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ABSTRACT

As an artificial physical place, residential building is formed by
various functional spaces, such as residential space and the space
between the ceiling space and the roof, i.e. the attics. The
phenomenon of fires in residential buildings in densely populated
Available online December 31, 2022 areas is suspected of having occurred in the attics. Hitherto,
Keywords: research on the fire space model concerning the stages of ignition
Attic and flashover usually employs the Steckler's compartment model in
Dense settlements the form of a cube/box. On the contrary, the fire model with a
Residential house triangular roof shape is still rarely studied. The purpose of this study
Space was to analyse the influence of the geometric shape of the attics on
the ignition and flashover stages in residential fires located in
densely populated settlements. This study employs an experimental
method by conducting scaled experiments of the geometric model of
the ceiling space in the form of a triangular gable roof and shed roof,
focusing on the ignition and flashover stages. The results showed
that the ignition stage in the gable roof and shed roof models
Email: amatrahmat.saja@gmail.com occurred in the 3rd and 4th minutes with a temperature ranging from
ORCID: htps://orcid.org/0000-0001-7465- 270 °C - 476 °C. The flashover stage also occurred in the 5th to 9th
1816 minute with regular results close to 500 °C.
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adjustment was made without regard to building
safety and life safety standards.
The development of basic form of the

Introduction

Adaptation of traditional Indonesian architectural

forms appears in the design of the geometric
model of the roof. In contemporary architectural
practice, triangular roof forms such as gables,
shed roofs, as well as hip roof are widely used. In
line with these forms, there is a tendency to turn
the space between the roof and the ceiling, i.e., the
attics, into a sleeping area or warehouse (figure 1)
(Rahmat, Prianto, and Sasongko 2017). This

geometric model of the attics is formed from
various combinations of several fields as the
boundaries of the lower space and the roof of the
building. The development of the geometric shape
of the attics is more identical to the basic
triangular prism shape. This form is very
commonly used on roofs in Indonesia. The
triangular prism shape development model can be
seen in (figure 2).

Copyright ©2022 Amat Rahmat. This is an open access article distributed the Creative Commons Attribution-
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Figure 1. The attics were converted to a warehouse in
the residential building in Cicadas, Bandung City
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Figure 2. Geometric model of the attics in a prism and
pyramid shape (Ching 2014)

Residential fires in dense urban settlements
are currently common and are a part of urban
problems. According to the Fire and Rescue
Service, through 2021 alone, there have been
17,168 fire incidents in Indonesia, most of which
occurred in densely populated residential areas
due to electrical short circuits, totalling 5,274
incidents (CNN Indonesia 2021).

The cube shape of the Steckler's compartment
theory is still often used for the study of
experimental methods, both with scaled
experiments and with simulations (Steckler,
Quintiere, and Rinkinen 1982). Recently,
researchers have been increasingly using
experimental studies with scalable modelling.
Scalable modelling can allow for fire
investigations and replicating the dynamics of
specific fires to reduce costs dramatically
(Quintiere et al. 2017). The development of a fire
model in a scalable experiment on fire behaviour
arises from an assessment of methodology,
complexity, incompatibility, and uncertainty
(Torero 2013).

Research on the stages of fire in the geometric
shape of a triangular space, such as the attics, is

rarely carried out. In fact, an understanding of fire
behavior in an enclosed space has a strategic
element in efforts to protect fires, especially in the
development of fire protection system designs
(Drysdale 2011). This is shown through the
pattern of fire growth which is expressed in
temperature variations during the time of the fire
(figure 3).
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Figure 3. General description of room fire in absence
of fire control (Walton, Thomas, and Ohmiya 2016)

Fires in confined spaces are a highly complex
problem because it is difficult to describe or
predict how they will behave (Hutomo,
Ekomadyo, and Ameir 2020; Dwisusanto and
Hermawan 2020; Mvogo et al. 2022). A fire in a
corner room with two dividing walls will spread
more quickly and be more intense than a single-
wall fire (Zeinali et al. 2018). Thus, real-time
forecasting of building fire developments and
critical fire events is essential for firefighting and
rescue operations (T. Zhang et al. 2022).

