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Abstract: A sufficient supply of water for firefighting is critical for effective responses to urban
fires, thus reducing fire hazards. The aim of this study was the development of an analysis method
for vulnerable areas with respect to firefighting activities that require the use of fire hydrants. In
particular, a method was proposed for the determination of the operational range of firefighting
activities based on the distribution of the fire hydrants and the roads that allow for the passage of
firefighting vehicles. The proposed method, which employs a geographic information system (GIS),
was applied to Buk-gu, Daegu City, South Korea. The research results revealed that the operational
range of firefighting activities and vulnerable areas can be determined by studying the connection
between the fire hydrant locations and the fire brigade in the analysis of the accessible areas. This
study contributes to the development of GIS analysis methods for comprehensive vulnerability
analyses of firefighting activities, including accessibility to fire hydrants.
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1. Introduction

Fire incidents cause huge casualties and property damage every year. When a building
is attacked by a fire, it not only has a direct negative impact on the sustainability of the
building, but also affects the broader environment and community. Therefore, efficiently
and effectively addressing the risks associated with building fire incidents is important [1].

Further to this, insufficient supply of water significantly increases the difficulties
associated with firefighting activities, which poses an additional threat to life and prop-
erty [2]. For example, a large fire that occurred in Shenzhen, Guangming District Rong Jian
market (in December 2013) resulted in considerable human casualties and property damage
because the water pressure of the fire hydrants was not sufficiently high, or the water
quantity was not sufficient [2]. Kahanji et al. [3] analysed the causes and diffusion factors
of a large fire that occurred in Cape Town, South Africa (March 2017), and it was found that
the efforts of firefighters to extinguish the fire were interrupted by various factors, such as
narrow access roads, lack of sufficient water supply in the area, and community interactions
within specific areas. Considering these cases, high-capacity hydrants are critical for the
reduction of fire hazards. Continuous management and systematic utilisation plans are
required for the functioning of fire hydrants to be simple and for them to be fully utilised
in the event of a fire. Therefore, fire hydrants were considered in studies for the evaluation
of regional fire risks or the capacity of fire stations, e.g., [4-8].

A limited number of studies were conducted on accessibility to fire hydrants. However,
spatial accessibility to fire stations has attracted significant research attention. In many
previous studies on spatial accessibility to fire stations, e.g., [6,9-12], network analyses
were conducted using a geographic information system (GIS). In these studies, service
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areas were determined, and the optimal regional allocations were analysed by setting
the impedance cut-off distance or time. The analysis results considered the operation of
actual firefighting vehicles because they reflect regional road networks. Therefore, in this
study, an attempt was made to analyse the accessibility to fire hydrants based on a network
analysis using a GIS.

In general, accessibility includes both regional proximity and regional availability [13].
Regional availability can be considered as the ratio of supply—demand for each demand
location within a given threshold, and regional proximity accounts for the spatial interac-
tions between the supply and demand sides [13]. Raskauskaité and Grigonis [14] analysed
the regional proximity and regional availability of fire hydrants using the GIS buffer tool.
However, the operation of firefighting vehicles was excluded because road environments
were not considered, similar to the study conducted by Wielebski and Medynska-Gulij [15].
In previous studies, the range within which fire hydrants can be used was analysed based
on the fire hydrant location. At the actual firefighting sites, the fire brigade is equipped
with firefighting pumpers and tankers, and fire hydrants are secondary facilities for the
supply of firefighting water. Therefore, the fire brigade location should be considered for
the analysis of the operational range of actual firefighting activities. Moreover, narrow
alleys through which fire engines cannot pass result in delayed firefighting operations
and rescue, thereby causing considerable human casualties and property damage [16,17].
Therefore, in this study, an analysis method for the operational range of firefighting activi-
ties in vulnerable areas was proposed with respect to the fire hydrant location, fire brigade
operation, and road width. The proposed method was applied to an urban area in South
Korea, and a discussion is presented on its applicability and scope of future development.

2. Materials and Methods

Vulnerabilities can be defined as the potential for system corruption or change due to
predetermined failures [18]. This concept of vulnerability is a dynamic one that depends
on a disturbance’s impacts and effects [18]. In this respect, a method was developed that
mainly considers three aspects for the analysis of the vulnerable areas with respect to
firefighting, based on the connection between fire hydrants and fire brigades.

First, the proposed method allows for the determination of the operational range
of firefighting activities with respect to fire hydrants (Figure 1a) in addition to the roads
through which firefighting vehicles can pass (Figure 1b).

