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Introduction
There are a number of fire technologies that could be beneficial in
residential structures
• Fire barriers in residential upholstered furniture.
• New fire alarm standards
• Nano-composite flame retardants.
There does not exist an accepted method for measuring the
absolute or relative improvement in fire safety from new fire
protection technology in residential structures.
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Review: Background
•

Reviewed previous efforts to do a Monte Carlo analysis
• Bukowski (1985), Clark et.al. (1990), Babrauskas (1992),
Peacock et.al. (1999), Notarianni (2000), Ohlemiller and Gann
(2002), Peacock et.al. (2004), Upadhyay and Ezekove (2008),
Kong et. al. (2012), Bruns (2017)
• The basic idea is straightforward but there are a number of
unanswered questions
• How many model runs are needed?
• How to address the uncertainty in the inputs and results of the
analysis?
• There are not any tools that could help make this kind of analysis
more common

Review: Fatal Fires
•

National Fire Incident Reporting System (NFIRS) data was used
to determine characteristics of deadly fires.

•

Characteristics were evaluated on a per fire basis; for example
fires that start from smoking materials are more likely to have
deaths than fires from any other source.

•

Fires starting in bedrooms and living rooms are particularly
dangerous and smoldering fires need to be considered.

Review: Egress
•

Reviewed a number of articles on residential egress

•

Fire Departments do not attend about 70 % of residential fires
(Greene and Andres 2009)

•

There is not a lot of information about residential behaviors such
as investigating, fighting and extinguishing fires

•

Currently there is no residential egress model (Kuligowski,
Peacock et al. 2010)

Method: Housing Floor Plans
•

The starting point is the American Housing Survey (AHS) from
HUD and the Census Bureau

•

Used AHS data to randomly determine total floor area and
number of rooms and then randomly connected rooms requiring
the result to be a planar graph

•

Placed fires in the randomly determined first room and detectors
in a randomly selected second room

Method: Modeling Detectors
•

Detector performance, both ion and photo, is best characterized
by the use of a distribution (Cleary and Peacock 2017)

•

CFAST was modified to produce both smoldering and flaming
smoke with a detector that can respond differently to each
(available in CFAST 7.3)

•

Because the response of the new detectors had to be estimated
before a final design was known, we included an ideal detector
that was determined to have the response of the best responding
of the ion or photo detector in the scenario

Method: Fire Scenarios
•

As discussed earlier there are two fire scenarios of interest
• Upholstered furniture fires
• Bedding fires
• Data for modeling the upholstered furniture came from (Cleary
2014) with peak HRR coming from (Babrauskas 1997)
• Data for both smoldering and flaming fires
• Used an initial linear ramp until vigorous burning started
• Data for both old and new mattresses came from (Ohlemiller and
Gann 2002)
• Only flaming fire data
• Used initial linear ramp from flaming upholstered chair for
consistency

Method: Monte Carlo Modeling
•

Used a Python wrapper of CFAST to generate data

•

Python code ran a loop of a predetermined size where:
• Case was sampled from random distributions of inputs
• CFAST was run with case
• CFAST output was processed for values of interest

•

Code could be run on multiple machines and OSes and in
parallel and data combined afterward

Method: Analysis Variables
•

The analysis is looking at how often a smoke alarm gives
occupants sufficient time to either investigate the fire or evacuate
the building.

•

Without a useful residential egress model, time to investigate was
chosen to be 60 s and the time to evacuate was 90 s taken from
(Bukowski, Peacock et al. 2008)

•

Trigger values where time when the FED = 0.3, 0.5, or 1.0 or
when smoke optical density reached 0.11 /m in any room other
than the fire room in the structure

Results: Observations
Basic observations from creating data
• Initial run of 57,500 cases
• Additional 4 sets of 11,500 cases each also created
• Due to the random connections of rooms it was
possible for there to be no path between the fire room
and the room with detectors. It happened in ≈13 %
cases, which were also excluded from analysis
• Graph shows percent of cases where fire and
detector are not linked by number of rooms

Unlinked cases, i.e., cases with no path from fire to
detectors

Results: How Much Data is Enough
Convergence of statistical measures
• With a random Monte Carlo sample, the standard
deviation of measures decreases by a factor of 1 N
• For example the standard deviation of the sample
mean is σ N where N is the number of cases
• Another way to determine if there is enough data is to
plot out particular measures against an increasing
random sample of the data and look for when the
data has converged sufficiently for the purpose

Results: Smoke Detector Activation

Results: Investigating the Fire
• X axis is the percent of fires in the scenario that are
flaming fires, i.e., flaming chair, old mattress, new
mattress and rest are smoldering chair
• Y axis is the percent of cases where the detector
gives sufficient time to find the fire before vigorous
burning starts
• Note that the ion, new, and ideal detectors are
basically the same but the photo detector’s
performance decreases significantly as the percent of
fires that are flaming increases

Results: Evacuation
Performance not considering smoke criteria

Performance considering smoke criteria

Results: Sensitivity to New Detector
Performance
New detector 20 % more sensitive

New detector 20 % less sensitive

Results: High Toxicity Fires
HCN production 10 times higher than base case
• For these high toxicity cases, none of the detectors
provide very much safety in any scenario
• Note that compared to previous analysis it is the case
that toxicity FED is tripped before the smoke optical
density in most if not all the cases
• For 100 % smoldering fires the photo detector
performs best, also note the large difference in the
photo and new detectors in that case
• The faster conditions become hazardous, the bigger
the advantage a more sensitive detector gives

