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KEYWORDS Abstract Protecting large-scale heritage settlements from being damaged by fires has
Accessibility to fire become increasingly crucial in developing areas that lack adequate legislation, emergency
hazards; planning, and particularly efficient techniques. This study provides a systematic emergency
Emergency assessment methodology for evaluating the accessibility of specific fire-fighting techniques
assessments; to mitigate fire hazards in historical towns and examines how the integration of municipal
Fire-fighting and local fire services works. Specifically, this paper examines the accessibility of fire trucks,
techniques; local fire services and the overall protection capacity. There are quantitative calculations of
Heritage protection; the obstruction degrees on main streets, the feasible moving distances of fire-fighting vehicles
Historical towns; and firefighters at a given time, and the fire protection coverage and intensity in each town.
Developing areas Using these methods, this paper systematically assesses the fire resistance of three historical

towns, Chuansha, Gaogiao and Fengjing, as case studies. In contrast to previous studies
focusing on the vulnerability of buildings in large historical settlements, this assessment
method combines an examination of street networks and various emergency response tech-
niques and is particularly applicable to developing areas.
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1. Introduction

Historical cities and towns have great heritage value
related to their historical importance, economic role, and
social symbolism (Granda and Ferreira, 2018). It is worth
preserving such architectural heritage in an authentic way,
including all buildings, streets, squares and other con-
structions. However, the method of retaining cultural
heritage will influence the richness of our future life
(Pinheiro and Macedo, 2009). Because historical towns have
grown naturally, they are much more organic and irregu-
larly structured than planned modern cities. The more
complex a town structure is, the more difficulties emer-
gency rescue services will encounter. The streets in his-
torical towns are usually narrow, preventing the entry of
fire brigade vehicles, especially during a conflagration. The
same problem has appeared worldwide in old urban centres
(Santos et al., 2017) and historical villages (Akinciturk and
Kilic, 2004). Traditional wooden houses, which constitute
large parts of historical towns, are highly vulnerable to fire
hazards. The frequently used building materials are pine,
fir and cypress wood, which contain a high resin level and
are highly flammable (Lu, 2018; Huang, 2020). Old houses
stand so close to each other, mostly without fire intervals
or isolation zones, that fire can quickly spread from one to
another and ultimately cause enormous damage (Meng and
Chen, 2009). In addition, indoor electric wiring, often in
direct contact with the surfaces of wooden walls or beams,
causes fire danger from possible overload to historical
houses (Li, 2020).

In recent years, many historical Chinese towns have
become tourist destinations due to their cultural and
architectural resources. Typical examples in Shanghai and
its surrounding regions are easily identifiable (Zhou et al.,
2020). However, this increase in commercial value is
probably associated with an increase in the potential to
destroy the original built environment (Wang, 2012).
Although related developments, such as increases in town
visitors and residents, the transformation of dwelling
houses into business units, and permanent market stalls in
the street, are not directly related to fire hazards, they
affect fire risk and protection to a certain extent. For
example, heritage buildings are particularly vulnerable to
fire because of the dangers of cigarettes discarded by vis-
itors and problems linked to kitchens providing food for
visitors in associated hospitality facilities (Joo et al., 2009).
Additionally, visitors strolling in partly occupied streets can
slow rescue forces. Thus, the changes brought by tourists
have resulted in higher requirements for more effective fire
protection measures at cultural heritage tourism sites.

Past research on fire risk mitigation in historical areas
has focused mainly on famous heritage sites and buildings.
Many projects have promoted sustainable development and
local economies for well-known heritage areas (Jigyasu et
al., 2013; Jigyasu, 2016), such as those listed as UNESCO
World Heritage Sites or under protection as monuments.
Nevertheless, few researchers have focused on historical
areas with little fame. Furthermore, researchers have
preferred to work on the vulnerability assessment of single
historical buildings without adequately considering com-
plex factors in the context of large-scale agglomerations
(Yuan et al., 2018). Building-based assessment and related
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risk mitigation techniques cannot meet the increasing de-
mand for systemic and efficient fire-fighting in old towns.
Because many of these towns are in suburban and rural
areas and mostly lack thorough documentation of their
buildings, restoration is complicated and costly once this
architectural heritage is destroyed. Thus, the fire risk issues
of these towns urgently need to be addressed through new
fire-fighting alternatives.

