwise mobility
impaired),
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Figure 38: Representative Oxygen Concentration
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Figure 39: Representative Carban Monoxide and Carbon Dioxide Concentrations
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Figure 40: Measured vs, Predicted Temperature at the 2.1 m (6.8 ft)
Thermocouple Location in the Burn Compartment
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Figure 42: Measured vs. Predicted Temperature at the 1.5 m (4.9 )
Thermocouple Location in the Burn Compartment
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Figure 44: Measured vs, Predicted Temperature at the 0.9 m (2.9 ft)
Thermocouple Location in the Burn Compartment

0 2t

Computational fire models used the average suppression timings
obtained from the time-to-task experiments under specific
deployment configurations as inputs to the model. This
quantitative approach eliminated the experimental variance of the
fire. The resulting “computational” fire is repeatable, and
therefore, any differences in occupant exposure to toxic gases will
be due to the intervention times associated with a specific
deployment configuration rather than the random variation that
naturally occurs from fire to fire.
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Figure 41: Measured vs. Predicted Temperature at the 1.8 m (5.9 {1}

Thermocouple Logation in the Burn Gompartment
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Figure 43: Measured vs. Predicted Temperature at the 1.2 m [3.9 i)

Thermacouple Locatien in the Burn Compartment
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Figure 45: Measured vs. Predicted Temperature at the 0.6 m {1.9 ft}
Thermocouple Logation in the Burn Compartment

Fire simulations were completed using the NIST Fire Dynamics
Simulator (FDS). FDS is a computational fluid dynamics model of
fire-driven fluid flow. The first version of the FDS was released in
2000. FDS has been extensively verified and validated (USNRC
2067). Since the initial refease, numerous improvements have
been made and new features added. This study used FDS version
5.4.2 {Sub-version #4957), which was released on October 19,
2009. In order to calibrate the model, simulations were
performed to replicate the experimental results observed in the



room-and-contents fires. Once
the ability of the model to
replicate experimental results was
established, the different fire
growth rates and deployment
configurations were simulated to 26
characterize the effectiveness of
different respanses relative to

s E 05
e £ iy iRl

different fire growth rates. ®
The occupant exposure to toxic = 15

gases was assumed to occur until §

the occupant is rescued by the £

truck crew {start time of primary 5 10 -

search plus one minute). Table 6 <

shows the “rescue time” for the
various crew sizes that correspond

to the test matrix for the room B e
and contents experiments.

Part 4 of the experiments used
fire modeling to correlate response
tirnes to atmospheric tenability in
a burning structure. In order to

i} 200
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calibrate the computer fire modei,
simulations were performied to
replicate the experimental

results observed in the

Figure 46: Measured Versus Predicted Oxygen Levels in the Upstairs Bedroom at 5 ft (1.5 m)

room-and-contents fires.
Model inputs include building
geometry and material properties, ventilation paths (doots,
windows, leakage paths), and heat release rate of the fuel package.
While the building geometry is easily measured and material
properties (such as the thermal properties of drywall and
concrete) are readily estimated, the heat release rate was not
directly measured during the experiments. The heat release rate
of the fuel package is the primary determinant of the production
rate of heat, smoke, and gas species (e.g., carbon dioxide, carbon
monoxide).

Figures 40 through 45 compare the experimentat and simulated
burn room temperatures using the burn room thermocouple tree,
The tree contained thermaocouples located at 0.6 m (1.9 ft),
09m (2.91t), 1.2m (3.9 ft), 1.5 m (4.9 ft), 1.8 m (5.9 ft), and
2.1 m (6.9 ft) above the floor. For additional information about
the instrumentation type location, see Appendix C. The results
for thermocouples located in the hot gas layer show excellent
agreement. The temperature at the lower two thermocouples
show an overprediction of the hot gas layer depth in the computer
simulation. A small difference in the location of the interface
height (the steep temperature gradient between the relatively cool
lower gas layer and the hot upper gas layer), can result in
significant predicted temperature differences with refatively little
effect on the bulk heat and mass transport accuracy. This
explanation is supported by the agreement of the temperatures in
the remote bedroom.

Figure 46 compares the experimental and predicted oxygen
concentration [evels in the upstairs bedroom {measured at 5 ft
{1.5 m) above the floor, centered above the bed). Figures 47
through 52 compare the experimental and simulated
temperatures in the upstairs (target room) bedroom. As expected,
the temperatures are moderated by mixing (cool ambient air
mixes with hot combustion gases during transport between the
burn room and the target room} and by thermal losses to the
{cooler) surfaces between the two rooms.

Once the mode! inputs were determined to agree with the
experimental results, the input heat release rate was changed to
represent three fire growth rates representative of a range of fire
hazard development — slow, medium, and fast, which are
described in greater detail in the following sections.

Time 1o Untenable Conditions: Research Questions

In the real world, fires grow at many different rates — from very
slow, smoldering fires all the way to ultra-fast, liquid fuel or spray
fires. In order to extend the applicability of the findings of this
report beyond the one fire growth rate observed in part 3 of this
report (residential room and contents fires), computer fire
modeling was used to quantify the effectiveness of fire
department operations in response to an idealized range of fire
growth rates {characterized as slow, medium, and fast). Based on
the research questions shown in Figure 53, fire modeling methods
were then selected to maximize the applicability of the times to
task results.

Figure 53: Research Questions for Time to Untenable Conditions
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Figure 47: Measured vs. Predicted Temperature at the 2.4 m (7.8 ft)
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Figute 51: Measured vs, Predicted Temperature at the 1.2 m (3.9 ft)
Thermocouple Location in the Bedroom

Fire Growth Rates

Three fire growth rates were used in the computer fire modeling to
assess the effectiveness of different fire department deployment
configurations in response to fires that were similar to, faster growing,
and slower growing than the fires observed in the room-and-contents
fires, The slow, medium, and fast fire growth rates are defined by the
Society of Fire Protection Engineers according to the time at which
they reach I megawatt (MW). A typical upholstered chair burning at
its peak would produce a 1-MW fire, while a large sofa at its burning
peak would produce ronghly a 2-MW fire,
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Figure 48: Measured vs. Predicted Temperature at the 2.1 m (6.8 ft)
Thermocouple Location in the Bedroom
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Figure 50: Measured vs. Predicted Temperature at the 1.5 m (4.9 fi)
Thermocouple L.ocation in the Bedroom
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Figure 52: Measured vs. Predicted Temperature at the 0.9 m {2.9 ft}
Thermacouple Location in the Bedroom

The growth rate of fires is often approximated by simple
correlation of heat release rate to the square of time, If a fire is not
suppressed before full-room involvement, the probability of
spread beyond the room of origin increases dramatically if there is
nearby fuel load to support fire spread. If a nearby fuef load is
available, the 12 ft (3.7 m) by 16 ft (4.9 m) compartment used in
the fire experiments would become fully involved at
approximately 2 MW, Table 7 shows the time in seconds at which
1-MW and 2-MW {{ully involved) fires in this compartment
would be reached in the absence of suppression.



A fire department rescue
operation is a race between the
deteriorating interior conditions

inside the stracture and the Slow 600 843
rescue and suppression activities Medium 300 424
of the fire department. Each fire

growth rate was used as a Fast 150 212

baseline heat release rate for the
simulation. Intervention times

Table 7: Time to Reach 1 MW and 2 MW by Fire Growth Rate in the Absence of Suppression

(window and door opening times
and suppression time) from the time-to-task tests were
systematically input into the model to evatuate the effects on
interior tenability conditions. The interior tenability conditions
were calculated in a remote upstairs bedroom {above the room of
fire origin on the first floor) in order to maximize the opportunity
for differentiation among different crew configurations.