In South Korea (according to Article 6 of the Fire Services Act), fire hydrants should
be installed within a distance of 100 m from firefighting targets in industrial, commercial,
and residential areas. In addition, the effective operation range of the fire brigade should
be within a combined length of 10 extended fire hoses (150 m), considering the speed and
accuracy of firefighting activities. The extension of firefighting hoses along a road is within
a radius of approximately 100 m if geometrically calculated considering the curves of the
fire hose [19].

Second, in this study, the widths of firefighting vehicles and roads were considered
for the analysis of roads through which firefighting vehicles can pass. According to the
Fire Apparatus Manufacturers” Association [20] and National Fire Agency [21], the general
widths of firefighting vehicles are within the range of 1.9 to 2.5 m. The minimum road
width for the fire vehicles in previous studies conducted on fire hazards [16,22] ranged
from 3.0 to 4.1 m. In this study, the minimum road widths for large/midsize vehicles and
small/compact vehicles were set as 3.0 and 2.5 m, respectively, considering the firefighting
vehicle width criteria of South Korea (Table 1).



Sustainability 2021, 13, 98

30f12

Roads where
firefighting vehicles
can pass

Fire hose
150 m

(a)

Roads where
firefighting vehicles
can pass

Fire hose
150 m

(b)

Figure 1. Operational range of firefighting activities that involve the use of fire hydrants: (a) range of

firefighting activities based on fire hydrants; (b) range of firefighting activities based on fire hydrants
and firefighting vehicles.

Table 1. Firefighting vehicle width criteria of South Korea [19].

Fire Engine Large Midsize Small Compact
Pumper (mm) 2500 2500 2200 1900
Tanker (mm) 2500 2500 2500 2200

Finally, water supply strategies were considered with respect to the distance between
the fire hydrant and the site of the fire. Figure 2 presents the firefighting vehicle squad
organisation and response strategies in South Korea. If the distance between a fire hydrant
and the scene of the fire is less than 200 m, a pumper is connected to the fire hydrant to
supply water to the tanker used for firefighting activities (Figure 2a). If the distance ranges
from 200 to 400 m, a relay vehicle is positioned at the middle point and water is supplied to
the tanker by a direct connection between the fire hydrant and the tanker (Figure 2b). For
distances of 400 m and more, several vehicles receive water from nearby fire hydrants and
supply it to the tanker (Figure 2c). In this study, firefighting targets and regions outside of
200 or 400 m from the fire hydrants were set as vulnerable areas with respect to firefighting
activities, considering the direct connection between fire hydrants and the fire brigade.
This was done to facilitate an uninterrupted water supply and the prevention of traffic
congestion.



Sustainability 2021, 13, 98

40f12

Fire

hydrant Eumper
(a)
il Pumper
hydrant P
(b)
Fire
hydrant
()

Tanker

Tanker

Tanker

Tanker Pumper

Figure 2. Water supply strategies with respect to the distance between the fire hydrant and scene of the fire (a) within 200

m; (b) between 200 and 400 m; (c) greater

than 400 m.

To analyse the three factors, a GIS network analysis was conducted, and analysis tools
such as clips and buffers were used. Figure 3 presents a flowchart of the GIS analysis.
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Figure 3. Flowchart of GIS analysis.
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3. Results
3.1. Target Area

The area of Buk-gu, Daegu City is 94.16 km?. There are 42,160 buildings and a
population of 437,710 people in the area. There are 904 fire hydrants in this area. In total,
3865 fires occurred in the area over a period of 10 years (2007-2016). Figure 4 presents the
distribution of roads and fire hydrants within the target area.

Figure 4. Distribution of roads and fire hydrants in the target area.

For the GIS analysis, the spatial data (administrative boundaries, buildings, fire
hydrants, and roads) of the target area were collected, and the forms (i.e., polygons, points,
and lines) of the spatial data were converted as shown in Figure 3.

3.2. Service Area Analysis (the Regional Proximity)

In this study, the GIS service area tool was used to analyse the regional proximity of
firefighting activities. As detailed in Section 2, in the network analysis, 2.5 and 3.0 m were
set as the thresholds of road widths for the passage of large/midsize and small/compact
firefighting vehicles, respectively. Figure 5 presents the distribution of roads within the
target area through which firefighting vehicles cannot pass.

