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Abstract. Approximately one billion people across the globe are living in informal

settlements with a large potential fire risk. Due to the high dwelling density, a single
informal settlement dwelling fire may result in a very serious fire disaster leaving
thousands of people homeless. In this work, a simple physics-based theoretical model

was employed to assess the critical fire separation distance between dwellings. The
heat flux and ejected flame length were obtained from a full-scale dwelling tests with
ISO 9705 dimension (3.6 m 9 2.4 m 9 2.4 m) to estimate the radiation decay coeffi-

cient of the radiation heat flux away from the open door. The ignition potential of
combustible materials in adjacent dwellings are analyzed based on the critical heat
flux from cone calorimeter tests. To verify the critical distance in real informal settle-
ment fire, a parallel method using aerial photography within geographic information

systems (GIS), was employed to determine the critical separation distances in four
real informal settlement fires of 2014–2015 in Masiphumelele, Cape Town, South
Africa. The fire-spread distances were obtained as well through the real fires. The

probabilistic analysis was conducted by Weibull distribution and logistic regression,
and the corresponding separation distances were given with different fire spread prob-
abilities. From the experiments with the assumption of no interventions and open

doors and windows, it was established that the heat flux would decay from around
36 kW/m2 within a distance of 1.0 m to a value smaller than 5 kW/m2 at a distance
of 4.0 m. Both experiments and GIS results agree well and suggest the ignition prob-
abilities at distances of 1.0 m, 2.0 m and 3.0 m are 97%, 52% and 5% respectively.

While wind is not explicitly considered in the work, it is implicit within the GIS anal-
yses of fire spread risk, therefore, it is reasonable to say that there is a relatively low
fire spread risk at distances greater than 3 m. The distance of 1.0 m in GIS is verified

to well and conservatively predict the fire spread risk in the informal settlements.
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1. Introduction

Increasing poverty continues to characterise urban conditions, particularly in the
Global South [1], which in turn poses sustainability and disaster risk reduction
challenges. It is now estimated that approximately one billion people across the
globe live in informal dwelling settlements, and this number is ever increasing
(from 650 million to 862 million between 1990 and 2012) [2]. Many of these infor-
mal settlements (i.e. shantytowns, favelas, slums) are at constant risk of lethal,
large-scale destructive fires due to flammable construction materials, potentially
dangerous heating and cooking methods, dwelling proximity, etc. This potential
fire risk is particularly high in developing regions including Sub-Saharan Africa,
Southern Asia and South America. For example, across South Africa, there are
an estimated ten informal settlement dwelling fires a day, often leaving residents
dead and thousands more homeless. In Cape Town alone, there are around 500
deaths and 15,000 fire-related hospital admissions due to fire annually, of which a
substantial proportion are people from informal settlements [3].

However, with local populations lacking in resources and opportunity to build
more robust homes, materials that are easily obtainable, including cardboard,
paper, wood, galvanized steel sheeting and plastic, are often used in construction
of an informal settlement dwelling [4]. Housing rarely complies with current plan-
ning and building regulations, and is often situated in geographically and environ-
mentally hazardous areas [5]. Fires can spread very quickly in informal settlements
with multiple households in a community potentially losing their homes, eroding
community resilience to disaster as social support networks are disrupted in a sin-
gle event [6, 7]. What is more, building dimension, building-to-building separation
and construction methods, which are very complicated in informal settlement, will
significantly affect the fire spread rate. Thus, it becomes very difficult to prevent
and predict the fire spread between the dwellings in informal settlements.

Some measures, including improved cooking stoves, electrification of areas, fire
retardant paint, smoke alarms, and heat detectors, are being trialled by local fire
rescue services or government departments [8]. However, research is still ongoing
to quantify what, if any, impact they have in reducing fire deaths and injuries in
real fire events [8, 9]. In addition, the social impact of these fire protection method
on the local residents is complex and may be beyond the settlement protection
technology itself [10]. Until now there has been no efficient way to deal with such
a complicated fire safety situation.

It has long been recognised that the risk of fire spreading from one building to
another reduces as the distance between them increases [11, 12]. Larger separation
distances may also be critical for the ignition for liquid fuel fire [13] and CNG fill-
ing station [14]. More recently, BR 187—External Fire Spread, Building Separa-
tion and Boundary Distances [15] has been the main reference for determining the
required building separations in the UK, and similar requirements are included in
for example NFPA 80A [16]. From a previous case study in South Africa, it is
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generally accepted that in informal settlements increasing the separation distance
between dwellings or blocks of dwellings in process of ‘reblocking’ a settlement is
anticipated to reduce the risk of fire spread [6]. Local residents are prone to con-
struct dwellings close together due to competition for the limited land in such set-
tlements, thus the balance between the dense living conditions and fire safety
needs to be carefully considered, particularly as the implementation of fire safety
codes and regulations is extremely hard in these areas. Very limited research has
focused on the critical separation fire safe distance for informal settlements, except
some research on earthquake transitional resettlement [17, 18]. Preliminary theo-
retical analyses were performed by the authors [19], however more reliable experi-
mental and theoretical results are needed to confirm the initial study’s conclusions.

