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Abstract. In England, there are no fixed requirements on the parameters adopted
when considering residential design fires, and analyses undertaken are often determin-
istic with limited consideration given to probabilistic assessments and the sensitivity

of parameters. The Home Office dwelling fires dataset has been analysed, considering
the fire damage area and the time from ignition to fire and rescue service arrival.
From this, lognormal distributions for the maximum heat release rate (HRR) and fire

growth rate of residential fires have been approximated. The mean maximum HRR
ranges from 900 kW to 1900 kW, with a standard deviation ranging from 2000 kW
to 3700 kW, depending on property type and room of fire origin. The mean growth

rate, assuming a t2 relationship, ranges from 0.0022 kW/s2 to 0.0034 kW/s2, with a
standard deviation ranging from 0.0071 kW/s2 to 0.0132 kW/s2. When considering
incidents which result in immediate fire and rescue service call out following ignition,
the mean growth rate increases to a range of 0.0058 kW/s2 to 0.0088 kW/s2. As a

result of the analyses, design fire distributions are provided which can be adopted for
probabilistic assessments. For deterministic analyses, it is proposed that an approxi-
mate 95th percentile fire may be adopted, aligning with a medium growth rate of

0.0117 kW/s2 and a maximum fuel-limited HRR in the region of 3800 kW to
4400 kW, depending on whether the dwelling is a house or an apartment. A 95th per-
centile design fire broadly aligns with values already specified in guidance, helping to

substantiate the existing recommendations.
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1. Introduction

The SFPE Handbook of Fire Protection Engineering [1] recommends that a series
of steps should be taken when proposing a design fire scenario, such as determin-
ing the location of the fire, the potential hazards, the systems impacting on the
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fire, occupant response and so on. One key aspect of this is to consider the type
of fire which may occur, which can be characterised by several parameters, includ-
ing its area, growth rate, maximum heat release rate (HRR) and burning dura-
tion. These parameters are typically quantified through the application of various
research publications and guidance documents.

When developing fire safety strategies and undertaking fire and smoke mod-
elling for residential design, fire engineers are often required to make an ‘engineer-
ing judgement’ on what represents a ‘reasonable worst-case’ for a design fire
scenario, taking into consideration the aforementioned parameters. This can be a
challenging judgement to make, as the engineer can only make an informed pre-
sumption on the quantity and type of combustibles in a residential space where
variations can occur due to complex factors, such as demographics and culture. In
addition, in many circumstances, the buildings being analysed have yet to be built.
In England, there are no fixed requirements on what parameters should be selec-
ted for a residential design fire, with standards and guidance documents providing
differing recommendations, noted in the literature review of this paper. Further-
more, analyses undertaken are often deterministic in nature, where fixed design
fire parameters are adopted, and limited consideration is given to the sensitivity or
potential distribution of these parameters. This means that the level of safety
achieved is not quantifiable, i.e. it is without a quantitative safety target, and that
the demonstration of an adequate level of safety can differ between designers
within the same jurisdiction [2].

Discussion on fire scenarios in the SFPE Handbook of Fire Protection Engi-
neering [1] mentions that, where a severe quantity of fuel is expected, an 80th to
95th percentile (e.g. in the distribution of fuel load densities) should be considered.
However, to be able to assess these percentiles when proposing design fire scenar-
io, appropriate distribution parameters need to be known.

The Home Office dwelling fires dataset (DFD) [3] provides data on all recorded
fire events in England from 2010 to the present day (typically released annually).
The dataset provides information for recorded fire events, including dwelling type,
occupancy type, fire damage area, total damage extent and fire and rescue service
(FRS) arrival time. The DFD understandably does not include unreported fires
(i.e. fires not resulting in FRS call out). It may therefore be considered that the
DFD represents only the most severe fires which warrant FRS intervention, thus
presenting a potential hazard to life. This paper proposes that the data provided
in the DFD, in particular the fire damage area and FRS arrival time, can be used
to estimate probabilistic distributions of residential fires, focussing on parameters
for the maximum HRR and fire growth rate.