Fractional Effective Dose {(FED)

It order to convert instantaneous measurernents of local gas
conditions, the fractional effective dose (FED) formulation published
by the International Standards Organization (ISO) in docament
13571 Life-threatening Components of Fire — Guidelines for the
Estimation of Time Available for Escape Using Fire Data (180 2007)
were used. FED is a probabilistic estimate of the effects of toxic gases
on humans exposed to fire effluent. The formulation used in the

2-Person Early 12:47
3-Person Early 9:03
4-Person Early 9:10
5-Person Barly 8:57
2-Person Late 14:47
3-Person Late 11:03
4-Person Late 11:10

Table 6: Rescue Time for Different Deployment Gonfigurations

simulations accounts for carbon monoxide {CO), carbon dioxide
(CO,), and oxygen (O,) depletion. Other gases, including hydrogen
cyapide {HCN) and hydrogen chloride (HCI), were not accounted
for in this analysis and may alter FED for an actual occupant.

o G
FED = S
Zer

Where C; is the concentration of the ith gas and (Cy); is
the toxic concentration of ith gas and At is the time increment,

Eq.1

There are three FED thresholds generally representative of
different exposure sensitivities of the general population. An FED
value of 0.3 indicates the potential for certain sensitive
populations to become incapacitated as a result of exposure to
toxic combustion products. Sensitive populations may include
elderly, young, or individuals with compromised immune
systems. Incapacitation is the point at which occupants can no
longer effect their own escape. An FED value of 1.0 represents the
median incapacitating exposure. In other words, 50 % of the
generai population will be incapacitated at that exposure level,
Finally, an FED value of 3.0 represents the value where occupants
who are particularly tolerant of combustion gas exposure
(extremely fit persons, for example) are likely to become
incapacitated.

These thresholds are statistical probabilities, not exact
measurements. There is variability in the way individuals respond
to toxic atmospheric conditions, FED values above 2.0 are often
fatal doses for so-catled typical occupants. There is no threshold
so low that it can be said to be safe for every exposed occupant,”?

17 See the follawing sections of ISO Document 13571:

5.2 Given the scope of this Technical Specification, FED and/or FEC values of 1,0 are associated, by definition, with sublethal effects that would render eccupants of
average susceptibility incapable of effecting their own escape. The variability of human responses to toxicolagical insults is best represented by a distribution that takes
into account varying susceptibility to the insult. Some peaple are more sensitive than the average, while others may be more resistant (see Annex A.1.5), The traditional
approach in toxicology is to employ a safety factor ta take into consideration the variability among humans, serving to protect the mare susceptibe subpopulations,

5,2,1 As an example, within the context of ceasonable fire scenarios FED andfor FEC threshold criteria of 0,3 could be used for mast general occupancies in order to
provide for escape by the more sensitive subpopulations, However, the user of this Technical Specification has the flexibility to choose other FED and/or FEC threshotd
criteria as may be appropriate for chosen fire safety objectives. More conservative FED andfor FEC threshold criteria may be employed for those occupancies that are
intended for use by especiatly susceptible subpapulations. By whatever rationale FED and FEC threshold criteria are chosen, a single value for both FED and FEC must be

used in a given calculation of the time availabte for escape.
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Results from Modeling Methods

Table § shows the FED for slow-, medium-, and fast-growth rate
fires correlated ta rescue times based on crew size and arrival time
in the study. As with the room-and-contents fire in part 3, results
in Table 8 included only the close-stagger rescue time data. The
effect of far-stagger rescue times on occupant tenability should be

AT

investigated in future studies. Values above 0.3 are shown in
yellow, and those above the median incapacitating exposure of 1.0
are shown in red.

Figure 54 shows that with slow-growth fires in the experimental
residential structure, all crew canfigurations could achieve rescue

time before FED reached incapacitating levels. Figure 55
iftustrates the greater danger of

: 7 : . medium-growth fires, where

> : the FED at rescue time for

two-person crews is well above

the 0.3 level, and almost to that

level for the other crews.
Figure 56 (page 49) vividly

illustrates the extreme danger

of fast-growth fires. By the

time a two-person crew is able
to facilitate a rescue, the FED

has far exceeded the median

2 Early 247

2 Late: [ 1447
3Eardy o 193

Jlate RRERE

4 Farly G910

4 Late: Ji10

5 Early: 3_35.7,

§9% or more of population may be capabls of ¢ffécting their own escape'if they arc able.|

1.0 level. For other crew sizes,

incapac;tuim

| Potenital for certain sensifive popuiaimus (such as children and theglderly) to become

the FED has exceeded 0.3,
o which is a threshold level for

vulnerable populations.

Table 8: FED as a Function of Deployment Configuration and Fire Growth Rate
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Figure 54: FED Curves for Early Arrival for All Crew Sizes at
Slow-Growth Fires
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Figure 55: Average FED Curves for Early Arrival for All Crew Sizes
at Medium-Growth Fires




Remote Room Tenability for Fast Fires
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Figure 56: Average FED Curves for Early Arrival for All Crew Sizes
at Fast-Growth Fires

interior Firefighting Conditions and Deployment
Configuration

The available time to control a fire can be quite small. Risks to
firefighters are lower for smaller fires than larger fires because
smaller fires are easier to suppress and produce less heat and fewer
toxic gases. Therefore, firefighter deployment configurations that
can attack fires eatlier in the fire development pracess present lower
risk to firefighters. The longer the duration of the fire development
process without intervention, the greater the increase in risk for
occupants and responding firefighters, Therefore, time is critical,

Stopping the escalation of the event involves firefighter
intervention via critical tasks performed on the fireground.
Critical tasks, as described previously, include those tasks that

23

directly affect the spread of fire as well as the associated structural
tenability.

There are windows of opportunity to complete critical tasks. A fire
in a structure with a typical residential fuel load at six minutes
post-ignition is very different from the same fire at eight minutes or at
ten minutes post-ignition. Some tasks that are deermed “important™
(e.g., scene size-up) for a fire in early stages of growth become critical
if intervention tasks are delayed. Time can take away opportunities. If
too much 1ime passes, then the window of opportunity to affect
successful outcomes {e.g., rescue victim or stop fire spread) closes.

For a typical structure fire event involving a fire department
response, there is an incident commander on the scene who

determines both the strategy and tactics that will be employed to
stop the spread of the fire, rescue occupants, ventilate the
structure, and ultimately extinguish the fire. [ncident
commanders must deal with the fire in the present and make
intelligent command decisions based on the circumstances at
hand upon arrival. Additionally, arrival time and crew size are
factors that contribute to the incident commander’s decisions and
affect the capability of the {irefighters to accomplish necessary
tasks on scene in a safe, efficient, and effective manner.

Table 9 illustrates vividly the more dangerous conditions small
crews face because of the extra time it takes to begin and complete
critical tasks (particularly fire suppression). In the two minutes
more it took for the two-person crew (early arrival) than the
five-person crew (early arrival) to get water on the fire, a slow
growth rate fire would have increased from 1.1 MW to 1.5 MW,
This growth would have been even more extreme for a
medium-or fast-growth rate fire. The difference is even more
substantial for the two-person crew with late arrival as the fire
almost doubled in size n the time difference between this crew
and the five-person crew.

Based on fire modeling for the low hazard structure studied with a
typical residential fuel load, it is likely that medium- and fast-growth
rate fires will move beyond the room of origin prior to the arrival of
firefighters for all crew sizes. Note that results in Table 8 included
only the close-stagger rescue time data. The effect of far-stagger
rescue times on occupant tenability should be investigated in future
studies. Therefore, the risk level of the event upon arrival will be
higher for all crews which must be considered by the incident

commander when assigning firefighters to on-scene tasks,

2-Person, Late Arrival 14:26 2.1 MW
2-Person, Early Arrival 12:26 1.5 MW
3-Person, Late Arrival 3:24 L8 MW
3-Person, Early Arrival 11:24 1.3 MW
4-Person, Late Arrival 13:11 1.7 MW
4-Person, Early Arrival 11:11 1.3 MW
5.Person, Late Arrival 12:33 1.6 MW
5-Person, Early Arrival 10:33 1.1 MW

Tahle 9: Fire Size at Time of Fire Suppression
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=ffects of

hysiological

rew Size on Firefighters

eports on firefighter fatalities consistently document
averexertion/overstrain as the leading cause of line-of-duty
‘ fatalities. There is strong epidemiological evidence that
heavy physical exertion can trigger sudden cardiac events
(Mittleman et al, 1993; Albert et al. 2000). Therefore, information
ahout the effect of crew size on physiclogical strain is very
valuable.