In this work, ejected flame impingement and radiation from dwelling openings
will be investigated due to their critical role in determining the critical fire separa-
tion distance between informal dwellings [18]. The heat flux at different distances
from the door during the full-scale experiments are obtained and a simple physics-
based theoretical model is used to estimate the results. The critical heat fluxes
(CHF) of informal settlement materials from a series of cone calorimeter tests are
employed to determine if the combustible construction in the adjacent dwelling
will be ignited. For comparison and verification, a completely different method
using very high resolution aerial images is employed in parallel to the experimen-
tal and analytical analyses. Four large informal settlement fires which occurred in
Masiphumelele, Cape Town, South Africa, between May 2014 and November
2015 were mapped using imagery obtained from the City of Cape Town Open
Data Portal, as shown in Fig. 1. These fires caused serious losses. For example,

Figure 1. Location of the Masiphumelele settlement showing the
sites of fires.
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the November 2015 fire left 2 dead and 4000 homeless and the May 2014 fire left
1000 people homeless. High-resolution aerial photography in a geographic infor-
mation system (GIS) is used to determine the dwelling offset distances of the four
fires that occurred in Masiphumelele, and the distances where the fire did and did
not spread are obtained. The theoretical heat flux distance results are compared
with the GIS measured distances to determine the conservative separation distance
between dwellings in the informal settlements.

2. Analysis of Experiments

2.1. Experimental Conditions

Both full-scale experiments and cone calorimeter tests were conducted for this crit-
ical distance evaluation. It should be noted that a series of 13 full-scale experi-
ments were conducted at Underwriters Laboratories (UL), Chicago, IL, of which
a small portion of useful data is used in this work. The specific description of the
experimental condition and measurement instruments can be found in [20] and
more detailed data will be shown in our future work. For the full-scale experiment
used in this work, a single compartment was constructed with galvanized steel
sheeting walls connected to timber frames. The dimensions of the compartment
are determined according to the ISO 9705 that is 2.4 m (height) 9 3.6 m
(length) 9 2.4 m (width) [21], with a door of dimension of 2.0 m (height) 9 0.8 m
(width) and window of 0.6 m (height) 9 1.2 m (width), as shown in Fig. 2a. Two
wood cribs were placed at the centre of the compartment and each crib consists of
7 layers of 10 sticks with a dimension of 0.038 9 0.064 9 1.219 m3. Thus, the fuel
load of the compartment is 25.0 kg/m2. Two water-cooled heat flux gauges, with
K type 1 mm diameter thermocouples, were respectively fixed at 2.0 and 3.0 m
away from the centreline of the door at a height of 1.60 m, as shown in Fig. 2a.
Six thermocouples, with the heights of 0.40, 0.80, 1.05, 1.30, 1.55 and 1.80 m,
were placed at the centreline of the door; one placed at 1.55 m height in the door
(almost 1.6 m) will be used for comparison. The ambient temperature inside the
experimental hall on the test day was approximately 13�C.

This experimental design reflects the average fuel load and construction method
in real informal settlements [8, 20]. In particular, the wall is thermally thin metal
which is very different from formal dwellings but similar to informal settlement
dwellings. From a large household survey commissioned by the authors, which
included hundreds of dwellings, it was established that the shapes of the dwellings
range from rectangle to L, T, Z and U. Overall, the rectangle shape accounts for
around 60%, L around 20%, Z around 8%, T around 5%. Thus, it is difficult to
determine a typical set of dimensions, however, it was found that the lengths are
primarily in the range of 2 m to 6 m and the heights are primarily in the range of
1.9 m to 2.5 m (for one floor dwelling). The ISO 9705 dimensions are thus selec-
ted so that the results can be compared to previous research to deepen the under-
standing of the effect of boundary conditions on informal settlement dwelling
fires.
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From the initial experiments conducted at UL, it was found the heat fluxes (mea-
sured using thin skin calorimeters) at the same distance away from the window and
door were very similar when they are both located in the same wall (as shown in
Fig. 2a below), which is consistent with a numerical prediction in previous work
[22]. Thus, only the door heat fluxes were measured by water cooled gauges in the
presented experiment. The height of measurement was also assessed from another
full-scale test with identical compartment and door size in our series of full-scale
experiments by water-cooled heat flux gauges, where the heat flux at a height of
1.6 m is considerably higher than the value at 2.5 m (2 m away from the wall)
despite the ejected plume above the door, as shown in Fig. 2b. The experiment in
this work is thus considered as a conservative case of informal settlement dwelling
with a door and a window on the same wall, which would result in a relatively
large heat flux in front of the openings. This experiment was conducted under a
large fire calorimeter hood (7.62 m off the floor, 7.62 m diameter hood inlet) in
Underwriters Laboratories with the measurement of heat release rate (HRR).

With the radiation heat flux from the full-scale experiments, a series of cone
calorimeter tests were performed to determine the critical heat flux for ignition of
the combustible materials commonly found in informal settlements as per ISO

(a) The compartment with ISO 9705 dimension

(b) The heat flux at different heights
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Figure 2. The compartment and the arrangement of the heat flux
gauges.
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5660 [23]. All combustible materials were collected from an informal settlement
near Worcester, South Africa. A total of 32 different materials were tested, as
shown in Table 1. The samples were exposed to an external heat flux until sus-
tained flaming ignition occurred or until no ignition had occurred within 1200 s of
exposure. More information about the cone tests results can be found in the
authors’ another work in which a database about the burning characteristic of
these combustible materials in the informal settlement has been created [4]. It
should be noted that, due to the very different properties, the ignition definition
was unified for all the tests: the specimen was considered as ignited after sustained
flaming for 4 s in each test [24]. Smouldering, glowing or flash were not consid-

Table 1
The Material List for the Cone Calorimeter Tests [4]

No.