Therefore, this paper shifts the research focus from
well-known historical urban areas to less famous suburban
towns. As mentioned above, the conditions of old streets
present obstacles to the free accessibility of large fire en-
gines. Notably, however, town authorities have established
and managed localised emergency services, such as com-
munity fire stations (CFSs), inside historical towns. There
are no specific principles or standards to guide decision-
making on the locations of such fire stations, the qualifi-
cations of employees or the usage of equipment. There-
fore, it is necessary to verify the protection improvement
made by CFSs. This study is motivated by the need to
examine the effectiveness of localised risk management
strategies integrating municipal and community fire ser-
vices in historical towns. There are different methods for
assessing fire risk in historical cities, such as the fire risk
assessment method for engineering (FRAME) (Santana
et al., 2007), fire risk index method (FRIM) (Granda and
Ferreira, 2018) and entropy method (Wei et al., 2021).
Because those methods, which are based on the individual
assessment of every single building in a particular area,
focus more on buildings’ potential to catch fire, they are
not suitable for investigating fire-fighting capabilities.
Thus, this study creates assessment methods based on the
accessibility of tools of protection against fire hazards and
applies them in three selected cases.

This paper aims to contribute a better systematic un-
derstanding of the integrated fire-fighting capacity in his-
torical towns by assessing accessibility to fire hazards
through different techniques and identifying the practical
scope and validity of the respective measures. This paper
has three objectives: (1) to assess and reveal the accessi-
bility of municipal emergency services based on the criteria
of three-level obstruction; (2) to evaluate the effectiveness
of local fire stations and specific fire vehicles (SFVs) by
investigating their accessibility within a limited time; and
(3) to identify fire protection coverage and fire protection
intensity by fully considering the effective range of
different movable fire-fighting tools for enhancing the
protection of the most vulnerable areas.

2. Literature review

2.1. Global studies on fire hazard mitigation for
heritage preservation

Successful risk management relies on legislative, adminis-
trative, and technical synergy to protect the value and
integrity of heritage sites. Moreover, poor physical condi-
tions, such as densely constructed buildings that result in
low accessibility and an increasingly complicated social
interrelationship between weakening internal management
and the strong influence of economic and political
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transformation, account for heritage vulnerability
(Alshweiky and Unal, 2016; Jigyasu, 2016). By revealing the
underlying reasons for threats to heritage in cities such as
Cairo, Patan, and Delhi, scholars have emphasised the
crucial role of a comprehensive legal framework for pro-
tection (Jigyasu et al., 2013; Jigyasu, 2016). Alshweiky and
Unal (2016) indicated that the lack of unified management,
stable geological environments, and local knowledge-based
practices also hindered the adequate conservation of
Hebron’s heritage. To confront vulnerable factors,
including traditional heritage, depopulation, and ageing in
the city of Kashima, Okazaki et al. (2016) developed an
online analysis system to dynamically draw a community-
based hazard map to prevent different types of disasters,
including fires, floods, earthquakes, and crimes.

Scholars have highlighted three critical technical solu-
tions to develop an effective emergency response mecha-
nism in heritage protection: hazard assessment, emergency
planning, and specific risk reduction measures. Paolini
et al. (2012) uncovered the devastating natural and
anthropogenic impacts on the heritage properties of the
Petra Archaeological Park to demonstrate the significance
of risk assessment and research in a mapping project. Based
on the experience of lItaly, Portugal, and the Czech Re-
public, scholars have stressed the necessity of a protection
plan far in advance of a disaster striking (Lagomarsino and
Podesta, 2004; Rosicka and Sykorova, 2011; Almeida et al.,
2014). A series of new measures and techniques can mini-
mise losses based on a better response to different di-
sasters (Stanton-Geddes and Soz, 2017; Maio et al., 2018;
Themistocleous et al., 2018).

Moreover, particular studies on fire-fighting systems for
preserving immovable cultural heritage against different
socio-economic backgrounds have suggested more efficient
tactics to meet the demand in developing regions. Stovel
(1998) integrated tactics from complementary organisa-
tional, technical and physical areas into his recommenda-
tions for improving risk preparedness to reduce, detect,
monitor, and retard the ignition of a fire. Ferreira et al.
(2016) demonstrated the advantage of the “simplified
ARICA method”" for assessing and protecting heritage
buildings in Portugal and suggested a further necessary
application test of this method in other European countries.
Santos et al. (2017) revealed the difficulties and different
results of employing the Gretener method and the Analise
de Risco de Incéndio em Centros Antigos (ARICA) method to
examine historical buildings in the old town of Coimbra,
arguing that more specific and generic studies must be
carried out to better analyse fire risk. Granda and Ferreira
(2019) revealed that ageing facilities failed to efficiently
react to fire risk in highly mixed-use heritage buildings in
the historical centre of Guimaraes, which suggested that