2. Literature Review

2.1. Common Guidance-Based Design Values

In England, there are several design and guidance documents in which design val-
ues for residential fires are discussed. These documents include the Smoke Control
Association (SCA) Guide [4], Building Research Establishment (BRE) document
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‘Smoke Ventilation of Common Access Areas of Flats and Maisonettes’ (BD
2410) [5] and British Standard Published Document PD 7974-1 [6]. The SCA
Guide [4] states that for non-sprinkler protected residential buildings, a maximum
HRR generated may be of the order of 2 MW to 6 MW (following a growth per-
iod), depending upon enclosure size and available ventilation. Also referenced in
the SCA Guide is the previous work undertaken by the BRE on ventilation provi-
sions in blocks of flats (referred to hereafter as apartments). The BRE study
BD 2410 [5] analysed the recommended provisions for the protection of stairs in
the subsequent 2006 revision of Approved Document B (ADB) Vol. 2 [7] to estab-
lish whether they could achieve adequately safe conditions. In all instances non-
sprinklered fires were assumed and the analyses adopted a 1.0 MW steady-state
HRR and a 2.5 MW steady-state HRR to represent conditions potentially
encountered upon initial arrival of the FRS and during firefighting operations.
However, the severity of these conditions in the context of real fire incidents or
experimental data is unclear.

In addition to the maximum HRR, standard international design guidance also
makes recommendations on the growth rate of a fire, typically the rate in which
the fire grows to its maximum HRR. For dwellings, PD 7974-1:2003 [8] recom-
mends a medium growth rate (0.0117 kW/s2) for a characteristic t2 fire growth
curve, as does CIBSE Guide E [9], while in comparison New Zealand verification
method C/VM2 [10] generally proposes a fast growth rate (0.0469 kW/s2) for all
buildings irrespective of occupancy type.

Hopkin et al. [11] undertook a review of design values adopted for HRRPUA,
including specific consideration of residential occupancies. Aside from guidance-
based values, the review refers to three sources of information, only one of which
specified a distribution/range for HRRPUA, suggesting there is a limited quantity
of data available to determine reasonable distributions for residential design.
Guidance document EN 1991-1-2 [12] recommends a HRRPUA for residential
occupancies of 250 kW/m2. Law [13] suggested a value of 290 kW/m2 for both
offices and residential buildings and Klote and Milke [14] proposed a design value
of 500 kW/m2, in reference to work by Fang and Breese [15]. Fang and Breese
undertook sixteen experiments for fires in residential occupancies, for 3.3 m wide,
3.3 m long by 2.4 m high enclosures considered representative of typical occupan-
cies. The type of furniture included was generally representative of a living room
arrangement, with seating, tables and bookcases. For these experiments, the maxi-
mum HRRPUA varied from 320 kW/m2 to 570 kW/m2.

2.2. The Maximum Heat Release Rate as a Function of Fire Damage Area

Of the data available in the dwelling fire dataset, fire damage area is that which is
most closely able to provide an indication of the maximum HRR achieved by resi-
dential fire events. Previous work by Morgan and Hansell [16] used similar histori-
cal data to consider fire sizes and sprinkler effectiveness in offices, where it stated
that a fire can be assumed to burn in two ways, dependent on either the fuel being
burned (‘fuel-bed controlled’) or dependent on the quantity of air available (‘ven-
tilation controlled’). For ‘fuel-bed controlled’ fires, Morgan and Hansell proposed
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that the maximum HRR of the fire (Qf , kW), based on the burning rate/floor

area covered of wood cribs, could be represented as:

Qf ¼ 260 Af ð1Þ

where 260 kW/m2 is the adopted HRRPUA and the area of the fire (Af , m
2) was

assumed to be equivalent to the fire damage area (Afd), stating that ‘‘the fire-dam-

aged area is closely related to the actual size of the fire’’ [16]. However, it is possi-
ble that equating the full fire damage area to the area of the fire may over and
under-estimate (e.g. in instances of zero fire damage) the HRR in certain circum-
stances, with Almås [17] adopting an approach of assuming the burning area is
50% of the fire damage area when defining risk-adjusted design fires.

Yuen and Chow [18] expanded on the work of Morgan and Hansell by consid-
ering the potential variation in the fuel load and therefore the variation in
HRRPUA, as well as variation in heat loss due to the impact of sprinklers. Yuen
and Chow applied the Monte Carlo method to the equation below, for Morgan
and Hansell’s original data for fire damage area, to generate a range of potential
design ‘fire sizes’:

Qh ¼ _Q00ChCsAfd ð2Þ

where the heat release excluding losses (Qh) was a function of the HRRPUA of

the fuel bed ( _Q00), heat loss to compartment boundaries (Ch) and reduction in heat
release due to the presence of sprinklers (Cs). The HRRPUA was modelled as
being uniformly distributed between 90 kW/m2 and 360 kW/m2, ranging from a
low ratio of fuel surface to fuel mass to a high ratio from the work of Theobald
[19]. A constant of one-third was adopted for Ch and Cs was varied between 0.4
and 0.6, based on the estimations of Morgan and Hansell, where the energy lost
to sprinkler spray was determined to be in the region of 40% to 60% [16].
Excluding heat losses to boundaries and sprinkler spray, the HRR can be simpli-
fied to:

Qf ¼ _Q00Afd ð3Þ

In equating fire damage area to HRR, both the works of Morgan and Hansell
and that of Yuen and Chow source a limited amount of data, focussing exclu-
sively on the work of Theobald [19] which considered burning rate per unit area
of fire for incidents in industrial premises. As discussed by Hopkin et al. [11],
Theobald similarly determined his values using approximated fire damage area
from fire incident reports. While there is limited research available which confirms
the relationship between fire damage area and HRR, its application seems intu-
itively reasonable. It also forms one of the only means for measuring the ‘size’ of
fire incidents, where standard experimental approaches to measuring HRR (e.g.
considering calorimetry or mass loss) are not possible.
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2.3. Fire Growth Rate

Holborn et al. [20] equated the fire growth rate based on fire investigation data,
with 1991 samples, gathered in the greater London area. Fire damage area was

again assumed to be consistent with the fire area, based on a HRRPUA ( _Q00) of
250 kW/m2, similar in approach to that described by Morgan and Hansell [16].
Holborn et al. proposed that the average fire growth parameter a (kW/s2) could
be estimated by adopting a least squares fit of a t2 growth rate based on the fire
damage area when the fire was discovered (A1) compared to when the FRS
arrived (A2), and the time intervals from ignition to discovery (t1) and ignition to
FRS arrival (t2). It was also assumed that the fire area was equal to zero at the
time of ignition (i.e. the curve passes through the origin). This relationship was
summarised by Holborn et al. as:

a ¼
_Q00 A1t21 þ A2t22
� �

t41 þ t42
ð4Þ

From this it was determined, using estimated lognormal distribution parameters,
that dwelling fires had a mean fire growth rate of 0.0060 kW/s2 with a 95th per-
centile 0.0240 kW/s2. For comparison, fire growth rate values recommended in PD
7974-1 [6] range from a slow growth rate of 0.0029 kW/s2 to an ultra-fast growth
rate of 0.1876 kW/s2, with a medium growth rate (0.0117 kW/s2) commonly adop-
ted for the modelling of dwelling fires in England, representing the 91st percentile
of the Holborn et al. distribution. The C/VM2 [10] recommended fast growth rate
fire (0.0469 kW/s2) is equivalent to the 98th percentile of Holborn et al.

Baker et al. [21] determined a residential growth rate distribution using the zone
modelling software B-RISK. A residential occupancy based on experiments under-
taken in Sweden was modelled using probabilistic inputs for the ‘design fire gener-
ator’ (DFG) and by applying the Monte Carlo method. The outcome of the
modelling indicates that a fire growth rate distribution could approximated to a
triangular distribution, with a minimum of 0 kW/s2, a maximum of 0.4120 kW/s2

and a mode of 0.0326 kW/s2.
Nilsson et al. [22] discuss the quantifying of fire growth rates using statistical

and empirical data for fire incidents in commercial buildings in Sweden, where the
distribution for fire growth rate was approximated by considering the object first
ignited recorded in fire incidents in the context of t2 growth rates derived from lit-
erature and experimental data. As with Holborn et al., the growth rate was
approximated to be lognormally distributed with a mean of 0.0110 kW/s2 for acci-
dental fires. It was calculated that a fast growth rate of 0.0469 kW/s2 covers 97%
of accidental fires and 91% of fires including arson.

Deguchi et al. [23] determined the growth rate of Japanese fire incidents
between 1995 and 2008, adopting a method similar to that described by Holborn
et al., where the fire damage area was considered in the context of the time for the
FRS to attack the fire, for a fixed HRRPUA of 244 kW/m2 for residential fires.
They presented a lognormal residential growth rate distribution with a mean of
0.0524 kW/s2 with a standard deviation of 0.0600 kW/s2, a value much greater
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than that observed by Holborn et al. and Nilsson et al. However, this growth rate
will have been influenced by Deguchi et al. limiting their study to incidents where
fire damage area exceeded 1 m2 and to incidents where the time from the ‘‘break
out’’ of the fire to the time that the FRS began to start spraying water was less
than 20 min.

Table 1 provides a summary of parameters for the above distributions identified
in the literature. There is a wide variation between the parameters of each distri-
bution, which will be influenced by the different analytical methods and the differ-
ent datasets/jurisdictions. It is therefore beneficial to conduct a detailed study for
more recent data provided in the DFD, to observe whether parameters identified
from this data are comparable to the previous studies.