Material

type Specific material

Thickness

(mm) Note

1 Timber Structure timber 36 Most common, pine

2 Fuel timber 50 Fuel, saligna

3 Masonite timber 3 Masonite board, commonly used in furniture,

on doors or lining homes

4 Timber furniture 1 16 Chipboard—shelf section

5 Timber furniture 2 16 Chipboard—cupboard section

6 Plastic and

rubber

Plastic bag < 1 Woven plastic bag

7 Clear plastic sheet < 1 Used as table cover

8 Shade netting 1 Plastic

9 Tyre 6 –

10 Cardboard Cardboard 1 5 –

11 Cardboard 2 3 –

12 Newspapers Normal paper < 1 –

13 Advertisement < 1 –

14 Foam Dark yellow foam 50 Polyurethane foam

15 Light yellow foam 50 Furniture foam

16 Pink foam 19 General packaging foam

17 White polystyrene

foam

19 Packaging polystyrene

18 Big green insulation 50 Isotherm insulation, not common

19 Bedding Colourful blanket 5 Local cheap blanket, very common type

20 Pink blanket 1 Used on bed

21 Pillow cover < 1 –

22 Floor cov-

ering

Red welcome carpet 1 + 3 Welcome mat

23 Green carpet 2 + 4 Old discarded carpet

24 Yellow carpet 1 + 5 Typical carpet

25 Vinyl < 1 Polyvinyl chloride

26 Curtain Shower curtain < 1 –

27 Yellow smooth win-

dow curtain

< 1 Thin drape curtain

28 Pink curtain < 1 –

29 Clothing Blue T-shirt < 1 –

30 Black trousers < 1 –

31 Grey trousers < 1 –

32 Women leggings < 1 –
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ered as ignition, as the visible flame and its radiation are considered more impor-
tant to fire spread mechanisms in informal settlements.

2.2. Results

2.2.1. The Study Region The temperatures and radiation heat fluxes across the
whole burning process are plotted in Fig. 3. From the temperature curves at 0.0 m
(at the door) in Fig. 3a, it can be seen that flashover occurs at around 300 s,

Figure 3. The temperatures and radiation heat flux at different
locations.
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which can be confirmed by the video that the flame first appeared outside the
compartment at 319 s. In the post-flashover stage, the temperature remained
stable in a relatively small range of 500�C to 650�C. Meanwhile, the gas tempera-
tures at 2.0 and 3.0 m away from the door were always below 43�C, implying the
heating at these locations came from radiation rather than convection. As for the
heat flux, it was difficult to ensure the survival of a heat flux gauge engulfed in the
flame to make an accurate measurement. Therefore, for simplicity, it is assumed
that the flame temperature is constant through its full depth, namely the tempera-
ture drops sharply at the flame edge, which is considered conservative [25]. Thus,
in this experiment, the flame tip temperature is assumed the same as the measured
temperature at the door. Then the radiation heat flux received near the flame from
the radiator (opening flame and room gas) can be estimated by [26] according to
the opening dimension:

I0 ¼ Iflame þ Igas ¼ eflamer T 4 � T 4
a

� �
þ egasr T 4 � T 4

a

� �
ð1Þ

If there is no through draft:

eflame ¼ 1� e�0:3�2
3hd

egas ¼ 1
ð2Þ

where r is Stefan–Boltzmann constant; e is emissivity; T (�C) is the flame and
room gas temperature; Ta (�C) is the ambient temperature which was 10�C; hd is
the height of door that was 2.0 m. The calculated (at the flame) and measured (2
and 3 m away) radiation heat fluxes are shown in Fig. 3b.

In addition, the temperature, heat flux and videos all clearly suggest the ejected
flame became significantly larger from 483 s to 551 s, with the largest energy
release from the burning compartment and thus the highest probability to ignite
adjacent dwellings. The collapse of a dwelling also poses a fire spread risk, but in

Figure 4. The collapse of the roof.
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this experiment, the occurrence of roof collapse, as shown in Fig. 4, did not
increase the heat flux measurement. Thus, the time range with the highest proba-
bility of fire spread is selected as the study region, as highlighted red in Fig. 3.

2.2.2. The Prediction of the Critical Distance Most informal settlement dwellings
in and around Cape Town are single storey, very close to each other. Thus, only
the flame spread in the horizontal direction is investigated in this work.

The flame length is first determined. Due to a large number of combustible
materials in an informal settlement, it is assumed that the adjacent dwelling will
be directly ignited when the projected flame length is beyond the distance between
dwellings [26, 27]. In the study region, the flame length is estimated from the
video captured from the side of the wall. Only the visible flame is considered and
scaled to the real length by the known dimension in videos. The interval is set as
1.0 s and then 68 flame lengths are measured, which vary from 0.58 m to 1.0 m,
with an average of 0.75 m and standard deviation of 0.09 m, as shown in Fig. 5.
Thus, a separation distances of below 0.75 m from an opening will almost cer-
tainly cause secondary structures to be ignited due to direct flame impingement.