" There are four existing methodologies, i.e., the Gretener
method, FRAME, FRIM and ARICA method, that have been devel-
oped as ranking analysis methodologies to explore the assessment
of single buildings or for building aggregate assessment. Among the
four methods, Ferreira et al. declare that the ARICA method is
more flexible than the other three in assessing either old or recent
buildings. Moreover, the simplified ARICA method has been devel-
oped to assess old masonry buildings at the urban scale.
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further assessment improvement combining the interrela-
tion of buildings in fire hazards was also necessary. Scholars
have also admitted that assessment accuracy has consid-
erable limitations due to the adequacy of samples, which is
impossible to guarantee in large-scale towns (Santana
et al., 2007).

The above global studies have focused mainly on
examining the complicated factors of building samples to
reveal issues in protecting a historical town (Table 1).
Scholars have indicated the existing limits of current
measures for fully detecting interior spaces and collecting
detailed building data to examine large-scale constructed
agglomerations. Therefore, many historical towns still lack
more efficient or accurate technical analyses of their
structural abilities to support a high-quality emergency
response, particularly against the background of population
growth in developing areas. In addition, few explorations
have integrated assessment, planning, and specific emer-
gency response techniques into a systematic consideration
of accessibility-based fire combat, which must be adapted
to restrictions on changing the structures of historical
towns.

2.2. Studies on fire hazard mitigation in heritage
preservation in China

On the one hand, studies have focused on examining fire
hazard mitigation for historical buildings in Chinese cities
such as Tianjin and Nanjing (Table 1). These buildings are
vulnerable to fire because of brick-wood or wood-major
structures, narrow fire evacuation routes, group layout,
and closeness to the urban centre (Biao et al., 2012; Dong
et al., 2014). Du et al. (2017) explored the fire-resistant
building improvement of Dali Dong village in Guiyang
through a questionnaire survey, revealing the lack of inte-
grated planning and community involvement. However,
they relied mainly on exploring complex factors in specific
buildings to reveal latent fire risks, suggesting less consid-
eration of emergency response that integrates the assess-
ment and planning of street structural quality and related
fire-fighting techniques.

On the other hand, severe fire damage to large-scale set-
tlements, including fires in Cigikou town in Chongqingin 2012,
Lijiang ancient city in 2013, and Shangri-La ancient city in
2014, has aroused scholars’ continued attention and broader
exploration of fire-fighting improvement. Liu and Wang (2015)
examined the fire-fighting system in Shangri-La ancient city in
Yunnan Province and revealed the disappearance of tradi-
tional fire-fighting methods and the absence of effective
modern fire prevention technology and management, which
exacerbated the deficiency of the fire defence. Zheng et al.
(2018) examined the ancient way of utilising natural re-
sources, including water and wind, in planning ventilation and
fire defence, which is still in use in the heritage village Hon-
gcun. Some scholars have also researched the fire-fighting
accessibility in old villages by analysing road conditions and
fire suppression systems when there is no public water supply,
fire water supply, or water tank (Yuan et al., 2018). Hou et al.
(2021) explored how to distribute fire stations with a proper
spatial configuration to protect an old town. Whereas these
studies have different focuses or specific limits, they have
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Table 1  Overview of research methods from the literature. Source: the authors, 2021.

Literature Research Method Aim

object

Global

Okazaki et al. town Face-to-face interviews: selecting To develop a system to contribute to
(2016) participants from the community, asking disaster prevention and reduction.

them questions and then gathering
information from their answers.

Santos et al. buildings Gretener method: using data to calculate To obtain the values of the level of fire
(2017) and compare the values of the effective safety of buildings and to indicate

danger and admissible risk and verifying measures to be implemented to improve
whether the building meets the required fire safety.

fire safety conditions.

ARICA method: determining global risk and

efficiency factors, calculating the fire risk

factor, and determining the fire risk.

Ferreira et al. buildings Developed ARICA method: the same To develop a system for emergency
(2016) principle as the ARICA method but with planning.

more refined factors.

Granda and buildings Fire risk index method (FRIM): developed To enhance the understanding of the
Ferreira based on the ARICA method but through a natural and anthropogenic hazards that
(2019) large-scale reworked and redefined may affect the area researched.

assessment tool to accelerate the
information gathering process and optimise
risk evaluation.