During the planning of the fireground experiments,
investigators at Skidmore College recognized the opportanity to
conduct an independent study on the relationship between
firefighter deployment configurations and firefighter heart rates.
With the approval of the Institutional Review Board of Skidmore
College, they were able to leverage the resources of the field
experiments to conduct a separate analysis of the cardiac strain
on fire fighters on the fireground.
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For details, consult the complete report (Smith 2009). Two
important conclusions from the report reinforce the importance
of crew size:

B Average heart rates were higher for members of small crews,
particularly two-person crews.

8 Danger is increased for small crews because the stress of fire
fighting keeps heart rates elevated beyond the maximum heart
rate for the duration of a fire response, and so the higher heart
rates were maintained for sustained time intervals.



Study Limitations

Ahe scope of this study is limited to understanding the
relative influence of deployment variables to low-hazard,
residential structure fires, similar in magnitude to the
hazards described in NFPA 1710. The applicability of the
canclusions from this report to commercial structure fires,
high-rise fires, outside fires, terrorism/natural disaster response,
HAZMAT or other technical responses has not been assessed and
should not be extrapalated from this report.

Every attempt was made to ensure the highest possible degree of
realism in the experiments while complying with the
requirements of NFPA 1403, but the dynamic environment on the
fireground cannot be fully reproduced in a controlled experiment,
For example, NFPA 1403 required a daily walkthrough of the burn
prop {including identifying the [ocation of the fire) before
ignition of a fire that would produce an Immediately Dangerous
to Life and Health (IDLH) atmosphere, a precaution not available
to responders dispatched to a live fire.

The number of responding apparatus for each fireground
response was held constant (three engines and one truck, plus the
battalion chief and aide) for all crew size configurations. The
effect of deploying either more or fewer apparatus to the scene
was not evaluated.

The fire crews who participated in the experiments typically
operate using three-person and four-person staffing. Therefore,
the effectiveness of the two-person and five-person operations
inay have been influenced by a lack of experience in operating at

those staffing levels. Standardizing assigned tasks on the
fireground was intended to minimize the impact of this factor,
which has an unknown influence on the results.

The design of the experiments controlled for variance in
performance of the incident commander, [n other words, a
mare-or less-effective incident commander may have a significant
influence on the outcome of a residential structure fire.

Although efforts were made to minimize the effect of learning
across experiments, some participants took part in more than one
experiment, and others did not.

The weather conditions for the experiments were moderate to
cold. Frozen equipment such as hydrants and pumps was not a
factor. However, the effect of very hot weather conditions on
firefighter performance was not measured.

All experiments were conducted during the daylight hours,
Nighttime operations could pose additional challenges.

Fire spread beyond the room of origin was not considered in the
room and contents tests or in the fire modeling. Therefore, the
size of the fire and the risk to the firefighter may be somewhat
underestimated for fast-growing fires or slower-response
configurations,

There is more than one effective way to perform many of the
required tasks on the fireground. Attempts to generalize the
results from these experiments to individual departments must
take into account tactics and equipment that vary from those used
in the experiments.
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Conclusions

ore than 60 laboratory and full-scale fire experiments were
conducted to determine the impact of crew size, first-due
engine arrival time, and subsequent apparatus arrival
times on firefighter safety and effectiveness at a low-hazard
residential structure fire. This report quantifies the effects of
changes to staffing and arrival times for low-hazard residential
firefighting operations. While resource deployment is addressed in
the context of a single structure type and risk level, it is recognized
that public policy decisions regarding the cost-benefit of specific
deployment decisions are a function of many factors including
geography, available resources, community expectations, as well as
all local hazards and risks. Though this report contributes
significant knowledge to community and fire service leaders in
regard to effective resource deployment for fire suppression, other
factors contributing to policy decisions are not addressed.

The objective of the experiments was to determine the relative
effects of crew size, first-due engine arrival time, and stagger time
for subsequent apparatus on the effectiveness of the firefighting
crews relative to intervention times and the likelihood of occupant
rescue using a parametric design. Therefore, the experimental
results for each of these factors are discussed below.

Of the 22 fireground tasks measured during the experiments, the
following were determined to have especiaily significant impact on
the success of fire fighting operations. Their differential outcomes
based on variation of crew size and/or apparatus arrival times are
statistically significant at the 95 % confidence levei or better.

Overall Scene Time:

The four-person crews operating on a low-hazard structure fire
completed all the tasks on the fireground {on average) seven
minutes faster — nearly 30 % —- than the two-person crews, The
four-person crews completed the same number of fireground tasks
(on average) 5.1 minutes faster — nearly 25 % — than the
three-person crew. For the low-hazard residential structure fire,
adding a fifth person to the crews did not decrease overall fireground
task times. However, it should be noted that the benefit of five-person
crews has been docnmented in other evaluations to be significant for
medium- and high-hazard structures, particularly in urban settings,
and should be addressed according to industry standards.'®

Time to Water on Fire:

There was a nearly 10 % difference in the “water on fire time”
between the two and three-person crews and an additional 6 %
difference in the “water on fire time” between the three- and
four-person crews (1.e., 16 % difference between the four and
two-~person crews). There was an additional 6 % difference in the
“water on fire'” time between the four- and five-person crews (i.e.,
22 % difference between the five and two-person crews),

Ground Ladders and Ventilation:

The four-person crew operating on a low-hazard structure fire
can complete laddering and ventilation (for life safety and rescue)
30 % faster than the two-person crew and 25 % faster than the
three-persor crew.

Primary Search:
The three-person crew started and completed a primary search
and rescue 25 % faster than the two-person crew. In the same

structure, the four- and five-person crews started and completed a
primary search 6 % faster than the three-person crews and 30 %
faster than the two-person crew. A 10 % difference was equivalent
ta just over one minute,

Hose Stretch Time:

In comparing four-and five-person crews to two-and three-person
crews collectively, the time difference to stretch a line was 76 seconds.
Inn conducting more specific analysis comparing all crew sizes to a
two-person crew the differences are more distinct. A two-person crew
took 57 seconds longer than a three-person crew to stretch a line. A
two-person crew took 87 seconds longer than a four-person crew to
complete the same tasks. Finally, the most notable comparison was
between a two-person crew and a five-person crew — more than 2
minutes (122 seconds) difference in task completion time.

Industry Standard Achieved:

The “industry standard achieved” time started from the first
engine arrival at the hydrant and ended when 15 firefighters were
assembled on scene.” An effective response force was assembled
by the five-person crews three minutes faster than the four-person
crews. According to study deployment protocal, the two- and
three-person crews were unable to assemble enough personnel to
meet this standard,

Occupant Rescue:

Three different “standard” fires {slow-, medium-, and fast-growth
rate) were simulated using the Fire Dynamics Simulator (FDS) model.
The fires grew exponentially with time. The fire modeling simulations
demonstrated that two-person, late arriving crews can face a fire that is
twice the intensity of the fire faced by five-person, early arriving crews.
The rescue scenario was based on a nonambulatory occupart in an
upstairs bedroom with the bedroom door open.

Independent of fire size, there was a significant difference between
the toxicity, expressed as fractional effective dose (FED), for
occupants at the time of rescue depending on arrival times for all
crew sizes, Occupants rescued by crews starting tasks two minutes
earlier had lesser exposure to combustion products.

The fire modeling showed clearly that two-person crews cannot
complete essential fireground tasks in time to rescue occupants
without subjecting either firefighters or occupants to an
increasingly hazardous atmosphere. Even for a slow-growth rate
fire, the FED was approaching the level at which sensitive
populations, such as children and the elderly are threatened. Fora
medium-growth rate fire with two-person crews, the FED was far
above that threshold and approached the level affecting the median
sensitivity in general population. For a fast-growth rate fire, the
FED was well above the median level at which 50 % of the general
population would be incapacitated. Larger crews responding to
slow-growth rate fires can rescue most occupants prior to
mcapacitation along with eatly-arriving larger crews responding to
medium-growth rate fires. The result for late-arriving (two
minutes later than early-arriving) larger crews may result in a threat
to sensitive populations for medium-growth rate fires” The new
sentence is consistent with our previous description for two-person
crews where we {dentify a threat to sensitive populations..