In addition to the experimental observations, a physical-based method is used
to predict flame length. The wall above the opening may determine the ejected
plume shape which results in a different calculation method of flame length. To
determine if there is a wall above the window, the flame height z (m) is calculated
[25]:

z ¼ 12:8
R
w

� �2=3

�h ð3Þ
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Figure 5. The flame length in study region.
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h ¼ Awhw þ Adhd
Aw þ Ad

ð4Þ

w ¼ ww þ wd ð5Þ

where h and w are height and width of opening, respectively; subscript d and w
represent the door and window; R is the average rate of the burning, which is
obtained from the experiment:

R ¼ M
s

ð6Þ

where M is the mass of the burnt wood fuel in the experiment and s is the burn-
ing time, which are 162 kg and 1171 s, respectively. The door dimensions are
2.0 9 0.8 m2 and the window dimensions are 0.6 9 1.2 m2. Thus the flame height
(z) is calculated as 0.6 m, and therefore 2z/3 = 0.4 m, which happens to be the
same height of the wall above the window/door of 0.4 m, and is therefore on the
borderline to determine if there is a wall or no wall above the opening in the
model [25]. As in experiments, the ejected flame did not attach to the wall, so it is
assumed to be identical to the condition of no-wall above the opening. Therefore,
the horizontal length, L (m), along the centreline (axis) of the flame from the door
is [25]:

L ¼ 0:6h
z
h

� �1=3

þh=3 ð7Þ

The horizontal length, L, is theoretically calculated as 1.19 m, which is slightly
larger than the maximum flame length measured in the experiment, as plotted in
Fig. 5.

In an open space, from a relatively large pool fire, radiation, rather than con-
vection, normally dominates more than 90% the heat transfer between the fire
and vertical panel [28]. From a recent outdoor tent experiment, the radiation
seems to decay exponentially [18]. Thus, in this work, the radiation decay from
the ejected flame tip to the possible combustible materials is assumed as an expo-
nential equation. It should be noted that this is empirical correlation rather than a
radiation calculation from view factors. To obtain relatively conservative results,
the location of heat flux near to the flame tip is assumed to be 1.0 m which is the
largest flame length in the study region. By fitting all the heat flux values in the
study region, the function of radiative heat flux with distance is:

I ¼ 4:26þ 123:8e�1:3589x ð8Þ

which is plotted in Fig. 6. It should be noted that within 1 m the heat flux is
assumed constant and can ignite any combustible material immersed in the flame.
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The CHFs of the materials in informal settlement measured by cone calorimeter
are listed in Table 2 in descending order. Based on the Eq. (8), the critical dis-
tance, beyond which the material will not be ignited in an informal settlement fire,
are obtained. The CHF lower limit is used for calculating a conservative result.
The focus is the flame spread between dwellings, thus structural wood wall, lining
cardboard, hanging clothing and curtain outside, tyre (always on the roof) and
plastic netting are discussed. It is found that the critical distance of structural
timer (No. 1) and cardboard (No. 10 and 11), normally used for wall construction
and lining, is 2.14 m, which suggests that wood dwellings should be built at least
2.14 m away from other dwellings to reduce the risk the wall or lining will not be
ignited. Hanging clothing (No. 29–32) has a critical distance around 1.62 m to
2.14 m, but it should be noted that clothing is often hung out to dry between
dwellings. Meanwhile, shade netting (No. 8) and tyre (No. 9) are much easier to
ignite with critical distances of 2.4 m and 2.8 m, implying these plastic or rubber
materials should be placed far away from the dwellings if possible. The PU foam,
which is normally used as mattresses in an informal settlement, is the easiest mate-
rial to be ignited with a critical distance of 3.14 m. However, as it is always
placed inside the room, so both the distance between the PU foam and fire would
be larger than that between dwellings and there would be a large shielding affect
from the walls which will decrease the probability of ignition. More information
about these combustible materials and how they might contribute to the fire
development and spread can be found in [4]. In addition, to make these risk
assessments more specific, the type, layout and amount of the combustible materi-
als in informal settlement should be investigated, which can be obtained from our
survey data (analysis in process). However, the combustible material database is

Figure 6. The fitting of the radiation decay along the distance from
the door.
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considered extensive enough to evaluate the critical separation distance in this
work.

Therefore, from Table 2, it can be concluded that if all the materials are 3.14 m
away, the risk of fire spread for the adjacent dwelling would be negligible. How-
ever, due to the competition for habitable space from residents, a more realistic
and practicable minimum safe distance could be 2.14 m which could avoid igni-
tion of 75% of the combustible materials listed, particularly the combustible wall
and lining of adjacent dwelling. It should be noted that the experimental and the-
oretical results are based on laboratory conditions and need further verification
with consideration of the complexity of informal settlement. Therefore, the tech-
nology of geographic information system is employed to analyse the real informal
fires in the past years to ensure the accuracy of the separation distance.