Santana et al. buildings FRAME: the fire risk assessment method for To evaluate the fire safety of buildings
(2007) engineering is based on the Gretener and sites’ continuity of activities.

method, but also considers some indirect
factors that bias buildings’ risk assessment.

China

Du et al. (2017) town Field survey: including interview surveys, To identify the features of the current

spatially uniform sampling questionnaires community disaster coping capacity.
and measurement surveys.

Liu and Wang town Qualitative analysis: analysing the fire To reveal the main problems of frequent
(2015) reasons that have caused massive damage fires and to explore methods to improve

and the related issues of fire defence in the safety of the fire defence.
traditional settlements in southwest China.

Zheng et al. town Human-natural intergraded ecological To recommend ecological planning and
(2018) planning (HNIEP) model: includes reducing ecosystem service principles and

human demands and impacts on the guidelines to apply to urban and rural
environment, using ecological planning areas.

methods, regulating ecological processes,

and promoting ecological functions.

Yuan et al. buildings & Field survey: data collection to identify fire To investigate fire hazards in heritage

(2018) town hazard factors. villages and to provide an assessment of
Linear additive model: using multiattribute fire safety.
evaluation to produce a model of fire safety
that relies heavily on demonstrated
principles of physical or management
science.
Wei et al. buildings Entropy method: forming a matrix with the To calculate the fire hazard of a building
(2021) evaluation object and index and using it to complex.
calculate the weights of the uncertainties of
the study object.
Shanghai
Cao (2020) town Analytic hierarchy process: comparing the To establish a set of fire space design

relative importance of the fire-causing
factors and calculating the weights.
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Table 1 (continued)

Literature Research Method Aim
object
Tang (2017) town FDS model: building a physical model in FDS To provide a basis for the classification of
software, the related database is input, and hazard levels and guidance on fire safety
the fire spread model can be generated. improvements in commercial historical
towns.
Shen (2001) town Qualitative analysis: analysing factors that To prove the misconception that there

lead to fires and proposing fire prevention
measures based on the characteristics of

the study case.

are no fire hazards in water towns, and
to propose protection strategies for
Qingpu town.

enlightened us with further considerations of other vehicles,
road obstructions, and effectiveness in analysing
accessibility-based fire-fighting mechanisms in historical
towns.

Regarding Shanghai, only a few studies have explored
fire hazard mitigation in historical towns (Table 1). Shen
(2001) emphasised the importance of both investments in
transforming unqualified infrastructures and the efficient
organisation of local participants. Tang (2017) built a model
to assess fire risk in commercial historical towns and
simulated building fire spread using the Fire Dynamics
Simulator model. Cao (2020) examined the issues of Zhu-
jiajiao old town to identify the roles of firefighters (FFs),
fireboats and CFSs. However, fewer investigations have
combined road conditions and different fire-fighting tech-
niques to reveal the systemic firefighting mechanism based
on accessibility to fire hazards.

In summary, based on comparing global studies that rely
on examining single buildings and specific Chinese studies
on limiting factors within large-scale historical towns, this
study takes a more comprehensive perspective of complex
street conditions and their influences on diversified fire-
fighting tools embedded in the street network. In addition,
exploring how to protect a historical town by combining
modern fire-fighting techniques and stimulating local
cooperation in our study cases may contribute new alter-
natives for other developing areas.

3. Methodology

The framework of the methodology for the present
research is made up of two main parts: assessment systems
and case studies. The study first develops three methods to
analyse the accessibility of fire hazards and evaluate the
fire-fighting capacities with quantitative computation. With
the help of calculation models, a series of simulation
studies are conducted in three selected towns and the final
results are comparatively presented.

3.1. Assessment systems

Three interrelated subsections present the calculations in
various modalities. In the first part, a description, classifi-
cation and rating of the obstacles in each main street
reveal the potential hindrances to large fire engines
accessing the town areas. The accessibility of the streets of

historical towns is then evaluated through scores, calcula-
tion, and analysis. The second part tries to simulate the
possible routes of FFs and SFVs starting from the CFS in the
town by using the data collected from the different sources
mentioned above. The third part focuses on cumulative
calculations of the areas protected by single and multiple
fire-fighting techniques. Both the morphological street
layout and the effective range of each kind of apparatus
affect the final results of the calculation. Maps with a
graphical depiction of the protection areas enable us to
better understand how effectively and precisely different
types of fire-fighting forces systematically combat fire. The
detailed explanations of the assessment methods are as
follows.