Statistical averages should not, however, mask the fact that there is
no FED level so low that every occupant in every situation is safe.

18 NFPA Standard 1716 - A.5.2.4.2.1 ...Other occupancies and structures in the community that present greater hazards should be addressed by additional five fighter

functions and additionat responding personnel on the initial ful] alarm assignment.

19 NFPA 1710 Standard for the Organization and Deployment of Fire Suppression Operations, Emergency Medical Operations, and Special Operations to the Public by
Career Fire Departments. Section 5.2.1 — Fire Suppression Capability and Section 5.2.2 Staffing,
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Summary:

The results of these field experiments contribute significant
knowledge to the fire service industry, First, the results establish a
technical basis for the effectiveness of company crew size and arrival
time in NFPA 1710. The results also provide valid measures of total
effective response force assembly on scene for fireground operations,
as well as the expected performance of time-to-critical-task
measures for a low-hazard structure fires. Additionally, the results
provide tenability measures associated with the occupant exposure
rates to the range of fires considered by the fire model.
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Future Research

8 n order to realize a significant reduction in firefighter
ine-of-duty death (LODD) and injury, fire service leaders must
i focus directly on resource allocation and the deployment of
resources, both contributing factors to LODD and injury. Future
research should use similar methods to evaluate firefighter
resource deployment to fires in medium- and high-hazard
structures, including multiple-family residences and commercial
properties. Additionally, resource deployment to
multiple-casualty disasters or terrorism events should be studied
to provide insight into levels of risks specific to individual
communities and to recommend resource deployment
proportionate to such risk. Future studies should continue to
investigate the effects of resource deployment on the safety of
bath firefighters and the civilian population to better inform
public policy.
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APPENDIX A: Laboratory Experiments

e fire suppression and

‘Barn'Compariment
resource deployment

Target Compariment

¢ experiments consisted of 386m
four distinct parts: laboratory

experiments, time-to-task
experiments, room and contents
experiments and fire modeling.
The purpase of the labaratory
experiments was to assure a fire
in the field experiments that
would consistently meet NFPA
1403 requirements for live fire
training exerciges. The
laboratory experiments enabled G
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Figure A~1. Compartment Configuration and Instrumentation for Pallet Tests

subsequent peak heat release
rate

B compartment effects on burning of wood pallets
B effect of window ventilation on the fire

8 effect on fire growth rate of the loading configuration of
excelsior {slender wood shavings typically used as packing
material)

Design and Gonstruction

Figure A-1 shows the experimental configuration for the
compartment pallet burns. Two identically sized compartments
{3.66 m x 4.88 m x 2.44 m) were conrnected by a hallway (4mx1m
x 2.4 m). Ateach end of the hallway, a single door connected the
hallway to each of the compartments, In the burn compartment, a
single window (3 m x 2 m) was covered with noncombustible
board that was opened for some experiments and closed for others.
At the end of test, it was opened to extinguish the remaining
burning material and to remove any debris prior to the next test. In
the second compartment, a single doorway connected the
compartment to the rest of the test laboratory. It was kept open
throughout the tests allowing the exhaust to flow into the main
collection hood for measurement of heat release rate.

The structure was constructed of two layer of gypsum waliboard
over steel studs, The floor of the structure was lined with two
layers of gypsum wallboard directly over the concrete floor of the
test facility. In the burn compartment, an additional lining of
cement board was placed over the gypsum walls and ceiling
surfaces near the fire source to minimize fire damage to the
structure after multiple fire experiments. A doorway 0.91 m wide
by 1.92 m tall connected the burn compartment to the hailway
and an opening 1 m by 2 m connected the hallway to the target
compartment. Ceiling height was 2,41 m throughout the
structure, except for the slight variation in the burn room.

Fuel Source
The fuel source for all of the tests was recycled hardwood pallets
constructed of several lengths of hardwood boards nominally 83

mm wide by 12.7 mm thick. Lengths of the individual boards
ranged from nominally 1 m to 1.3 m, The finished size of a single
pallet was approximately [ m by [.3 m by 0.11 m. Figure A-2
shows the fuel source for one of the tests including six stacked
pallets and excelsior ignition source. For an ignition source,
excelsior was placed within the pallets, with the amount and
location depending on the Ignition scenario. Figure A-3 shows
the pailets prior to a slow and a fast ignition scenario fire. Table
A-1 details the total mass of pallets and excelsior for each of the
free burn and compartment tests.

Experimental Conditions

The experiments were conducted in two series. In the first
series, heat release measurements were made under free burn
conditions beneath a 6 m by 6 m hood used to coliect combustion
gases and provide the heat release rate (HRR) measurement. A
second series of tests was conducted with the fire ina
compartmented structure to assess environmental conditions
within the structure during the fires and determine the effect of
the compartment enclosure on the fire growth. Table A-1 presents
a summary of the tests conducted.

Figure A-2, Pallets and Exceisior Ignition Source
Used as a Fuel Source
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Tahle A-1, Tests Conducted and Ambient Conditions
at Beginning of Each Test

Test TestType | Number | Ignition | Total | tixeelsior
Cof | Scenario | Pallet | Mass
Pallats Mags {kg)

(kg) '

PAL1 | Freebum 4 TFast | 79.3 ga
PAL2 | Freebum 3] Fast 18.8 i
PALS | Freehum 8 Fast 146,7 i6.0
PAL.4 | Freebiey 4 Slow | 510 1.65
PAL5 | Frechum 6 Slow | 1003 | 085
CRAt | Compartment | 6 | Slow | 140 | o83
CRA 2 | Compartmerit 4 | Blow | 697 '
CRAZ | Compartmient | 4 | Fast | 711 | 08
CRAZ | Compariment | 4 Slow 730 | o83
CRA 5 | Compartment 4 Slow 79:8 6,85

Notes: PAL stands for “pallet” and CRA {“Community Risk
Assessment”) is the designator for the configuration of pallets
burned in the compartment. Efforts were made to use the same
amount of excelsior mass for CRA 2 (~0.8 kg), but the vatue was
not measured,

Figure A-3. Fuei and Excelsior Source for Slow (top}
and Fast (bottom) lgnition Scenarios

Measurements Conducted

Heat release rate (HRR) was measured in all tests. HRR
measurements were conducted under the 3 m by 3 m calorimeter
at the NIST Large Fire Research Laboratory. The HRR
measurement was based on the oxygen consumption calorimetry
principle first propased by Thornton {Thornton 1917) and
developed further by Huggett (Huggett 1980} and Parker (Parker
1984). This method assumes that a known amount of heat is
released for each gram of oxygen consumed by a fire. The
measurement of exhaust flow velocity and gas volume fractions
(O, CO4 and CO) were used to determine the HRR based on the
formulation derived by Parker (Parker 1984) and Janssens
{Janssens 1981), The combined expanded relative uncertainty of
the HRR measurements was estimated at + 14 %, based on a
propagation of uncertainty analysis {Bryant 2004},

For the compartment fire tests, gas temperature measurements
were made in the burn compartment and in the target
compartment connected by a hallway to the burn compartment
using 24 gauge bare-bead chromel-alumel (type K)
thermocouples positioned in vertical array. Thermocouples were
located at the center of each compartment at locations 0.03 m,
030m,0.61m, 091 m, 1.22m, 1.52m, 1.83 m, and 2.13 m from
the ceiling. The expanded uncertainty associated with a type K
thermocouple is approximately + 4,4°C, (Omega 2004}

Gas species were continuously monitored in the burn
compartment at a level 0.91 m from the ceiling at a location
centered on the side wall of the compartment, 0.91 m from the
wall. Oxygen was measured using paramagnetic analyzers,
Carbon monoxide and carbon dioxide were measured using
non-dispersive infrared (NDIR) analyzers. All analyzers were
calibrated with nitrogen and a known concentration of gas prior
to each test for a zero and span concentration calibration. The
expanded relative uncertainty of each of the span gas molar
fractions is estimated to be = 1 %,

Total heat flux was measured on the side wall of the enclosure at
a location centered on the side wall, 0.61 m from the ceiling level.
The heat flux gauges were 6.4 mm diameter Schmidt-Boelter type,
water cooled gauges with embedded type-K thermocouples (see
Figure A-4). The manufacturer reports a + 3 % expanded
uncertainty in the response calibration (the slope in kW/m¥mV).
Calibrations at the NIST facility have varied within an additional
* 3 % of manufacturer’s calibration. For this study, an uncertainty
of + 6 % is estimated.