Table 2
The Critical Heat Flux of Materials and the Estimated Critical Distances

No. Material Critical heat flux (kW/m2) [4] Required critical distance (m)

18 Big green insulation (bed/sofa) 38 to 39 1.00

27 Yellow smooth window curtain 35 to 36 1.03

17 White polystyrene foam 28 to 30 1.22

21 Pillow cover 25 to 27 1.31

13 Advertisement 25 to 26 1.31

28 Pink curtain 25 to 26 1.31

20 Pink blanket 23 to 24 1.39

6 Plastic bag 22 to 23 1.43

26 Shower curtain 22 to 23 1.43

12 Normal paper 19 to 20 1.57

2 Fuel timber 18 to 20 1.62

4 Timber furniture 1 18 to 19 1.62

5 Timber furniture 2 18 to 19 1.62

30 Black trousers 18 to 19 1.62

16 Pink foam 17 to 18 1.67

29 Blue T-shirt 14 to 15 1.87

22 Red welcome carpet 12 to 13 2.04

32 Women leggings 12 to 13 2.04

3 Masonite timber 11 to 12 2.14

10 Cardboard 1 11 to 12 2.14

11 Cardboard 2 11 to 12 2.14

25 Vinyl 11 to 12 2.14

31 Grey trousers 11 to 12 2.14

1 Structure timber 11 to 12 2.14

7 Clear plastic sheet 10 to 11 2.26

8 Shade netting 9 to 10 2.40

15 Light yellow foam 8 to 9 2.58

19 Colourful blanket 8 to 9 2.58

9 Tyre 7 to 8 2.80

23 Green carpet 7 to 8 2.80

24 Yellow carpet 7 to 8 2.80

14 Dark yellow foam 6 to 7 3.14
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3. Analysis of GIS

3.1. Methods

Geographic information system analysis is employed to investigate the separation
distance which, in reality, were effective in helping prevent fire spread and to
determine the effective safe distance. In the case of urban fire, a combination of
materials, separation distance, wind and suppression are all factors for fire spread.
However, it can be found from the historical informal settlement fires that the
burnt areas always ceased at some specific locations, such as road and canal.
Thus, separation distances in the informal settlement played a very important role
in fire spread even though dwelling dimension, construction materials and sup-
pression varied significantly. High-resolution aerial photography is captured annu-
ally by the City of Cape Town in December and January from which the
footprints of dwellings can be obtained. Four real fires were selected and the pho-
tographs available immediately prior to the fire were used to assess the separation
distance between dwellings, for example, for the fire on 23 May 2014, the Decem-
ber 2013 aerial photograph was used and for the other 3 fires in 2015, the January
2015 aerial photograph was used. The extent of each fire was established using the
historic viewer in Google Earth. The outlines of dwellings affected by fire were
digitized from the corresponding aerial photograph at a scale of 1:200 using Arc-
GIS 10.5 software. Where it was not possible to distinguish a roof boundary or
where roofs were too close together to be delineated by individual lines (at the
scale of digitizing and image resolution this is approximately 15 cm), dwellings
were mapped as single dwellings. To extract information on the distance between
dwellings which did ignite, the nearest distance between dwellings within the fire
extent (i.e. all dwellings which burned) was calculated using the proximity tool
‘NEAR’ in ArcToolbox. Figure 7 shows the fire extent areas and corresponding
dwelling footprints which were used for this analysis. It should be noted that
using this method, construction material, dwelling design, fuel load, and size and
location of doors and windows, are lumped into a single parameter i.e. distance at
which fire did or did not spread. Thus, findings are specific to settlements of simi-
lar nature to the one considered. Should this method be applied to other cities,
fire spread distances from historic fires would need to be obtained from aerial
photography using the method detailed here.

For information on the distance across which fire did not spread, a fire line was
created using the outermost extent of the dwellings affected by fire and points
were placed along each fire line at an equal interval. Similarly, an unburned dwell-
ing line (UDL) on the opposite side of the road/canal was digitized, as shown in
Fig. 8. The nearest distance from each of these created points to the UDL was
calculated using the Proximity tool ‘NEAR’ in ArcToolbox.

The method proposed in [29] is used in this work to determine the high-risk
area for fire spread as well as the probable fire pathway, as illustrated in Fig. 9.
Since dwellings are digitized from aerial photography of 6 cm to 8 cm resolution,
values are rounded off to the nearest 10 cm. The precision cannot be improved
given the precision of the input data. In addition, the dwelling footprint layer is
captured at a scale of 1:200 in ArcGIS from the City of Cape Town aerial pho-
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tography. The dwelling footprint layer is then buffered by half of the chosen prob-
ability distance. For example, if a 95% probability of fire spread is given as 1 m,
the footprint layer is buffered by 0.5 m. Thus, dwellings within 100% of chosen
probability distance are joined in the same buffer polygon (probability buffer in

Figure 7. The burn scar for fire-spread distance measures.
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Fig. 9b). The probability buffer is in turn negatively buffered by the same distance
(0.5 m in the example given) to create a layer containing the dwelling footprints as
well as the possible fire spread pathways. Therefore, this layer provides an indica-
tion of where within a settlement, or a group of dwellings fire spread is likely to
occur. Effects of construction materials, window size and locations are not consid-
ered as we do not have this level of detail in data. Analysis of fire spread from
real fires did not consider the location of openings, the potential fire pathways did
not consider this either and fire spread from and to dwellings is assumed to not be
dependent on the location of openings. The data obtained are analyzed in the fol-
lowing section.