3. The Dwelling Fires Dataset

3.1. Fire Damage Area

The DFD provides the fire damage area (or ‘fire damage extent’) for each fire
incident, where the fire damage area represents the total horizontal area damaged
by the flame or by heat [24]. For the fire damage area, the dataset guidance speci-
fies that for incidents resulting from fire spread, the extent of all area affected is
included. If both the floor and ceiling are damaged, the region with the greatest
amount of damage is included. The total aggregate of all horizontal damage is
recorded; for example, if multiple floors are damaged, the total area of all floors is
given. Vertical damage, such as on walls, is not considered, but any horizontal
area occupied by damaged contents is included.

The fire damage area by percentage of fires for accidental dwelling fires (limited
to the room of fire origin) from 2010 to 2017 is shown in Fig. 1a, where the dam-
age is categorised into different bands (from 0 m2 to over 1000 m2), with the
range of each band increasing as the recorded fire damage area becomes larger. It
can be observed that most of the fires (93%) result in a fire damage area less than
5 m2. When considering all accidental fires (i.e. not just those limited to the room

Table 1
Probabilistic Fire Growth Rate Distribution Parameters Determined in
Literature

References Distribution type

Mean/mode

(kW/s2)

SD

(kW/s2)

Minimum

(kW/s2)

Maximum

(kW/s2)

Holborn et al. [20] Lognormal 0.0060 0.0450 – –

Baker et al. [21] Triangular 0.0326 – 0.0000 0.4120

Nilsson et al. [22] Lognormal 0.0110 0.0170 – –

Deguchi et al. [23] Lognormal 0.0524 0.0600 – –

Any parameters left blank are not required when generating the specified distribution type
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of fire origin), this value decreases to 84%. For the analyses discussed in this
paper, fires limited to the room of origin have been selected as the most appropri-
ate dataset for considering circumstances where the fire is limited by the enclosure,
such as during the initiation and early development of the fire.

PD 7974-7:2003 [25], ‘application of fire safety engineering principles to the
design of buildings using probabilistic risk assessment’, indicates that older data
from 1979 to 1987 is available with a greater degree of precision in fire damage
area (e.g. 0 m2 to 1 m2, 2 m2 to 4 m2 etc.). However, data for dwellings and resi-
dential buildings is not provided. As part of the revision of PD 7974-7:2019 [26],
Manes and Rush [27] undertook an evaluation of the data in PD 7974-7:2003 in
the context of US fire statistics, where it was determined for residential buildings
that the average fire damage for sprinkler protected residential buildings is 4.9 m2

and for non-sprinkler protected residential buildings 35.7 m2, the latter value
being much greater than the average fire damage area determined from the DFD.
In contrast to the US data, the DFD does not differentiate between buildings with
and without sprinkler protection, but the properties surveyed in 2013–2014 as part
of the English Housing Survey [28] indicate that less than 0.3% of dwellings are
sprinkler protected, suggesting that the DFD will have limited representation of
fire incidents involving sprinklers. In a previous assessment on the effectiveness of
sprinklers in residential premises by Williams et al. [29], it was assumed that UK
fire statistics for dwellings were representative of non-sprinklered incidents only.

Figure 1b provides a cumulative probability density function (CDF) for the fire
damage area of accidental dwelling fires limited to the room of fire origin. As the
data for fire damage area of the DFD is presented as a range, the mid-point
between the upper and lower bounds has been adopted for all bin ranges except
for damage greater than 1000 m2 (where the known lower bound is adopted). It is
found that the data broadly follows a lognormal distribution with a mean fire
damage area of 2.62 m2 and a standard deviation of 5.37 m2. As can be observed
from Fig. 1b, the lognormal distribution over-predicts the fire damage area com-
pared to the data.

Figure 1. Probabilities of fire damage area for fires limited to the
room of fire origin, extracted from DFD.
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Table 2 provides the mean and standard deviation fire damage area for fire inci-
dents where fire damage is limited to the room of fire origin. The results are sepa-
rated out by room of fire origin and dwelling type, focussing on three main room
types (kitchen, bedroom and living room) and two main dwelling types (houses
and apartments). The mean and standard deviation have been calculated by
assuming that that each data bin correlates with the mid-point of the range, as per
the distribution shown in Fig. 1b.

A direct comparison of means and standard deviations broadly indicates that
apartment-based fires result in a lower fire damage area than houses. For individ-
ual rooms, bedrooms are shown to produce the greatest mean fire damage area,
followed by living rooms and then kitchens. This may in part be a function of the
room size, with kitchens typically being smaller than living rooms, for example
[30].