Figure A-4: Heat Flux Gauge with Radiation Shielding



Test | VestType | Number | lgnition | Peak | Timeto Results
of  EScemario ; HRR | Péak Table A-2 shows the peak HRR and time to peak HRR for the
Palléts (kW) | HRR (3) free burn tests and for the compartment tests, Figure A-5 includes
PAL Free burn 4 Tast ‘A144 205 images from the free burn experiments near the time of peak
1 ‘ 1 HRR for each of the experinents. Figure A-6 illustrates the
PAL | Free buen 6. ‘Fast 2061 | 320 progression of the fire from the exit doorway looking down the
2 ' hallway to the burn compartment for one of the tests, Figure A-7
U PAL.| Freeburn | B Fast | dsdL | sov to Figure A-10 present graphs of the heat release rate for all of the
3 ' ' o T tests. Figure A-11 through Figure A-15 shows the gas temperature,
PAL | Free bin 5| Slow 1889 -85 1 major gas species concentrations, and heat flux in the burn
4 ' ' o h ' compartment and target compartment in the five compartment
PAL Free burn 6 Blow 2410 u86 tests.
B
GRA 1§ Compartment 4] Slow 1705 ' nuog
1
'CRA | Gompartment 4 Slow | 1583 649
= .
CRA. | Compartiment ¥ Fast 1959 159
CRA Con;'p_arﬁf_n.ent 4 Slow t620 | s
3 .
-CRA {Contpaltiment 4 | Slw 1390 oy
5

Table A-2. Peak Heat Release Rate During Several Pallet
Tests in Free-burn and in a Compartment

Figure A-5. Free-Burn Experiments Near Time of Pealc Burning
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APPENDIX

Designing Fuel Packages for Field Experiments

ased upon the resuls of the laboratory experiments, the
project team determined that four pallets would provide

# both a realistic fire scenario, as well as a repeatable and
well characterized fuel source. Varying the placement and
quantity of excelsior provided significant variance in the rate of
fire growth. Prior to finalization of the fuel package and
construction specifications, modeling was used to ensure that the
combination of fuel and residential geometry would result in
untenable conditions throughout the structure without subjecting
the firefighters to unsafe testing conditions. Therefore, CEAST
(the consolidated fire and smoke transport model (Jones 2000))

and FDS (fire dynamics simulator model (McGrattan 2006)) were
used to predict the temperatures and toxic species within the
structure as a function of the experimentally determined heat
release rates. The results summarized below confirmed that the
building geometry and fuel package produced adequate variation
in tenability conditions in the residential structure and ensured
that the room of origin would not reach flashover conditions (a
key provision of NFPA 1403). Meeting these conditions provided
the foundation for experiments to meet the two primary objectives
of fire department response: preservation of life and property.
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Figure B-2: Time-dependent smoke density contours in field structure with fast growth fire
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QX C: Temporary Burn Prop Construction and Instrumentation

hrough the generosity of the Montgomery County (MD),
an open space was provided to construct a temporary burn
prop at the Montgomery County Fire and Rescue Training
Facility in Rockville, MD. The area had ready access to water and
electrical utilities, A licensed general contractor was retained,
including a structural engineer for the design of critical ceiling
members, and the burn prop was constructed over a several
month period in late 2008.

The burn prop consisted of two 2,000 ft.2 (186 m’) floors
totaling 4,000 ft.2372 m?). An exterior view of two sides of the
burn prop is shown in Figure C-1.

Additional partitions were installed by NIST staff to create a
floor plan representative of & two-story, 186 m? (2,000 ft.%) single
family residence, Note that the structure does not have a
basement and includes no exposures. The overall dimensions are
consistent with the general specifications of a typical low hazard
residential structure that many fire departments respond toon a
regular basis, s described in NFPA 1710,

Further details about typical single family home designs are not
provided in the standard, Therefore, a floor plan representative of
a typical single family home was created by the project team.
Details and floor plan dimensions are shown in Figure C-2,

Figure C-1: View of two sides of the burn prop

The black lines indicate load-bearing reinforced concrete walls
and red lines indicate the gypsum over steel stud partition walls.
The ceiling height, not shown in Figure C-2, is 94 in. (2.4 m)
throughout the entire structure except in the burn compartments,
where the ceiling height is 93 in. (2.4 m). The purpose of the
partition walls was to symmetrically divide the structure about
the short axis in order to allow one side of the test structure to
cool down and dry-out after a fire test with suppression while
conducting experiments on the other side.

The concrete walls original to the burn prop were 8 in. (204 mm
) thick steel reinforced poured

concrete and the floors on the first
level and second levels were 4 in.
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The support structure for the
second floor and the roof

o consisted of corrugated metal pan
” welded to open web steel joists.
The dimensions of the joists are
shown in Figure C-3, The ceiling
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Figure C-2: Dimensions of the Burn Prop Floor Plan
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Figure C-3: Structural Steel Dimensions

mentioned is the result of the two additional sheets of cement
board. The burn compartment walls were constructed from a
single layer of % in. {13 mm} cement board over a single layer of
5/8 in. (16 mm) gypsum board, attached to 7/8 in. (22 mm) offset
metal furring strips, Particular care was taken so that all ceiling
and partition wall seams were filled with chemically-setting type
joint compound to prevent leakage into the interstitial space
between the ceiling and the floor above. After construction of the
ceiling was complete, a dry-standpipe deluge system was installed
with one head in each burn room to provide emergency
suppression. During an experiment, a 2.5 in., {104 mm) ball valve
fitting was attached and charged from a nearby hydrant. Figare

Figure C-4: Fireproofing added to structural steel

Figure C-6: Window & Latch Construction

Figure C-5: Additional construction of burn room
walls and ceiling and deluge sprinkler head.

Figure C-7: Interior View of Burn Prop

C-5 was taken during the process of replacing “worn out” ceiling
panels and shows the additional construction implemented in the
burn room as well as the deluge sprinkler head.

Windows and exterior doors were constructed to be
non-combustible, Windows were fabricated from 0.25 in. {10
mim) thick steel plate and the exterior doors were of prefabricated
hollow-core steel design. The windows on the first floor were 30
in. (0.76 m) width x 36 in. (0.91 m) height and 36 in. {0.91 m}
width x 40 in, {1.02 m) height on the second floor. Exterior doors
were 35.8 in. (0.88 m) width ¥ 80.5 in. {2.03 m) height, There
were no doors attached to the doorways inside the structure,
Pigure C-6 shows the construction of the burn prop windows as
well as the NFPA 1403-compliant latch mechanism, Figure C-7 is
a picture of the interior of the burn prop taken just outside the
burn compartment, showing the construction of the ceiling,
interior doorway construction, gypsum wing wall and the joint
compound used to seal seams in the ceiling and walls,

Instrumentation

After construction, the instrumentation to measure the
propagation of products of combustion was installed throughout
the burn prop. The instrumentation plan was designed to measure
gas temperature, gas concentrations, heat flux, visual obscuration,
video, and time during the experiments. The data were recorded at
intervals of 1 s on a computer based data acquisition system. A
schematic plan view of the instrumentation arrangement is shown
in Figure C-8.