3.2. Results

From the four fires analysis in GIS, a total of 257 fire-spread and 227 fire-not-
spread distances are obtained. The function of Weibull distribution is used to
summarize the distances where the fire did and did not spread. Due to the uncer-

Figure 8. The analysis region where the fire did not spread.
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tainties of fire spread, a probabilistic rather than a deterministic approach is
employed to determine the critical distance in the fire. The cumulative Weibull
function is employed to describe the distribution of the measured parameters. The
three-parameter Weibull function is [30]:

F ðxÞ ¼ 1� exp � x� c
g

� �b
" #

x � c ð9Þ

with g, b and c being the scale, shape and location parameters, respectively. If
c = 0, the distribution becomes the two-parameter Weibull distribution. The sur-
vival probability of a dwelling is determined according to the measured results
and is the general form of the cumulative Weibull distribution function. In this
work, the survival probability increases from 0 to 1 when the distance between
dwellings increases. It should be noted that the survival probability is a statistical
concept rather the residents’ lives survival probability. The results are shown in
Fig. 10 with corresponding functions in which the R2 are both 0.99. These fig-
ures clearly present the data distribution and show a very good fit.

What is important is to be able to get the fire spread probability at a given dis-
tance, however, if, for instance, a 0.95 survival probability is required, the two
curves in Fig. 10 give very different results: 0.68 m from the curve of fire spread
and 9.68 m from not fire spread curve. Therefore, a statistical method needs to be
proposed to combine the two sets of data. From the data, it can be found that a
significant characteristic is the overlap of fire spread and non-spread cases. For
example, from the GIS data for fire spread distance, it was found the fire may
spread at 2 m in some case; for the no-fire spread analysis, it was found the fire
may not spread at 2 m distance. This overlap primarily occurs at around 1 m to

Figure 9. Illustration of method used to calculate potential fire
spread pathways. (a) Dwelling footprints are digitized; (b) dwelling
footprints are buffered by the chosen distance for the probability
buffer; (c) the probability buffer is in turn buffered by negative the
probability buffer distance to leave polygons indicating potential fire
spread pathways.
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2 m. The nature of fire spread in this work is ignition by radiation, which only
has two consequences that are similar to the hot surface ignition issue [31].
Instead of a sharp demarcation point indicative of a well-defined fire spread criti-
cal distance, there is a broad range of distances at which the fire spread is more
likely. To present a meaningful interpretation, a logistic regression curve fit of all
the data is employed [32]:

pðDÞ ¼ expðaþ bDÞ
1þ expðaþ bDÞ ð10Þ

where D is the distance; a and b are the coefficients to be determined. By fitting
the data, the function is:

No-spread Probability ¼ expð�6:927þ 4:310DÞ
1þ expð�6:927þ 4:310DÞ ð11Þ

which is plotted in Fig. 11. It can be seen that the overlap is primarily in the
range of 0.68 m to 2.31 m, while the refined range will be 1.40 m to 2.31 m if the
minimum value of 0.68 of no-spread distance is excluded as it is significantly
smaller than other data, which suggest that in this range the fire may spread or
not spread within this distance. Table 3 lists the survival probability correspond-
ing to each distance. It can be found that at 2.29 m with lower bound 1.94 m and
upper bound 2.98 m there is a 95% probability that fire will not spread, while
5.0 m is required if the probability of no fire spread is to be essentially 100%.

Based on the results from 2014 and 2015 in above analysis, the survival proba-
bility equation is applied to the January 2018 dwelling footprints for Masi-

Figure 10. The data summary using Weibull distribution. (a) The
survival probability obtained from fire-spread distances. (b) The
survival probability obtained from fire-not-spread distances.
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Figure 11. The probability of fire spread with a function of the
separation distance between dwellings.

Table 3
The Corresponding Distances at Different Survival Probability

Probability D (m) Lower bound 95% Upper bound 95%

0.01 0.541 0.020 0.834

0.05 0.924 0.569 1.174

0.10 1.097 0.797 1.348

0.20 1.286 1.023 1.558

0.30 1.411 1.160 1.712

0.40 1.513 1.265 1.845

0.50 1.607 1.356 1.972

0.60 1.701 1.443 2.103

0.70 1.804 1.535 2.250

0.80 1.929 1.642 2.433

0.90 2.117 1.797 2.714

0.95 2.290 1.935 2.978

0.99 2.673 2.233 3.570

cFigure 12. Fire spread probability function applied to
Masiphumelele 2018 to determine (a) 5%, (b) 50% and (c) 95% fire
spread possibility. The different colours represent individual fire
spread blocks, i.e. at the displayed fire spread probability level, the
fire will not spread between blocks of different colours.
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phumelele to determine the fire spread vulnerability of the settlement in its current
layout. The 95, 50 and 5% probabilities of fire spread (5%, 50% and 95% sur-
vival probabilities) in Masiphumelele are displayed in Fig. 12. In these figures,
each individual colour demarcates a fire spread block at the indicated level of
probability. In interpreting these figures, it should be noted when working with
the higher probability of spread a smaller burn area will result than when working
with a lower probability of spread. This is because the probability of spread is
inversely related to the distance between dwellings in that the closer together
dwellings are, then the more likely fire is to spread. However, this is dependent on
the layout and the interconnectivity of probability buffers, as illustrated in Fig. 9.
Thus at 5% fire spread probability, it can be seen that the settlement is broadly
divided into four major blocks and these blocks largely persist at 50% and 95%
although at 95% probability, the most easterly block is divided into two separate
blocks. This shows the post-fire rebuilding has reduced the fire spread probability
in the portion of the settlement destroyed by the fire in November 2015 (Fig. 1) as
the gap between the two most westerly blocks is sufficient to prevent fire spread.
Despite this, the result indicates that Masiphumelele remains highly susceptible to
large devastating fires. Although there are serendipitous ‘‘fire safety separation’’ in
place in the form of canals, at the southernmost end of the most westerly canal,
dwellings are within high fire spread proximity of each other, enabling fire to
spread despite these breaks being in place.