3.2. Fire and Rescue Service Arrival Time

The DFD provides three approximate time periods for the development of the
fire: ‘‘ignition to discovery’’, ‘‘discovery to call’’ and ‘‘response time’’. Ignition to
discovery is described as ‘‘the approximated time elapsed from the ignition of the
fire to its discovery’’; discovery to call is described as ‘‘the approximate time
elapsed from the discovery of the fire to when the call was made to the emergency
services’’; and response time is described as ‘‘the time between the call being made
and the first fire vehicle attending the scene’’ [24]. It could therefore be assumed
that these three values combined would provide an indication of the time from
fire ignition to the time of FRS arrival, collectively referred to herein as the ‘FRS
arrival time’ (not to be confused with the FRS response time).

Figure 2a shows the DFD bands and associated probabilities for ignition to dis-
covery and discovery to call times, while Fig. 2b shows the bands and probabili-
ties for the response time. It can be observed that the bands for ignition to
discovery and discovery to call are much wider than for the response time, likely

Table 2
Mean and Standard Deviation for Fire Damage Area, for Accidental
Fires by Room of Fire Origin with Fire Damage Limited to Room of
Origin Only

Dwelling type Number of incidents Room type Mean (m2) SD (m2)

Houses 75,610 Kitchen 2.47 5.04

9511 Bedroom 4.36 7.18

9810 Living room 3.54 6.61

94,931 All rooms 2.77 5.51

Apartments 38,810 Kitchen 2.02 4.36

3610 Bedroom 3.98 8.66

3470 Living room 3.61 6.56

45,890 All rooms 2.30 5.06

All dwellings 140,821 All rooms 2.62 5.37
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due to the latter being easier to quantify as part of the fire investigation data
recording process.

Combining the times (using the mid-point) to generate the FRS arrival time
produces the PDF shown in Fig. 3, with a mean of 1422 s (23.7 min) and a stan-
dard deviation of 1749 s (29.2 min).

4. Calculation Methods

4.1. Maximum Heat Release Rate

It is proposed that a distribution of the maximum HRR can be approximated by
adopting the method of Morgan and Hansell [16] and Yuen and Chow [18],
shown previously in Eq. 3, assuming a stochastic range for the HRRPUA of the
fire damage area. A uniform distribution from 320 kW/m2 to 570 kW/m2 has been
applied for the HRRPUA, where these values are taken from the experiments of
Fang and Breese [15]. Therefore, the sampled HRRPUA can be multiplied by the
fire damage area for each DFD incident to determine a resultant maximum HRR.

Figure 2. Ignition to discovery time, discovery to call time and
response time, extracted from DFD. Data bands shown are those
provided in the DFD.

Figure 3. CDF for FRS arrival time.
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The calculated maximum HRR will be influenced by the size and arrangement
of the enclosure (in this instance, the room of fire origin). It may be expected that
the fire damage area is more likely to be ‘limited’ for smaller rooms when com-
pared to larger rooms, where in the latter there is potential for a greater quantity
of combustibles and a greater likelihood of fire spread. Given this relationship, it
would be beneficial to consider the fire damage area and resultant maximum
HRR as a function of the room area, but this information is not provided in the
DFD and therefore the relationship cannot be explored further.

4.2. Fire Growth Rate

Revisiting the method of Holborn et al. [20] and Deguchi et al. [23] using the data
available in the DFD, a new fire growth rate distribution can be approximated
from the time of ignition to the FRS arrival time. This new approximated distri-
bution also takes into account the variability of HRRPUA, where Holborn et al.
and Deguchi et al. assumed 250 kW/m2 and 244 kW/m2 fixed values, respectively.
However, as the dwelling fire dataset does not provide data on the fire damage
area upon discovery, the approximation has to be simplified to the following:

a ¼
_Q00Afd

ðt0 þ t1 þ t2Þ2
ð5Þ

where _Q00 is the (stochastic) HRRPUA (kW/m2), Afd is the fire damage area (m2),
t0 is the ignition to discovery time (s), t1 is the discovery to call time (s) and t2 is
the FRS response time (s). Again, in all instances the mid-point of the statistical
bin ranges is adopted.