Results: Uncertainty in Modeling
• It is important when considering the uncertainty of
model predictions that the uncertainty in experimental
measurements be kept in mind. Models can’t be
better than experimental measures
Quantity

• A complete analysis of the uncertainty of CFAST is in
(Peacock, Forney et al. 2015)
• CFAST’s bias for most measures is between 5 % to
15 %
• CFAST’s bias for smoke concentration and detector
activation is not as good. This would impact the
percent successful but not the ranking

Smoke
Concentration
Detector Activation
HGL Temperature
Heat Flux
CO2 Concentration
CO Concentration

Number of
Comparisons
15

Model
Bias
3.43

Model
Uncertainty
0.68

Experimental
Uncertainty
0.14

142
297
244
54
24

0.56
1.09
0.97
0.95
1.17

0.51
0.32
0.61
0.29
0.64

0.34
0.025 – 0.075
0.1
0.13
0.13

Bias and uncertainty for model results are expressed as the ratio (M-E)/E where M is the
predicted model value and E is the measured experimental value. These are averaged over all
the individual comparisons for a particular quantity.

Results: Sensitivity to Find Uncertainty
•

Looking at the sensitivity of predictions to inputs is an important
way to determine what input uncertainty can impact the results

•

One way of looking at the sensitivity is to vary the input as we did
with the sensitivity of the new detectors; however even zone
models have too many inputs for a comprehensive analysis

•

Another way to look at it is to do a statistical analysis relating the
inputs to the outputs. Doing that analysis here identified the fact
that as total floor area and number of rooms increases so does
the Available Safe Egress Time (ASET) meaning that for a
community with smaller houses will not get as much protection
from smoke detectors

Discussion: Analysis of Smoke
Detectors
•

Primary purpose of this analysis was to learn about the process,
which does include a final analysis

•

The new detectors provide better performance across the range
of possible fire distributions, but if the distribution of flaming and
smoldering fires were known, it is possible that the ion or photo
detector would be the best option

•

If new detectors are more sensitive than we assumed, the
performance improves significantly

•

The faster a fire becomes hazardous the more significant the
sensitivity of the detector is

Discussion: Data
•

Details of different parts of the data issue will be discussed later.
Here we are focusing on the overall impact of data

•

We considered predicting the rate of flashover in the NFIRS data
but soon realized we simply didn’t have enough data to do it

•

While the Monte Carlo analysis is an important tool that should be
used more often, there are significant gaps in available input data
for modeling for it to predict fire statistics

•

It can provide information to statistical models attempting to
predict fire statistics

Discussion: Residential Evacuation
•

Required Safe Egress Time (RSET) doesn’t apply well to
residential settings where the course of the fires can be very
dependent on occupant interaction

•

Suppose someone attempts to put the fire out for a minute or two.
How is that time to be accounted for in RSET?

•

Perhaps a better concept of Residential Safe Egress Time could
specifically account for the interaction with the fire as well as
rescue of others. A residential egress model that accounts for
these behaviors is needed

Discussion: Floor Plans
•

One reason we created our floor plans the way we did is because
there doesn’t seem to be any statistical data on floor plans

•

It is possible to create a large collection of residential floor plans
from Internet searches, but there is no way to attach any
statistical meaning to the collection

•

Some analysis of residential floor plans is needed and until it
exists, it would be useful to generate an agreement on subset of
floor plans that should be used for Monte Carlo analysis

Discussion: Fire Scenarios
•

Analysis of fire statistics is critical to understanding important
scenarios for consideration

•

Limited data is available to define structure geometries and fire
growth; often only lower and upper bounds of data inputs are
apparent in the literature

•

Using distributions to define inputs becomes more important with
such limited data; still, the proper form of the distributions is not
yet well understood

Discussion: Modeling
•

By modeling, we mean the process of creating all the cases need
to do a Monte Carlo analysis

•

Obviously, one part of making Monte Carlo analysis a more
widely used process is to reduce the effort it takes to create all
the cases that need to be run and analyzed

•

Other than offering ways to vary fire inputs, it is not clear what are
the most important inputs to allow to be varied. Initially, it is likely
to be a process of trail and error

Discussion: Analysis of Results
•

One lesson learned in this process is that it is better to keep all
the data produced, at least till the end of the analysis

•

Different methods of analysis were useful in understanding
different questions. While looking at the probability that a case
passes or fails a particular test (such as safely egressing the
building) looks to be useful for a lot of questions, it is probably not
the answer for every question

•

The most useful tools to help with analysis initially would seem to
be tools that can collect and group data for other analyses

Discussion: Uncertainty
•

Understanding the uncertainties in an analysis is important and
no Monte Carlos analysis should be viewed as complete without
one

•

Statistically modeling the relationships between the inputs and
outputs is a good way to discover unexpected issues

•

Tools are needed that can collect information from input and
output files and group it for such analysis

•

It also could be helpful if input files were able to document
information, for example, we found it useful to the analysis to
group data by the type of fire being modeled like the flaming chair

Conclusions
•

Monte Carlos analysis is a useful tool that needs to be applied a
lot more in fire safety research

•

There is significant need for data, especially in residential fires

•

Understanding residential occupant behavior during fires is where
the biggest contributions can be made, especially in developing a
model for residential egress

•

There are a number of opportunities to encourage making use of
Monte Carlo analysis with tools aimed at making the process
more manageable

Future Research
•

Developing tools to make Monte Carlo analysis easier to
implement

•

Examining ways to start accounting for residential behavior in
fires

Thank you