As a potential small intervention which can be put in place to dramatically
increase the fire spread safety of the community, the third most westerly block
displayed in olive green, as shown in Fig. 12c, is analyzed in detail. When consid-
ering the 95% probability of spread, it can be seen that the settlement on either
side of the canal is joined by a fire spread pathway at one dwelling, indicated by a
green circle in Fig. 13. Furthermore, from aerial photography, it appears that this
may be an add-on extension to an existing dwelling. The removal of this extension
will effectively separate the eastern and western portion of this block reducing the
risk of both sides of the block being destroyed in a single fire. Should the removal
of this extension not be possible, the fire department should be alerted to this
location as a high-risk point and targeted suppression intervention can take place
at this location.

4. Comparison and Discussion

4.1. Comparison

Effective separation distances could be a practical and effective method to improve
the resilience of informal settlements to fire. Fire safety experiments and GIS sta-
tistical analysis were used to evaluate the required distances to ensure the fire
safety of informal settlements. From the full-scale laboratory experiments, it was
found that a distance of 2.14 m might be good enough to avoid ignition of more
than 75% of materials commonly found in informal settlements, in particular, the
ignition of the timber wall on adjacent dwellings is unlikely to occur at this dis-
tance. However, due to hanging plastic shading or tyres on the roof with very low
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CHF, the safety distance should be at least 2.80 m, beyond which 97% of materi-
als would be unlikely to ignite. The adjacent dwelling, from the analysis of labora-
tory experiments, seems to have zero chance of ignition if distances are increased
above 3.14 m. The relationship between the distance and the survival possibility is
presented in Fig. 14, in which the cumulative distribution function from experi-
ments is calculated by:

pðX � xÞ ¼ 1� NignitedðxÞ
Ntotal

ð12Þ

Figure 13. (a) Extent rectangle showing location of maps b, c, and d;
(b) February 2018 aerial photography; (c) digitized dwelling
footprints from February 2018 aerial photography; (d) 95% fire
spread pathways with point of probably fire spread between eastern
and western portion of the block indicated by the green circle.
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where Nignited (x) is the number of ignited items within the distance x; Ntotal is the
total number of the materials that is 32 in this work. It can be seen that the curve
from experiments fits very well with the curve from GIS analysis when the dis-
tance is smaller than 1.6 m, but slight difference occurs when the distance increa-
ses. In real fires, besides manual intervention and fire supressions, the effect of
wind (even small ones) can explain the shift from the experimental curve to the
GIS curve, which implicitly includes the influence of wind at the time of the fires
analysed. This is supported by another series of experiments conducted in South
Africa, where it was found that wind may both accelerate or slow down the fire
spread rate [33] depending on its orientation to dwellings and their separation dis-
tances. The experimental curve still falls well within 95% confidence bound, which
suggests that both methods give reasonable and reliable results.

The survival probability does not imply the survival of the entire settlements or
that no lives will be lost, but rather represents the fire spread between a dwelling
and its adjacent dwelling(s). Although each method has its own assumptions and
limitations, their results are in good agreement and could be used to provide a
valuable reference for the fire safety design of informal settlement planning. It
would be difficult to make all the dwellings have a distance as large as those sug-
gested due to the competition for habitable space by residents in informal settle-
ments, but it could be a promising option to divide the whole area into several
blocks by canals, roadways, or fireproof wall as ‘‘fire compartmentalization’’. In
addition, due to the nature of informal settlement development, firefighting sys-
tems in these residential areas are very limited, and the applicability of smoke
detectors is still to be fully verified [34]. During the firefighting operations, resi-
dents have been known to inhibit the strategic efforts of the fire service to address

Figure 14. The cumulative function of survival probability from
experiments and GIS.
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their immediate concern of protecting their own dwelling [6]. Thus, a permanent
method to promote fire safety, i.e. the separation distances, would be a useful way
to avoid the fire spread.

It should be noted that in this work, the fire spread by firebrands is not consid-
ered for the estimation of critical distance as fire can spread via this mechanism
by as much as a few kilometres in a real wildland-urban interface (WUI) areas
[35, 36] however there is no evidence to date of fire brands being a mechanism for
fire spread in informal settlements.

To provide a reliable distance, the summary of the distances with 5%, 10%,
50%, 90%, 95% and 100% from the two methods are listed in Table 4. It can be
found that the GIS results with 95% upper bound are very similar to the results
from experiments, which can give relatively conservative results. Both of them
show that 1 m has only 2% to 3% safety probability, while 2 m has a 52% safe
distance, which is very consistent with the authors’ 12-dwelling experiments, in
which, all the dwelling with 1 m from adjacent burning dwelling were ignited and
when the distance is 2.0 m, one spread occurred and two did not. Therefore, to
achieve the 95% no fire spread separation distance, 2.80 m to 2.98 m is required,
thus to be conservative, 3.0 m as a minimum is recommended from this work,
which can be used for reblocking and redesign of the informal settlement.