This approach has several limitations and assumptions, such that fire growth
follows a t2 relationship from ignition to FRS arrival and also that no further
increase in fire damage occurs upon FRS arrival. Furthermore, the FRS arrival
time does not directly represent the time that the FRS begin to fight the fire, with
additional tasks undertaken following first appliance arrival, such as risk assess-
ment, operational planning and preparation of resources [31]. The Fire Brigade
Intervention Model (FBIM) [32] provides a detailed breakdown of processes
which may occur following FRS arrival, such as the initial determination of the
fire location, firefighter travel within the building, the setting up of water supply
requirements etc. However, for the purposes of this assessment, the FRS opera-
tional time period prior to fighting the fire has not been incorporated (i.e.
assumed to be zero), which will provide a degree of conservatism in the estimated
values as including this additional time in Eq. 5 would result in a lesser growth
rate.
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5. Results

5.1. Maximum Heat Release Rate

The mean, standard deviation and 95th percentile for the distribution of maxi-
mum HRR values is given in Table 3 (to two significant figures), separated by
property type and room of fire origin. Also shown is the equivalent percentiles for
recommended residential design fires from BD 2410 [5] and the SCA Guide [4],
estimated from a lognormal distribution approximation (discussed below). The
mean calculated HRR ranges from 900 kW to 1900 kW depending on dwelling
and room type, with the standard deviation ranging from 2000 kW to 3700 kW.

The analysis indicates that on average, fires with the greatest HRR occur in
bedrooms, followed by the living room and then the kitchen. Marginal differences
can be observed between houses and apartments, with larger mean HRRs being
estimated for houses. Design fires adopted in BD 2410 align with a 50th to 92nd
percentile for maximum HRR, depending upon the room of fire origin and dwell-
ing type, while for the SCA Guide’s recommended 2 MW to 6 MW range aligns
with the 73rd to 98th percentiles. The 95th percentile value sits within the SCA
Guide recommended range.

The above parameters can be approximated to a lognormal distribution, with
an example given in Fig. 4 below for fires for all dwellings and rooms combined.

5.2. Fire Growth Rate

To make a comparison to the method and values determined by Holborn et al., a
HRRPUA of 250 kW/m2 has initially been used in the estimation of fire growth
rate. Using Eq. 4, a fire growth rate distribution has been determined with a mean
of 0.0014 kW/s2 and a standard deviation of 0.0049 kW/s2. This comparatively
low value may be partly influenced by the lack of precision in the data for ‘igni-

Table 3
Statistical Parameters for Maximum HRR, for Accidental Fires by
Property Type and Room of Fire Origin

Dwelling type Room type

Mean

(kW)

SD

(kW)

95th percentile

(kW)

Equivalent guidance per-

centiles (lognormal)

BD 2410

(1000 kW to

2500 kW)

SCA guide

(2000 kW

to 6000 kW)

Houses Kitchen 1100 2200 4000 71.2–90.0 86.6–97.6

Bedroom 1900 3300 6700 50.4–78.8 72.8–94.0

Living room 1600 3000 5600 59.9–83.9 79.1–95.5

All rooms 1200 2400 4400 58.0–83.5 78.4–95.6

Apartments Kitchen 900 2000 3300 77.2–92.4 89.7–98.2

Bedroom 1800 3700 6400 58.2–82.0 77.1–94.4

Living room 1600 3000 5700 58.8–83.4 78.4–95.4

All rooms 1000 2300 3800 74.3–91.0 87.9–97.7

All dwellings All rooms 1200 2400 4200 70.2–89.2 85.7–97.2
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tion to discovery’ time and ‘discovery to call’ time provided in the DFD, in con-
trast to the response time (which is typically in 1 min intervals). The extent of the
ignition to discovery and discovery to call time ranges is shown previously in
Fig. 2.

Applying the HRRPUA distribution discussed previously to each separate fire
incident, the fire growth rate has been determined by property type and room of
fire origin. For this, Table 4 provides the mean, standard deviation, 95th per-
centile and equivalent percentiles for slow, medium and fast t2 growth rates, again
estimated from a lognormal distribution.

The mean fire growth rate ranges of 0.0022 kW/s2 to 0.0034 kW/s2, depending
on dwelling type and room of fire origin, with the standard deviation ranging
from 0.0071 kW/s2 to 0.0132 kW/s2. The upper bound is closer to the estimations
of Holborn et al. than the previous calculation given above. Bedrooms provide
the comparatively most severe case for fire growth rate, with a mean growth rate
of 0.0032 kW/s2 and 0.0034 kW/s2 for houses and apartments, respectively. The
95th percentile ranges from 0.0089 kW/s2 to 0.0100 kW/s2. When considering the
t2 growth rates given in PD 7974-1 [6], a slow growth rate represents the 74th to
86th percentiles, medium the 95th to 97th and fast the 99th to 100th (when roun-
ded to the nearest integer). The 95th percentile value therefore most closely aligns
with a medium growth rate.