The discussion on fires is inseparable from the
stages of the fire behaviour itself, namely the
ignition stage, i.e. the process of controlling
continuous combustion by itself (self-sustaining),
the growth stage, the full fire stage (flashover) and
the receding stage (Friedman 1998). At the
ignition stage, the temperature reaches 250 °C
with achievement of less than 5 minutes and the
flashover achievement stage, depending on the
variable fuel characteristics, chamber volume and
ventilation size, can be achieved in a matter of 5
to 15 minutes (Patterson 1993), whereas
according to NFPA 555 (2021) for the flashover
time to occur from 7 to 10 minutes. The flashover
stage of the closed chamber testing of the Stekler
model occurs at temperatures approaching 500 °C
and even reaching 1000 °C. The process of
burning in an enclosed space from the ignition
stage to the flashover stage is influenced by
several factors, including the geometric shape of
the space (Lirola et al. 2017).
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It has been described that research related to
the geometric model of the ceiling space in the
form of a triangular roof still tends to be rarely
carried out, compared to the cubic space model of
the Steckler model. The fire in the attics started
with an electrical short circuit. From the
comparison of the two geometric models of the
gable roof and the shed roof, an assessment will
be carried out to determine whether the gable roof
shape model will take longer to the onset of
ignition and flashover than the shed roof; or vice
versa.

Based on the research problem, the purpose of
this research is to analyse the influence of the
geometric model of the attic on the ignition and
flashover stages. In line with the phenomenon,
this study focused on the residential buildings
located in densely populated settlements.

According to Cvetkovi¢ et al. (2022), the
various causes of the high risk of fire disasters for
residential buildings are the lack of preventive
measures related to building technology
knowledge, the high cost of equipment, or not
knowing the right actions to take. Therefore, this
research provides a significant overview of how
to reduce the risk or impact of fire in residential
buildings. This study's results can contribute to
optimising the geometric model design of the
attics in developing a test chamber model of gable
and shed roofs that can minimise the occurrence
of ignition and flashover of the stages of fire.
Hence, it could provide input to complement
standards and guidelines for fire prevention
systems in residential building design.

Method

This research will focus on experimental methods

with scaled experiments. The scale experiment

was carried out at the fire laboratory owned by the

Cileunyi Research Center for Research and

Development, West Java. The stages, limitations

and variables in this research method can be

described as follows:

a. Making a geometric model according to
Steckler compartment model. This model
measuring 2.8 x 2.8 m, and would be tested
with a scaled experiment. Only one aperture in
the model is selected. The fire source model is
selected from an electric short circuit
according to the causes of fires in residential
houses in dense settlements. Empirical

observation shows that most of the residential

building in densely populated settlements use

wood material as enclosure elements.

Moreover, previous research also shows that

the commonly used wood materials is a safety

challenge for building design, especially for
fire prediction and control (Y. Zhang and

Wang 2021). In order to mimic the empirical

condition and gain a more accurate result, this

model is made using wood material.

The location of fire points in the test room is
placed at three points, namely the centre, edges
and corners of the attics, identical to the
connection system for lights and sockets in the
arrangement of electrical installations in the
ceiling space. The roof has a slope angle of 45°.
The vent is placed on the outside. To measure the
temperature, a thermocouple cable was installed
inside the test chamber model (figure 4).
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Figure 4. Geometric design model of the attic space to
be tested

b. Making a triangular attic model to be studied
in a scaled experiment (figure 5)
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Figure 5. Scaled models of a gable roof (above) and
shed roof (below)

c. Measurement of ambient temperature inside
and outside the test chamber of the gable and
shed roof models, to obtain primary data at the
site (figure 6).

Figure 6. Measuring implementation of ambient
temperature in the model room

d. The installation of the thermocouple cable on
the Hi-Loger device is carried out according to
the measuring point marked on the space in
the test model (figure 7).

Figure 7. Installation and testing of Hi-Logger
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Placement of thermocouple measurement
points and the location of the fire source on the
geometric model of the ceiling space in the
form of a triangular gable roof. To provide
comprehensive data about the combustion
temperature in the Hi Loger tool, 16 points are
determined (figure 8 and table 1).
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Figure 8. Placement of thermocouple and vent
measuring points on the test model

Table 1. Determining the location of the measuring
point on the thermocouple and the fire sources

Point name Z (m) Y(m) X(m)
Fire location in the 0,15 14 14
centre

Fire location in the edge 015 14 2.7
Fire location in the 0,15 2,7 2,7
corner

Measuring point T1 0,08 14 2,7
Measuring point T2 037 14 2,44
Measuring point T3 0,57 14 2,24
Measuring point T4 0,04 0.2 14
Measuring point T5 0,36 0,2 14
Measuring point T6 051 0.2 14
Measuring point T7 0,85 14 14
Measuring point T8 135 14 14
Measuring point T9 12 14 14
Measuring point T10 0,9 2,7 14
Measuring point T11 0,59 2,7 14
Measuring point T12 0,35 2,7 14
Measuring point T13 0,04 14 0,05
Measuring point T14 0,3 14 0,33
Measuring point T15 0,55 14 0,58
Measuring point T16 0,8 14 0,85

f. Preparing the equipment that will be used in
the scaled experiment (figure 9)

List of equipment:

. Thermocouple wire;

. Hi-Loger tool;

. Infrared temperature digital device;
. Measuring tool;

. Non-standard Stranded cable;

. Single cable;

. Stopwatch;

. Digital cameras;

. Go-pro camera;

10. FLIR digital temperature.

Figure 9. Equipment used for scaled experiment
activities

OO ~NOOUITS,WN B

The variables in this study are as follows:
a. Independent variable
» shape of the attic on gables and mono-
pitch roof;
« fire source.
b. Dependent variable
* temperature (°C);
« duration of fire (time/minute);
+ area of the base of the test model (length x
width);
+ slope angle of test model (45°);
e openings.