Table C-1 gives the locations of all of the instruments.
Measurements taken prior to
the compartment fire
experiments were length, wood
maoisture content, fuel mass
and weather conditions
(relative humidity,
temperature, wind speed and
direction). Gas temperatures
were measured with two
different constructs of type K
(Chromel-Alumel)
thermocouples, All
thermocouples outside the
burn compartments were
fabricated from 30 gauge
glass-wrapped thermocouple
wire. Vertical arrays of three
thermocouples were placed
near the front door on the
north side and south sides of
the stairwell on the first floor,
On the second floor, vertical
arrays of eight thermocouples
were placed near the center of
each target room. Inside the
burn compartments, seven 3.2
mm (0.125 in.) exposed
junction thermocouples and
0.76 m {30 in.} SUPER
OMEGACLAD XL® sheathed
thermocouple probes were
arranged in a floor-to-ceiling
array. Figure C-9 shows the
vertical array in the burn

L En




First Floor

. ~
" Tl itﬂsli-' . [ ]
. .‘.f:‘f% I ;‘ﬁ(ﬁﬁ.
y N i . i‘r‘:'-.i' ':"ﬂ f..y
Py ‘ : Read
e vmemmniiri® i - b e B3
i Tl P oo TR T
J na=E )
L .
¥ ="y -
B : :
Front.Door
Emezqeﬁcy | S5
‘E; 1 ; -
@t fa
R B § ]I
[ 8 Hisd

Second Floor

I'. - bon n i
E: : i

i‘qu\,j" : ~“
]

:."“f“h
g

L SO

Figure C-8: Instrumentation & Furniture Prop Layout
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(5? Vided

compartment. Type K
thermocouple probes were
chosen because of their ability to
withstand high temperature,
moisture and physical abuse
resulting from physical contact
with hose strearns and
firefighters, To protect the
extension wire and connectors
from the effects of heat and
water, through-holes were drilled
in the burn compartment walls
and the sheaths were passed
through from the adjacent
compartment. To prevent leakage
through the holes, all void spaces
were tightly packed with mineral
wool. Inside the burn
compartment the end of each
probe was passed through an
angle iron stand, and fastened to
the floor and ceiling to provide
additional protection from
physical contact with firefighters
and to ensure that the
measurement location remained
fixed throughout the
experiments, In consideration of
the risk associated with heating
the open web steel joists,
additional thermocouples were
placed above each burn
compartment to monitor the
temperature of the interstitial
space.

Table C-1: Detailed locations of instruments within respective rooms

Flaor  Instrument:  Xgim) Ysglm|  Zglm)  Xyim]  Yyjml  Zyju) Xejm] Yolm| Zoni}
I Thermacouple 076 1 w3l oA0el | 076 031 ] 03,061, | Find | Fid | 09,
091, 1,22, 0.91.1.2% 132,
£v521 ;83'- !521 !83? ‘?’:"E
243 213
HF Gauge L N/A 0.91 0.91 7
HF Gauge 2 0.5 066 !
o) Thérineiouple 183 | 091 ] 13,061, 1.83 091 0.3, 0.61,
: 091, 1.22, 0.9§, 1.22,
.52, 1.3, 1.52, 1.83, .
213,241 213, 241 A
Smoke Meter 1.7 0ty 1,32 164 043 1S
Gins Probe L83 | 091 17 it | oo |12
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Figure C-9: Burn Room Thermocouple Array  Figure C-10: Target Room Instrument Cluster

Gas concentrations were sampled at the same location in each
target room. Both gas probes were plumbed to the same analyzer
and isolated using a switch valve; gas was only sampled at one
location during any given test. The gas sampling points were
located in the center of the West wall (C Side) of both reoms, 1.5
m (5 ft.) above the floor. The sampling tubes were connected to a
diaphragm pump which pulled the gas samples through stainless
steel probes into a sample conditioning systern designed io
eliminate moisture in the gas sample. The dry gas sample was
then piped to the gas analyzer setup, In alt of the experiments,
oxygen was measured using a paramagnetic analyzer and carbon
monoxide and carbon dioxide were measured using a
non-~-dispersive infrared (NDIR) analyzer. One floar-ta-ceiling
thermocouple array was also co-located with each sample port
inlet.

Schmidt-Boelter heat fliux gauges were placed in the North burn
room, One gauge was located 1.0 m (3.3 ft.) above the floor and
was oriented towards the fire origin (waste basket). This heat flux
gauge was placed to characterize the radiative heat flux at the face
piece level that would be experienced by a firefighter inside the
roomn. A second flux gauge was placed on the floor in order to
characterize the radiative heat flux from the upper layer and to
make an estimate of how close the room was to flashing over with
respect to time from ignition (using the common criteria of
fashover occurring at ~20kW/m? at the floor fevel), The heat flux
gauges were co-located with the thermocouple probe array.

Figure C-11: Non-combustible “Prop” Tahle

All length measurements were made using a steel measuring
tape. Wood moisture content measurements were taken using a
non-insulated-pin type wood moisture meter. Puel mass was
measured prior to each experiment using a platform-style heavy
duty industrial scale. Mass was not measured after each
experiment because of the absorption of fire suppression water.
Publicly accessible Davis Vantage Pro2 weather instrumentation
{available via http://www. wunderground.com) located
approximately two miles from the experimentation site was used
to collect weather data in five minute intervals for the each day
that the experiments were conducted. Figure C-10isa
photograph of the West wall of the North target room, showing
the thermocouple array, the smoke obscuration meter, and a gas
sampling probe used during the phase two experiments, The
layout is identical to that in the South target room.

Non-combustible “prop” furniture was fabricated from angle
iron stock and gypsum wallboard. The purpose of the furniture
was twofold. The furniture was placed inside the burn prop to
simulate realistic obstacles which obscure the search paths and
hose stream advancement. The second use for the furniture was so
that measurement instrumentation could be strategically placed
within the frame of the furniture. This served to protect
instrumentation from physical damage as a result of contact with
firefighters and their tools. Figure C-11 shows an example of a
table placed outside the burn room.

All instruments were wited to a centralized data collection room,
shown in Figure C-12, which was attached as a separate space on
one side of the building. This ensured physical separation for the
data collection personnel from the effects of the fire, while
minimizing the wire and tube lengths to the data logging
equipment, Note that the roof of the instrument room was
designed to serve as an additional means of escape for personnel
from the second floor of the burn prop through a metal door. A
railing was installed in order to minimize the fall risk in the event
that the emergency exit was required.



Figure C-12: Instrumentation Room
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" Data Collection and Company Protocols for Time-to-Task Tests

Time-to-Task Data Collection Chart

Date Start Time End Time (all task complete)

Timer Name
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Company Protocols: Crew Size of 2

(10 total personnel on scene)

PLUS 4 RIC — 1403 = total 14 needed

Arrive on Scene

- Arrive/ stop at hydrant

- Arrives
- Assumes Command
- Bvaluates Resources

N Driver - Establishes
- Position engine ~Arrive Command post
- 360° lap - Evaluates exposure
blems
- Layout report pro
y ? - Directs hose
- On-scene report pasitioning
- Coordinates Units
- Conduct size-up — 360° - Transmits
lap — incident action plan — offensive | Officer Progress reports
~ detail incident {situation report) - - Changes strategy
- Orders, records, and
- Transmit size-up to responding units transmits results of
. primary and
- Transfer command to chief secondary searches
- Declares fire under
control
Establish Supply line
-Dry Lay —2nd
- Hydrant-Drop line {(wrap) engine takes
Driver/O hydrant
- Position engine Position Truck
Driver/Q - Charged
- Pump engaged hydrant
Driver/O
- 4” straight lay ~ Supply attack
engine
5 : Driver
- Supply attack engine
Pasition attack line
Officer — (Not
~ Flake interior—just
front door)
~ Charge
~ Bleed
- Advance Officer Officer
Establish - 2in— 2 out
(Initial RIT) o/D
Establish RIT
dicated O/D (performs
(Dedicated) all RIT duties)
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Gain/ Force Entry

O/D

Advance Line
- scan search fire room
- suppression

Officer

(if officer commits
then he must pass
command)

Officer

Deploy Back-up Line and protect
stairwell

O/D

Complete Primary Search
{in combo with Fire Attack)

Search Fire Bloor

Search other Floors

O/

Ventilation
{vent for fire or vent for life)

~ Horizontal
- Ventilation

Driver/Officer

Ground Laddering - 2nd story
windows, front and side, for
firefighter means of egress and for
vertical ventilation ~ 24'/28’ and
roof ladder in case of vertical vent.