The observed distributions from the data broadly align with a lognormal distri-
bution, with an example given in Fig. 5 below for fires for all dwellings and
rooms combined.

As noted previously, the data bands for the ignition to discovery to discovery to
call times are large, subsequently impacting the precision when determining the
resultant FRS arrival time. To indicate the sensitivity of these values, the growth
rate has been calculated for fire incidents where there is only immediate ignition
to discovery and discovery to call times. This represents an ‘immediate’ transition
from fire ignition to the time that an occupant calls the emergency services, which
accounts for 12% of fire events recorded in the DFD. The resultant parameters
are shown in Table 5.

Figure 4. CDF for maximum HRR, all dwellings and rooms.
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As would be expected, the calculated growth rate is faster than shown in
Table 4, aligning more closely with the growth rate parameters determined previ-
ously by Holborn et al. [20], in particular for the mean growth rate. The mean
growth rates range from 0.0058 kW/s2 to 0.0088 kW/s2, with the standard devia-
tion ranging from 0.0101 kW/s2 to 0.0335 kW/s2.

6. Limitations

The different approaches used to determine the distributions have several limita-
tions:

� While the DFD is the largest quantity of recent fire event data in England,
there is a lack of granularity in data for the fire damage area, as well as for the

Table 4
Statistical Parameters for Growth Rate, for Accidental Fires by
Property Type Room of Fire Origin

Dwelling

type

Room

type

Mean

(kW/s2)

SD

(kW/s2)

95th percentile

(kW/s2)

Equivalent percentiles (lognor-

mal)

Slow

(0.0029)

Medium

(0.0117)

Fast

(0.0469)

Houses Kitchen 0.0026 0.0071 0.0099 79.3 96.2 99.7

Bedroom 0.0032 0.0083 0.0099 73.9 95.1 99.6

Living room 0.0026 0.0077 0.0100 79.1 96.1 99.6

All rooms 0.0026 0.0071 0.0098 81.5 96.1 99.5

Apartments Kitchen 0.0022 0.0132 0.0100 85.6 96.8 99.5

Bedroom 0.0034 0.0116 0.0100 76.1 94.5 99.3

Living room 0.0029 0.0075 0.0109 76.4 95.8 99.7

All rooms 0.0023 0.0119 0.0089 84.9 96.5 99.5

All dwellings All rooms 0.0025 0.0088 0.0098 81.5 96.1 99.5

Figure 5. CDF for fire growth rate, all dwellings and rooms.
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ignition to discovery and discovery to call times used to estimate the FRS arri-
val time.

� There is a large variability observed in the results (i.e. large standard deviations
and coefficients of variation), which may in part be due to the lack of granular-
ity in the input data. To reduce this variability, it would have been beneficial to
specify the maximum HRR and growth rate parameters as a function of the
total room area, but this information is not provided in the DFD.

� There are limitations in the assumption that fire damage represents a direct cor-
relation to fire area. While this relationship appears reasonable, literature and
quantitative evidence on the topic is lacking.

� The selected HRRPUA distribution has been applied uniformly and does not
consider the different types of combustibles which may be present in different
rooms, for example where kitchens will typically include different items to living
rooms, etc.

� In determining the distributions for fire growth rate, the analyses assume that,
in all instances, FRS intervention immediately begins upon first appliance arri-
val, that this intervention stops fire growth and that the growth from ignition to
this time of intervention follows a t2 relationship.

Despite these limitations, the values determined herein appear to indicate some
alignment with those determined in previous studies, and existing guidance values
are not shown to be disproportionate, for example where the 2 MW to 6 MW
range recommended in the SCA Guide [4] aligns with the 73rd to 98th percentiles

Table 5
Statistical Parameters for Growth Rate, for Accidental Fires by
Property Type Room of Fire Origin, Considering Immediate Ignition to
Discovery and Discovery to Call Times Only

Dwelling

type

Room

type

Mean

(kW/s2)

SD

(kW/s2)

95th percentile

(kW/s2)

Equivalent percentiles (lognor-

mal)

Slow

(0.0029)

Medium

(0.0117)

Fast

(0.0469)

Houses Kitchen 0.0058 0.0144 0.0217 58.3 88.9 98.6

Bedroom 0.0088 0.0168 0.0314 39.2 80.8 97.6

Living room 0.0062 0.0140 0.0228 54.6 87.9 98.5

All rooms 0.0060 0.0145 0.0225 56.4 88.3 98.5

Apartments Kitchen 0.0062 0.0335 0.0234 69.7 90.0 97.8

Bedroom 0.0079 0.0141 0.0278 40.2 82.7 98.1

Living room 0.0062 0.0101 0.0211 45.6 87.3 99.0

All rooms 0.0063 0.0329 0.0240 68.7 89.7 97.8

All dwellings All rooms 0.0061 0.0209 0.0235 63.0 88.9 98.1
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observed from the dataset and where a medium growth rate recommended in
PD 7974-1 [6] is calculated to represent a 95th to 97th percentile.