Result and discussion

Scaled experimental testing on the geometric
model of the attic in the form of a triangular gable
roof and the mono-pitch roof. Scale trials on the
triangular gable roof and mono-pitch for the
stages of ignition and flashover were carried out
by placing three locations of fire sources, namely
the centre, edges, and corners. Data  from
the Hi-Loger and FLIR tool settings were
obtained from direct measurements at the test
location, such as the average ambient temperature
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measurement results at 29 °C in sunny conditions.

The temperature limits at the ignition stage were

taken from secondary data from previous studies,

namely 250 °C and flashover temperatures of 500

°C—600 °C.

The results of a scaled experimental test on a
geometric model of a triangular gable ceiling
space with a class C fire model (NFPA 01 2021;
NFPA 555 2021) were as follows:

a. Testing the gable roof model for the ignition
and flashover stages (figure 10 and 11). The
fire source is located at the centre of the room.
The test was carried out on May 24th 2018 at
02:00 p.m.

Figure 10. Analysis result of the gable roof model, with
the fire source located at the centre of the room. The
ignition stage began at 02.05 p.m. with a temperature of
270 °C. Ignition occurs in the 4th minute

(1500)
4 425

E=1.00 TA: 31.8 ALAM: OFF ZOOM:OFF

Figure 11. Analysis result of the gable roof model, with
fire source located at the centre of the room. The
flashover stage started at 02:06 p.m. with a temperature
of >500 °C. The flashover stage occurs in the 6th minute

b. Testing the gable roof model for the ignition
and flashover stage (figure 12 and figure 13).
The fire source located at the edge of the room.
The test was carried out on May 25th 2018 at
09:17 a.m.
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E=1.00 TA: 30.7 ALAM: OFF ZOOM:OFF
Figure 12. Analysis result of the gable roof model, with
the fire source located at the edge. The ignition stage
began at 09:23 a.m. with a temperature of 252 °C.
Ignition occurred in the 6th minute

a + 32.5
X 199.6
M :502.5
M-¥X:1402.9

E=1.00 ThA: 28.2 ALAM: OFF

Z00M: OFF

Figure 13. Analysis results of the gable roof model,
with the fire source located at the edge. The flashover
stage started at 09:26 a.m. with a temperature of >500
°C. Flashover occurred in the 9th minute

c. Testing the shed roof model with the fire
source located at the edge of the room (figure
14 and figure 15). The test was carried out on
July 18th 2018, at 11.06 a.m.

E=1.00 TA: 23.7 ALAM: OFF

ZOOM:OFF

Figure 14. Analysis result on the shed roof model, with
the fire source located at the edge. The ignition stage
began at 11:10 a.m. with a temperature of 387 °C.
Ignition occurred in the 4th minute

5 g 3
' E-i.00 7Af 23.74ALAN: OFF  ZOOM:OFF

Figure 15. Analysis result on the shed roof model, with
the fire source located at the edge. The flashover stage
began at 11:12 a.m. with a temperature >500 °C.
Flashover time occurs in the 6th minute
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d. Testing the shed roof model with the fire
source located in the corner of the room
(figure 16 and figure 17). The test was carried
out on July 17th 2018, at 09.52 a.m.

Z2O0OMEOFF

Figure 16. Analysis results of the shed roof model, with
the fire source located in the corner of the room.
Ignition stage began at 09:56 a.m. with a temperature
of 430 °C. Ignition occurred in the 4th minute

ZOOHEOEF:

Figure 17. Analysis result of the shed roof model, with
the fire source located in the corner of the room. The
flashover stage began at 10.02 a.m. with a temperature
of >500 °C. Flashover occurred in the 6th minute

e. Testing the shed roof model with the fire
source located in the centre of the room (figure
18 and figure 19). The test started on July 11th
2018, at 11:00 a.m.