4.2. Validation

To validate if the method can be used to predict fire extents in a settlement, the
informal settlement of Kosovo, Cape town, South Africa is selected. Kosovo has
experienced at least six large devastating fires since 2016. Although it has a high
dwelling density, there are roads of varying widths and degree of formality which
demarcate the settlement into clear blocks. This combination of high settlement
density and differing width of gaps between the settlement blocks lends Kosovo to
be an ideal settlement example to test the ability of the method of fire spread
extent. A distance of 1 m with 2% to 3% survival (97% to 98% fire spread) prob-
ability is used. The method illustrated in Fig. 9 is employed with a buffer of 0.5 m
(equivalent to the critical separation distance of 1 m). The prediction of fire scars

Table 4
The Comparison of the Corresponding Probability from Two Different
Methods

Survival probability (%)

Distances from GIS (m)

Distances from experiments (m)95% lower D (m) 95% upper

5 0.57 0.92 1.17 1.02

10 0.80 1.10 1.35 1.24

50 1.36 1.61 1.97 1.87

90 1.80 2.12 2.71 2.76

95 1.94 2.29 2.98 2.80

100 3.68 4.56 6.39 3.14
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is shown in Fig. 15. It is found that the extent of each fire is overestimated but
this is expected since the method assumes the complete absence of fire suppression
activity from firefighters or residents and no wind effect is considered. Addition-
ally, it should be noted that as the 95% upper bound in Fig. 14 is used, which is
most conservative, thus it is reasonable that the predicted areas are larger than the
real burnt scar. However, it can be established that notably the gaps between
blocks are sufficiently wide to prevent fire spread between blocks in the case of the
fires of 30/11/2016, 20/05/2017, 17/12/2017 and 23/10/2018.

The two fires of September 2016 were contained to a small area relative to the
size of the predicted fire extent (peach colour in Fig. 15). It is assumed that quick
response fire suppression limited the fires in these two cases however, this block of
the settlement is at particular risk of large fires due to the layout of the dwellings.
As was shown in the Masiphumelele example, relatively minor interventions may
be possible within this block to reduce the size of the predicted (and assumed
actual) fires. Similarly, residents living in the pale green block (Fig. 15) could ben-

Figure 15. Location of Kosovo informal settlement showing fire
extents and their approximate dates and predicted fire extents using
a 1 m critical separation distance for the settlement of Kosovo.
Colours represent individual predicted fire spread events.
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efit from minor interventions to divide the block into two at the northwestern
extent of the 30/11/2016 fire extent.

Overall, the prediction of the burning area from GIS is conservative, so it can
be employed in the future fire risk mapping of the informal dwellings with a dis-
tance of 1.0 m. However, it should be noted that this prediction does not consider
the factors of firefighters or residents’ intervention and the possible wind effect.

5. Conclusions

In this work, to determine the safe fire separation distance in an informal settle-
ment, two parallel methods were used: experiments and GIS methods. From the
full-scale experiments and a simple theoretical model, the radiation heat fluxes
were measured and calculated to present a decay curve that varies with the dis-
tance between dwellings. The ignition probability is determined from the critical
heat fluxes of 32 combustible materials obtained from cone calorimeter tests.
From GIS, around 500 distances were measured in four real fires and statistical
analyses, namely Weibull and logistic regression, were performed. Instead of the
deterministic analysis, both methods demonstrate probabilistic results which agree
well with each other. The primary conclusions are as follows:

1. With the experimental condition in this work, the maximum horizontal flame
length from the door is around 1.0 m, and from 1 m to 4 m from the dwelling,
the radiation heat flux decreases from 36 kW/m2 to 5 kW/m2.

2. Combining the full-scale laboratory experiments with cone calorimeter results
on common materials found in informal settlements, it was established that a
distance of 3.14 m could potentially avoid most possible ignitions of the mate-
rials outside the dwellings.

3. From the GIS analysis of Masiphumelele fires, it was found through logistic
regression analyses that a 2.29 m separation distance between dwellings would
provide a 95% survival probability during a fire, while 4.56 m could provide a
nearly 100% fire safe distance. Due to the diversity of informal settlements
globally, careful consideration is needed as to whether these results are applica-
ble to the specific context, however these data can provide a good reference for
other locations. For more universal applications, more research is needed con-
sidering a wider range of informal settlement layouts and constructions.

4. The experimental separation distance results agree well with the GIS analyses
with 95% confidence bound. In particular, the results in the upper 95% bound
are almost identical to the experiments, which can thus be considered as con-
servative results.

5. Through a comparison between the two methods in this work and real-scale
12-dwelling experiments, the probability of the adjacent dwelling being ignited
is 97% to 98% when the distance between them is 1.0 m. Meanwhile, at 2.0 m
the probability for ignition is almost 50% (52%), while at 3.0 meters the prob-
ability of ignition is 5%.
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6. The separation distance of 1.0 m determined in this work can conservatively
predict the fire scar in other informal settlements, and could be used in the
future fire risk assessment of informal settlement.
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