7. Discussion and Conclusions

To approximate distribution parameters for fire area, the DFD, which provides
data for real fire incidents between 2010 and 2017, has been analysed, considering
the fire damage area. Fire damage area has also been considered for different
property types, as well as separate room types (kitchen, bedroom and living
room), focussing on instances where the fire is limited to the room of origin. The
mean fire damage area ranges from 2.02 m2 for apartment kitchen fires (least
damage), to 4.36 m2 for bedroom fires in houses (greatest damage). Fire damage
area is on average shown to be greater for house fires than for apartment fires.

Applying a distribution for HRRPUA to the fire damage area of each incident,
a lognormal distribution for maximum HRR has been calculated. The mean maxi-
mum HRR ranges from 900 kW to 1900 kW, depending on both property type
and room of fire origin. Bedroom fires are shown to represent the worst-case (i.e.
the greatest mean maximum HRR) and kitchen fires the least severe case of the
three different room types.

By equating the FRS arrival time (time from ignition to first appliance arrival)
to the growth period of the fire in relation to its maximum HRR, the fire growth
rate for each fire incident has been calculated to provide a lognormal distribution
of growth rates. This produces a mean growth rate ranging from 0.0022 kW/s2 to
0.0034 kW/s2 depending on room of fire origin, with a standard deviation ranging
from 0.0071 kW/s2 to 0.0132 kW/s2. When considering only incidents with imme-
diate ignition to discovery and discovery to call times, the mean growth rate
increases to a range of 0.0058 kW/s2 to 0.0088 kW/s2 with a standard deviation
range of 0.0101 kW/s2 to 0.0335 kW/s2. It is proposed that the adoption of the
latter in probabilistic assessments would provide more conservative estimation of
fire growth.

The parameters determined herein have the potential to be adopted in future
probabilistic assessments of residential designs. Further to this, it is proposed that
deterministic fires may also be adopted a result of the analyses. Figure 6 provides
design fire HRR curves for different percentiles (80th to 95th), and how these
compare relative to fast, medium and slow growing fires. The figure has been sep-
arated by houses and apartments. The growth rate for the specified percentiles has
been estimated from the lognormal distribution, using the mean and standard
deviation values previously specified in Table 4. Similarly, the maximum HRR
percentiles have been estimated for parameters given previously in Table 3.

Of the percentiles presented, the 95th percentile provides the closest placement
to a medium growth rate fire. Therefore, as a medium growth rate is consistently
recommended in design guidance for use in residential buildings, including
PD 7974-1:2003 [8], CIBSE Guide E [9] and EN 1991-1-2 [12], it is proposed that
a 95th percentile fire may typically be adopted for deterministic residential analy-
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ses, with a recommended medium growth rate of 0.0117 kW/s2 and a maximum
HRR in the region of 4400 kW for houses and 3800 kW for apartments.

The values given above and in Fig. 6 represent situations where the fire is fuel-
bed controlled. In practice, there may be circumstances where the maximum HRR
and growth of a fire is controlled by ventilation. Therefore, when applying these
values, consideration will also need to be given to the available ventilation, such
as the window area in the enclosure of fire origin and potential breakage of these
windows. Probabilistic distributions for estimated window areas of residential
compartments are discussed by He and Dwyer [33]. Similarly, the probability of
glass fallout and window breakage areas for single glazing windows has been anal-
ysed by Wong et al. [34]. Whether doors to the room of fire origin are open or
closed will also influence the development of the fire. Purser [35] identified that for
fires occurring in small enclosures with limited external venting (i.e. doors and
windows are closed), the growth of the fire remains restricted. Hopkin et al. [36]
assessed internal door closing habits in domestic premises, determining the door
closing probabilities for different rooms of origin. These probabilities could be
applied in residential design when evaluating the ventilation available from door
openings. In addition to ventilation, thought will need to be given the presence of
fire safety systems (e.g. sprinkler protection) and their reliability, and the impact
this may have on the selected design fire.
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