Based on the water supply strategies with respect to the distance between fire hydrants
and fire sites, 200 and 400 m were set as the reference distances, and a service area analysis
was conducted. In the Arc GIS’s service area analysis, the results are typically expressed
in the form of polygons. However, as Figure 3 indicates, the proposed methodology is to
extract the results of the service area analysis through lines. Since the goal of this study is
to derive firefighting operation areas or vulnerable areas based on the connection between
fire hydrants and the fire brigade, it is more appropriate to extract the results of service
area analysis in the form of road network lines. Therefore, the results were extracted with
respect to lines (Phase 1 in Figure 3), and road data for the operation of firefighting vehicles
were obtained by plotting polygons that reflected the width of each road using the buffer
tool (Phase 2 in Figure 3). To determine the operational range of firefighting activities
with respect to fire hydrants and firefighting vehicles, firefighting operation areas were
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determined using the roads through which firefighting vehicles can pass (polygon) and the
buffer tool (100 m), as shown in Figure 6.

— Road (narrower than 3.0 m)
— Road 0051 2 3 4 — Road
P

i..—.i Administrative boundary ™ e {"""1 Administrative boundary ™ e

0051 2 3 4

(@) (b)

Figure 5. Distribution of roads through which firefighting vehicles cannot pass. (a) Widths less than 2.5 m; (b) widths less
than 3.0 m.
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Figure 6. Cont.
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Figure 6. Analysis results of the area of firefighting operation considering the connection between the fire hydrants and fire brigade (a)

within 200 m from fire hydrants, small vehicles are allowed to pass, and large vehicles are not allowed to pass; (b) within 200 m from

fire hydrants, both small and large vehicles are allowed; (¢) within 400 m from fire hydrants, small vehicles are allowed to pass, and

large vehicles are not allowed to pass; (d) within 400 m from fire hydrants, both small and large vehicles are allowed to pass.

3.3. Analysis of Vulnerable Areas (the Regional Availability)

In this study, areas other than the area of firefighting operation were set as vulnerable
areas considering the connection between fire hydrants and the fire brigade. Figures 7
and 8 present the analysis results for the vulnerable areas for firefighting activities with
respect to fire hydrants and firefighting vehicles. Vulnerable area Al in Figure 7 is situated
at a distance of more than 200 m from the fire hydrants, and it represents regions wherein
firefighting activities are difficult to conduct (for large and small firefighting vehicles)
due to narrow roads. The area represents 64.04% of the target area, and 3.43% of the
total number of buildings are located within this area. Vulnerable area B1 in Figure 7 is
situated at a distance of more than 200 m from the fire hydrants, and it represents regions
wherein firefighting activities that involve the use of large firefighting vehicles are difficult
to conduct due to narrow roads (activities of small firefighting vehicles can be conducted).
The area represents 64.96% of the target area, and 4.13% of the total number of buildings
are located within this area. Vulnerable area A2 in Figure 7 is situated at a distance of more
than 400 m from the fire hydrants, and it represents regions wherein firefighting activities
are difficult to conduct (for small and large firefighting vehicles) due to narrow roads. The
area represents 58.68% of the target area, and 2.36% of the total number of buildings are
located within this area. Vulnerable area B2 in Figure 7 is situated at a distance of more
than 400 m from the fire hydrants, and it represents regions wherein firefighting activities
that involve the use of large firefighting vehicles are difficult to conduct due to narrow
roads (activities of small firefighting vehicles can be conducted). The area represents 60.58%
of the target area, and 3.18% of the total number of buildings are located within this area
(Figure 8).
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Figure 7. Analysis results of vulnerable areas for firefighting activities with respect to fire hydrants and firefighting vehicles.
(a) Vulnerable area Al; (b) vulnerable area B1; (c) vulnerable area A2; (d) vulnerable area B2.
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Figure 8. Analysis results of vulnerable areas for firefighting activities. (a) Area; (b) total number of buildings.

4. Discussion
4.1. Proposed Method

This study complements previous studies conducted on the accessibility to fire hy-
drants. Raskauskaité and Grigonis [14] analysed accessibility to fire hydrants using the
GIS buffer tool; however, the research was limited, and the operational range of actual fire-
fighting activities that involve the use of fire hydrants could not be determined. Therefore,
in this study, the range of firefighting activities was determined based on the connection
between firefighting vehicles and fire hydrants. The proposed method can be used to
accurately predict the range of actual firefighting activities and determine vulnerable areas
because it considers the connection between firefighting vehicles and fire hydrants.