Driver /Officer

Control Utilities

(Interior and exterior)

Driver/Officer

Conduct Secondary Search
- Search Fire Floors

- Search other Floors
Check for Fire Extension

Open ceiling walls near fire on fire
floor

Check floor above for fire
extension

- wall breech

- ceiling breech

Officer

Officer

Officer

Officer

oD

Mechanical Ventilation

Driver/Officer




Company Protocols: Crew Size of 3
(14 total personnel on scene)
PLUS 4 RIC — 1403 = total 18 needed

Arrive on Scene -Arrive - Arrives
- Assumes Command
- Arrive/ stop at hydrant Driver ~ 360 degree lap - Evaluates Resources
" . - Establishes
- Position engine Command post
- Evaluates exposure
blems
- Layout report pro
4 P - Directs hose
- On-scene report positioning
- Coordinates Units
- Conduct size-up — 360° Officer - Transmits
lap — incident action plan — offensive | - Progress reports
— detail incident (situation report} - Changes strategy
- Orders, records, and
- Transmit size-up to responding units transmifs results of
. primary and
- Transfer command to chief secondary searches
- Declares fire under
control
Establish Supply line Driver Position Truck | Dry Lay ~ 2nd
engine takes
- Hydrant-Drop line {wrap) Driver hydrant
- Position engine Driver Charged
hydrant -
- Pump engaged
Supply attack
- 4" straight lay engine
- Supply attack engine Driver
Position attack line D/RB
- Flake
- Charge
- Bleed
- Advance
Establish - 2 in - 2 out O/RB
(Initial RIT)
Establish RIT O/RB— advance
by foot to get to
Dedicated point of entry —
(Dedicated) performs all RIT
duties
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Gain/ Force Entry

O/RB

Advance Line
- scan search fire room
- suppression

O/RB

{if officer commits
then he must pass
command)

Deploy Back-up Line and
protect stairwell

O/RB

Complete Primary Search
(in combo with Fire Attack)

Search Fire Floor

Search other Floors

O/ RB

Ventilation
(vent for fire or vent for life)

- Horizontal
- Ventilation

Drtiver

Driver

Ground Laddering — 2nd story
windows, front and side, for
firefighter means of egress and for
vertical ventilation — 24°/28 and

roof ladder in case of vertical vent.

Driver

Driver

Control Utilities

(Interior and exterior)

Driver (exterioq

O/RB (Interior)

Driver
(exterior)

Conduct Secondary Search
- Search Fire Floors

- Search other Floors

O/RB

Check for Fire Extension

Open ceiling walls near fire on fire
floor

Check floor above for fire
extension

- wall breech

- ceiling breech

O/RB

O/RB

Mechanical Ventilation

Driver

Driver



Company Protocols: Grew Size of 4
Total on scene = 18
PL.US 4 RIC — 1403 = total 22 needed

Arrive on Scene Driver -Artive - Arrives
- Assumes Command
- Arrive/ stop at hydrant - 360 degree lap - Evaluates Resources
.. ) - Establishes
- Position engine Command post
- Evaluates exposure
blems
- Layout report pro
b P - Directs hose
- On-scene report positioning
- Coordinates Units
- Conduct size-up — 360° Officer - Transmits
lap — incident action plan ~ offensive | - Progress reports
— detail incident (situation report) - Changes strategy
- Orders, records, and
- Transmit size-up to responding units transmits results of
. primary and
- Transfer command to chief secondary searches
- Declares fire under
control
Establish Supply line Driver Position: Truck  § -Dry Lay — 2nd
engine takes
- Hydrant-Drop line (wrap) Driver hydrant
- Position engine Driver Charged
hydrant -
- Pump engaged Supply attack
engine
- 4" straight lay
Driver
- Supply attack engine (1 3/4™)
Position attack fine RB/Nozzle
- Plake LB/Flake
- Charge
- Bleed Both advance line
for fire attack
- Advance
Establish - 2 in - 2 out D/LB
{Initial RIT}
Establish RIT O/LB/RB—
advance by foot
{Dedicated) to get to point of
entry ~ performs
all RIT duties
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Gain/ Force Entry

O/RB

Advance Line
- scan search fire room
- suppression

RB/LB

Officer — not on ling

{if officer commits
then he must pass
command)

Deploy Back-up Line and
protect stairwell

O/RB

Complete Primary Search
{in combo with Fire Attack)

Search Fire Floor

Search other Floors

Officer and RB

Ventilation

- Horizontal
- Ventilation

Driver and LB

Ground Laddering — 2nd story
windows, front and side, for
firefighter means of egress and for
vertical ventilation — 24’28’ and

roof ladder in case of vertical vent,

Driver /LB

Control Utilities

{(Interior and exterior)
Conduct Secondary Search
- Search Fire Floors

- Search other Floors

Driver/1LB
(control exterior

Q/RB
(control interior)

/LB

Check for Fire Extension

Open ceiling walls near fire on fire
floor

Check floor above for fire
extension

- wall breech

- ceiling breech

O/RB

O/RB

Mechanicat Ventilation

D/LB




Company Protocols: Crew Size of 5

D/ONB/RB/CB

Jotal on scene = 22

PLUS 4 RIC - 1403 = total 26 needed

Arrive on Scene Driver ~Arrive - Arrives
- 360 degree - Assumes Command
- Arrive/ stop at hydrant Size up. - Evaluates Resources
s . - Establishes
- Position engine Command post
- Evaluates exposure
- Layout report Officer pr.eblems
- - Directs hose
- On-scene report positioning
- Coordinates Units
- Locate Fire ~ Transmits
Progress reports
- Conduct size-up — 360° - Changes strategy
lap — incident action plan — offensive - Orders, records, and
— detzil incident (situation report) transmits resulls of
L . . primary and
- Transmit size-up to responding units secondary searches
- Transfer command to chief - Declares fire under
controi
Establish Supply line Driver Position Truck | -Dry Lay - 2nd
engine takes
- Hydrant-Drop line (wrap) Driver hydrant
- Position engine Driver
Charged
- Pump engaged hydrant -
Supply attack
- 4" straight lay engine
- Supply attack engine {1 3/4™) Driver
Position attack line RB/Nozzle
LB/Flake
- Flake CB/ Control
- Charge Advance line for
fire attack
-Bleed | memmmmmmmmmen-
The Officer
- Advance responsibility is
to supervise hose
stretch /monitor
safety and
continually survey
the scene

Establish - 2 in — 2 out

(Initial RIT)

D/LB

ai



Establish RIT

(Dedicated)

O/LB/RB—
advance by foo
to get to point
of entry —
performs all
RIT duties

Gain/ Force Entry

O/RB/CB

Advance Line
- scan search fire room
- suppression

RB/LB/ICB
Officer — not on
line (if officer
commits then he
must pass
command)

Insures first line flowing water—

Deploy Back-up Line and protect
stairwell {1 34™)

O/RB/CB

Complete Primary Search
{in combo with Fire Attack)

Search Fire Floor —

Search other floors-

Officer and
RB/CB

Ventilation (vent for fire or vent for life)
- Horizontal
- Vertical

Driver and LB

Ground Laddering — 2nd story
windows, front and side, for
firefighter means of egress and for
vertical ventilation — 24’/28’ and roof
ladder in case of vertical vent,

Priver /LB

Control Utilities after search, force
entry, venting and fire extinguished
(Interior and exterior)

Driver/LB
(control exterior
Q/RB/CB
{control interior)

Conduct Secondary Search
~Fire Floor

~Primary and secondary search of
entire floor above

D/LB

D/LB

OfRB/CB

Check for Fire Extension

Open ceiling walls near fire on fire
floor

Check floor above for fire
extension

wall breech

ceiling breech-

O/RB

O/RB/CB

ap Mechanical Ventilation
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Ap@@ﬂdéx 2 All Regression Coefficients

Regression Models of Time to Task (in Seconds) as a Function of Crew Size and Stagger

(Standard Errors are in Parentheses underneath coefficients)

{

516

2658

“a720) | (26.30)