E=1.00 TA: 30.6 ALAM: OFF ZO0M: OFF

(1500)
476

E=1.00 TA: 31.8 ALAM: OFF

Figure 18. Analysis result of the shed roof model, with
the fire source located in the centre of the room. The
ignition stage began at 01:02 p.m. with a temperature
of 442 °C. Ignition occurred around the 3rd minute
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E=1.00 TA: 30.4 ALAM: OFF

ZOOM:OFF

Figure 19. Analysis result of the shed roof model, with the fire point located in the centre of the room. The flashover
stage began at 11:04 a.m. with a temperature of >500 °C. The flashover occurred around the 5th minute

Based on the analysis results, it could be seen
that the slowest time of flashover occurred in the
shed roof model, with the fire source located at
the edge of the room. The slowest time for the

gable roof model towards the ignition stage
occurred in the 6th minute, and the flashover stage
occurred in the 9th minute (table 2).

Table 2. Scaled experiments results on both gable and shed roof models

Time and temp-ignition

Time and temp- flashover

Geometrical shape of the attics Fire point location

t

Tem . Tem t
Q) (i) 0 (minute)

Gable roof Centre 270°C 4 > 500°C 6
Edge 252°C 6 > 500°C 9

Corner 312°C 4 > 500°C 6

Shed roof Centre 476°C 3 > 500°C 5
Edge 387°C 4 > 500°C 6

Corner 468°C 4 > 500°C 6

Analysis of changes in temperature rise in the
attic space due to differences in the geometric
shape of the roof and the location of the fire
source based on the formulation of Steckler,
Quintiere, and Rinkinen (1982); and Lemmertz
(2019):

0.22 [k.Q] 28
H 5/3

AT: maximum rise of temperature (K) above
ambient

AT =

Q: total heat release rate (W), provided that:
K: 1, when there is no wall nearby

K: 2, for the fire source located at the center
K: 3, for the fire source located at the edge

K: 4, for the fire source located at the corner
H: distance (m) above the top of the fuel pack

Test results on the gable roof and shed roof
models showed that the maximum rise of
temperature of ambient (ATg) has the same value,
regardless of the location of the fire source.

Table 3. The maximum temperature rises above the ambient temperature (ATg) in the gable roof and shed roof
models
ATg = ((0.22[KQ]0.67) HAL67))
Edage fire point in
the shed roof and gable roof model
H =0,15-0,30m H=15m
ATg =352,8°C AT=40,4°C

ATg = ((0.22[kQ]"0.67) HA1.67))
Centre fire point in

the shed roof and gable roof model
H =0,15-0,30m H=15m
ATg=25,4°C AT=25/4°C

ATg = ((0.22[kQ]"0.67) H1.67))
Corner fire point in the shed roof and
gable roof model
H =0,15-0,30m
ATg=561,3°C

H=1,5m
AT=643°C
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Figure 20. The maximum temperature rise above the

ambient temperature (ATg) in the shed roof model from
various fire points

Of the two geometric model of the attic, the
shed roof and gable roof with the fire point at the
corner gives the highest ATg value (561.4 °C for
H= 0.15 - 0.30 m, and 64.3 °C for H= 1.5 m)
compared to other fire points. The fire point of the
ATg value is at the middle level (352.8 °C for
H=0.15-0.30 m, and 40.4 °C for H=1.5 m), and the
lowest level is at the centre fire source (221.8 °C
for H=0.15-0.30 m, and 25.4 °C for H=1.5 m).
From the calculation above, the influence of the
geometry of the attic does not affect the value of
ATg. Both types of roof; i.e. the gable and shed
roof, have the same ATg value.

Based on the rise of the temperature that
occurred in the scaled experiments, the fire
behaviour on a gable roof with the fire point
located at the edge has a slower ignition and
flashover stage than on a shed roof. Using models
to predict ignition and flashover provides an
overview of fire phenomena in various roof
shapes and attics (Fu et al. 2021). The location of
the fire point in a specific space will also result in
differences in combustion properties. This

knowledge could be helpful in providing design
decisions regarding the shape of the roof, as well
as optimising the design of the geometric model
of the attics, which can reduce the risk of threats
from the impact of the fire itself (Kodur, Kumar,
and Rafi 2020).

Conclusion

This study concluded that the ignition stage of the
gable and shed roof models began at a
temperature of 250 °C in the 3rd minute,
regardless of the location of the fire source. In the
shed roof model, the temperature spike occurs
faster than in the gable roof model. In line with
the theory of Steckler, Quintiere, and Rinkinen
(1982); Patterson (1993); NFPA 01 (2021); and
NFPA 555 (2021), that the ignition stage will
occur in less than 5 minutes with a temperature
close to 250 °C and the flashover stage will occur
in 5 to 15 minutes with a temperature reaching
close to 500 °C, the results of scaled experiments
shows that the ignition stage for both gable and
shed roof model occurred in the 3rd and 4th
minute with a temperature range of 270 °C-476
°C, and for the flashover stage both occur in the
5th to 9th minute with a temperature close to 500
°C.
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