“The safety and sustainability of the territory is ensured by inter alia safety planning,
including spatial planning” [23]. This study can be used in spatial planning for better urban
fire response or reducing vulnerable areas in relation to urban safety and sustainability. For
example, the proposed methodology can be developed to ensure accessibility for firefight-
ing activities (i.e., prioritisation of the expansion of narrow alleys, selection of fire hydrant
locations, and the establishment of firefighting mobilisation plans) because it considers the
fire brigade activities, fire hydrant location, and road status. A method to determine the
priorities with respect to the expansion of narrow alleys, e.g., [16] was recently proposed to
minimise the response time of firefighting operations and improve accessibility to scenes
of fire. In addition, selection methods for fire hydrant locations, e.g., [24] were presented to
facilitate firefighting operations in population-dense communities that are difficult to ac-
cess. However, in previous studies, the fire hydrant locations and the widths of firefighting
vehicles and roads were not comprehensively considered. The proposed methodology can
complement the previous studies conducted on accessibility with respect to firefighting
activities and can be used to establish strategies for an improved response to urban fires.
In particular, the types and combinations of vehicles to be dispatched can be determined in
advance, considering the characteristics (road width and distance to fire hydrants) of the
scene of the fire, as shown in Figure 9. Figure 9a presents the areas derived by the exclusion
of vulnerable area Al from vulnerable area B1, which represent regions wherein only small
vehicles can be used in the areas situated within 200 m of the fire hydrants. Figure 9b
presents the areas derived by the exclusion of vulnerable area A2 from vulnerable area
B2, which represent regions wherein only small vehicles can be used in the areas located
within 400 m of the fire hydrants.
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Figure 9. Analysis results of vulnerable areas for firefighting activities with respect to the types and combinations of vehicles
to be dispatched. (a) Vulnerable area Bl—vulnerable area Al, 279 locations; (b) vulnerable area b2—vulnerable area A2, 384

locations.

In addition, this approach can contribute to the determination of installation locations
for fire-response equipment, such as emergency fire-extinguishing devices in areas with
narrow roads, by the determination of vulnerable areas for firefighting activities. For ex-
ample, facilities (foldable water pipes and hose reels) can be installed in vulnerable areas
wherein fire hoses are connected to fire hydrants, thus allowing residents to suppress the
fire at an early stage prior to the arrival of the fire brigade.

4.2. Limitations and Scope of Future Research

This study was conducted with a focus on the connection between fire hydrants and
fire brigades within the context of firefighting operations. In particular, the connection
between fire hydrants and fire brigades in firefighting operations was assumed; however,
many fire accidents can be suppressed without the use of fire hydrants [25]. According
to [25], 75% of the fire accidents in Johannesburg, South Africa could be suppressed without
the use of fire hydrants. Although fire hydrants are critical to ensure a sufficient supply
of water, it is necessary to comprehensively consider the characteristics (i.e., distribution,
structure, and material of firefighting targets) and fire status (i.e., the number of fire acci-
dents and amount of water used) of a city to establish cost-effective firefighting strategies
for the entire city. Moreover, natural water sources can be used for firefighting activities [16].
Therefore, it is necessary to consider natural water sources (i.e., ponds and rivers) and
fire hydrants for the evaluation of the regional fire risk or the capacity of fire stations.
In addition, the widths of pumpers and tankers were considered in this study; however,
special-purpose vehicles required for firefighting activities in high-rise buildings, such as
ladder trucks, were not considered. In particular, a minimum width of 6 m is required to
fix ladder trucks to the ground.

In this study, a comprehensive vulnerability analysis of firefighting activities was
not conducted. Ronan and Teeuw [26] conducted a vulnerability analysis considering the
flow rates of fire hydrants and building types. Liu et al. [27] calculated the travel times,
distances, and paths between the fire stations and firefighting demand points with respect
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to the real-time traffic conditions using the web service application programming interface
(API) of an online map. In this study, the fire hydrant location was considered, and the flow
rate was not. In addition, the building types, actual traffic conditions, and fire damage data
were not considered for the analysis. In future research, the flow rate of fire hydrants, actual
fire damage data, building data, and road data should be comprehensively considered for
the vulnerability analysis of firefighting activities, including the connection between fire
hydrants and firefighting vehicles.

5. Conclusions

In this study, a method was developed to determine the operational range of fire-
fighting activities based on the distribution of fire hydrants and roads through which
firefighting vehicles can pass and to determine the vulnerable areas based on this range.
Hence, a novel GIS-based analysis method is proposed, which considers the widths of
roads and firefighting vehicles, in addition to the water supply strategies, with respect to
the distance between fire hydrants and the fire sites. The proposed method, which consid-
ers the connection between fire hydrants and the fire brigade in firefighting operations, is a
comprehensive analysis technique for evaluating accessibility to fire hydrants. Moreover, it
can contribute to improved operational firefighting strategies.
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