All Regression Coefficients (CONTINUED)

Regression Models of Time to Task (in Seconds) as a Function of Crew Size and Stagger
(Standard Errors are in Parentheses underneath coefficients)
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Regression Models of Time to Task (in Seconds) as a Function of Combined Crew Size and

Stagger (Standard Errors appear in Parentheses)
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Regression Models of Time to Task (in Seconds) as a Function of Combined Crew Size and
Stagger (CONTINUED) (Standard Errors appear in Parentheses)
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= Measurement Uncertainty

he measurements of length, temperature, mass, moisture
content, smoke obscuration, and time taken in these
experiments have unique components of uncertainty that
must be evaluated in order to determine the fidelity of the data.
These components of uncertainty can be grouped into two
categories: Type A and Type B. Type A uncertainties are those
evaluated by statistical methods, such as calculating the standard
deviation of the mean of a set of measurements. Type B
uncertainties are based on scientific judgment using all available
and relevant information. Using relevant information, the upper
and lower limits of the expected value are estimated so that the
probability that the measurement falls within these limits is
essertially 100 %, After all the component uncertainties of a
measurerent have been identified and evaluated it is necessary to
use them to compute the combined standard uncertainty using the
law of propagation of uncertainty {the “root sum of squares”).
Although this expresses the uncertainty of a given measurement, it
is more useful in a fire model validation exercise to define an
interval for which the measurernent will fall within a certain level of
statistical confidence. This is known as the expanded uncertainty.
The current international practice is to multiply the combined
standard uncertainty by a factor of two (k=2), giving a confidence
of 95 %.

Length measurements of room dimensions, openings and
instrument locations were taken using a steel measuring tape with a
resolution of 0.02 in {0.5 mm). However, measurement error due to
uneven and unlevel surfaces results in an estimated uncertainty of £
0.5 % for length measurements taken on the scale of room
dimensions. The estimated total expanded uncertainty for length
measurements is & 1.0 %.

The standard uncertainty of the thermocouple wire itself is 1.1°C
or 0.4 % of the measured value, whichever is greater (Omega 2004).
The estimated total expanded uncertainty associated with type K
thermacouples is approximately £ 15 %. Previous work done at
NIST has shown that the uncertainty of the environment
surrounding thermacouples in a full-scale fire experiment hasa
significantly greater uncertainty (Blevins 1999} than the
uncertainty inherent with thermocouple design. Furthermore,
while a vertical thermocouple array gives a good approximation of
the temperature gradient with respect to height, temperatures
cannot be expected to be uniform across 4 plane at any height
because of the dynamic environment in a compartment fire.
Fnaccuracies of thermocouple measurerments in a fire environment
can be caused by:

# Radiative heating or cooling of the thermocouple bead

& Soot deposition on the thermocouple bead which chiange its
mass, emissivity, and thermal conductivity

& Heat conduction afong thermocoupie wires

® Flow velocity over the thermocouple bead

To reduce these effects, particularly radiative heating and cooling,
thermocouples with smaller diameter beads were chosen. This is
particularly important for thermocouples below the interface
because the radiative transfer between the surrounding room
surfaces will be significantly less uniform than if the thermocouple
were in the hot gas layer. [t is suggested in [Pitts] that it may be
possible to correct for radiative transfer given enough sufficient

knowledge about thermocouple properties and the environment.
However, measurements of local velocity and the radiative
environment were 1ot taken. Additionatly, the probes were located
away from the burn compartment walls in order to avoid the effects
of wails and corners.

The gas measurement instruments and sampling system used in
this series of experiments have been demonstrated to have an
expanded {k = 2) relative uncertainty of + 1 % when compared
with span gas volume fractions (Matheson). Given the limited set of
sampling points in these experiments, an estimated uncertainty of
+ 10 % is being applied to the results.

The potential for soot depasition on the face of the water-cooled
total heat flux gauges contributes significant uncertainty to the heat
flux measurements. Calibration of heat flux gauges was completed
at lower fluxes and then extrapolated to higher values and this
resulted in a higher uncertainty in the flux measurement.
Combining all of component uncertainties for total heat flux
resulted in a total expanded uncertainty of -24 % to +13 % for the
flux measurements.

Prior to experimentation, ten of the wooden pallets used in the
fuel packages were randomly selected for measurement. Two
measurements were taken, moisture content and mass, Moisture
content was measured using a pin-type moisture meter with a
moisture measurement range of 6 % to 409 and an accuracy of
<0.5 % of the measured value between 6 % and 12 % moisture
content. Mass measurements were made with an industrial bench
scale having a range of Okg to 100 kg, 2 resolution of 0.1 kg and an
uncertainty of + 0.1 kg,

All timing staff were equipped with the same model of digital
stopwatch with a resolution of 0.01 seconds and an uncertainty of +
3 seconds per 24 hours; the uncertainty of the timing mechanism in
the stopwatches is small enough over the duration of an experiment
that it can be neglected. There are three components of uncertainty
when using people to time fire fighting tasks, First, timers may have
a bias depending on whether they record the time in anticipation
of, or reaction to an event. A second component exists because
multiple timers were used to record all tasks. The third component
is the mode of the stimulus to which the staff is reacting: audible
(firefighters announcing task updates over the radio) or visnal
(timing staff sees a task start or stop}.

Milestone events in these experiments were recorded both audibly
and visually. A test series described in the NIST Recommended
Practice Guide for Stopwatch and Timer Calibrations found the
reaction times for the two modes of stimulus to be approximately
the same, so this component can be neglected. Because of the lack
of knowledge regarding the mean bias of the timers, a rectangular
distribution was assumed and the worst case reaction time bias of
120 ms was used, giving a standard deviation of 69 ms. The
standard deviation of the reaction time was assumed to be the
worst case of 230 ms. The estimated total expanded uncertainty of
task times measured in these experiments is 240 ms.

An additional component of uncertainty exists for the time
measurement of the application of water on the fire. In order to
measure this time, timing staff were required to listen for radio
confirmation that suppressing water had been applied by the
interior attack crew. This process required a member of the interior
crew to find and manipulate their microphone, wait for the radio to
access a repeater, and transmit the message, Because of the lack of



knowledge about the distributions of time it takes for each part of
this process, all parts are lumped into a single estimate of
uncertainty and a rectangular distribution is assumed. This is most
reasonably estimated to be 2.5 seconds with a standard deviation of
+2.89 seconds and an expanded uncertainty of + 5.78 seconds.

Weather meastirement uncertainty was referenced to the
published user’s manual for the instrumentation used. The weather
instrumentation has calibration certificates that are traceable to
NIST standards. A summary of experimental measurement
uncertainty is given in Table G-1.

Table G-1: Summary of Measurement Uncertainty

Length Measuréments

inftrumentation Locations. %

- Bujlding Dimensions F1%

‘Repeatabiiity" T 1%

Random" %

6%

Gas Temperature - Lower Layer

Callbration - rov
“Radiative g

5% 10+ 0%

"~ Radiative Heating %t 5%

Repeatability ™ )

Random ™ +3%

ia%

£15%.

Wood Molsture Content.
' £05%

0:5%

1%

Waod Pallet Mass.

“k Ual% '

+0.1%.

10.1%

Weather

“Relative umidity_ [

Barametric Prassure. 003 Hg.

~Wind Speed e

Wind Direction. 5%

Dutslde Temperaturs 40.5°C

Time

Titer Bias- 40,0635

Reaction Time - +0.230¢

‘Radio Operation + 72,8905

+2.90s-

15,808

Notexi 1. Random and repeatability evaluated 35 Type A, other components as Type B
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PPEND

IX H: charts of Gas and Temperature Data

Examples of Gas and Temperature Data for Time-to-Task Tests
Burn Room Data
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Target Room Data
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Temperature Near Front Door (Couch )
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Gas and Temperature Data for Room and Contents Tests

Examples of Gas Data in Target Room
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Gas and Temperature Data for Room and Confents Tests

Examples of Gas Data in Target Room
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Temperatures in Burn Room
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Temperatures in Target Room
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Temperatures Near Front Door {Couch)
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