3.1.1. Assessment of fire truck (FT) accessibility

The primary obstacles for FTs include inadequate street
width and height and inappropriate slope. Moreover, field
observations indicate that there are other obstacles in the
streets that negatively impact the accessibility of FTs.
Altogether, there are three categories of obstacle-related
factors based on their potential for removal:

Category A: Limiting factors with obstacles that cannot
be removed. Clearing these barriers in the street and
improving access for FTs require considerable labour, re-
sources, time, and costs. Meanwhile, barrier removal ac-
tions would probably damage the original houses and town
structure. These factors are absolute constraints for FTs.

A1 — Width: The constructed width of streets or lanes is
less than 4 m.

A2 — Height: Cables over the streets are at heights of
less than 4 m.

A3 — Slope gradient: Arch bridges have a slope gradient
greater than 15%.

A4 — Street gate: Gates at street ends have small
openings of less than 4 m x 4 m.

A5 — Other objects: Large trees or concrete piles in the
middle of the streets.

Category B: Limiting factors with obstacles that are
difficult to remove to a certain degree.

B1 — Greenery: Middle-sized greeneries or plants in the
street.

B2 — Shop expansion: Occupied areas on the street side
as expansions of shops.
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B3 — Market stalls: Permanent market stalls.

Category C: Limiting factors with obstacles that are easy
to remove. Most of these problems are resolvable through
regulation and supervision.

C1 — Bikes: Bikes or e-bikes parked on the sides of the
street in a disorderly manner.

C2 — Canopies: Retractable canopies that protrude from
the ground floor of shops.

C3 — Isolation piles: Collapsible piles for car blocking.

Using category A as a criterion, it is possible to identify
entirely inappropriate streets and exclude them. Based on
the locations of the nearest municipal fire stations, possible
access routes of FTs into the towns can be analysed and
illustrated (Fig. 3, Fig. 7, Fig. 11). The subsequent work
involves attempting to quantify the general obstruction
degrees (ODs) of the different limiting factors in the street
to further evaluate FT accessibility inside the town. The OD
calculation is as follows (Table 2, Table 5, Table 8):

(1) Determine the street lengths (L1, L2, L3, ...); sum the
total lengths of the main streets in each town (> L).

(2) Assign numerical values to the limiting factors stated
above, with 3, 2 and 1 points for the elements in
categories A, B and C, respectively.

(3) Identify the functioning limiting factors and the
obstruction points in each street (P1, P2, P3, ...);
count the total points for each town (>_P).

(4) Calculate the ratio of obstruction points to the
lengths of streets for each street (P/L) and town
(>_P/3"L), which is also the OD.

OD=P/L

Furthermore, this study investigates OD variances using
the following formula. These values can quantitatively
present the equilibrium or disequilibrium in the street
conditions resulting from the obstacles in each case (Table

11).

n

v

where, v — variance; n — number of main streets in each
town.

3.1.2. Assessment of the local fire service (LFS)
The CFSs inside historical towns are an essential part of the
LFS that supplements municipal fire-fighting forces. The FFs
employed by these CFSs mostly have working experience
with the municipal fire service. SFVs, which are modified
transportation tools that are used exclusively for fire pro-
tection in these towns, are available to speed rescue ef-
forts. It tries to determine all accessible routes of FFs and
SFVs from the starting point of the respective CFS. Both
street and time limitations are considered in the assess-
ment method by following two steps:

The first step is to determine the accessibility limits
presented by streets based on the dimensions of SFVs and
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street conditions. An operational space of 0.45 m in diam-
eter (Xing et al., 2019) to the side of the van or tricycle is
necessary for the smallest street width compatible with the
vehicles. Notably, no streets have limitations for FFs on
foot.

The second step is to identify the accessibility time
limit. After receiving a fire warning, the fire-fighting force
must be prepared for dispatch within one minute (2020)
and reach the scene of a fire within three minutes. Thus,
the route calculation and simulation use a time window of
only two minutes (Fig. 4, Fig. 8, Fig. 12):

(1) Calculating the distance reached only by SFVs.

(2) Simulating the routes of FFs only on foot (232 m/
min).

(3) Simulating the routes of SFVs to the farthest acces-
sible point and adding the routes of FFs on foot.

3.1.3. Fire protection coverage (FPC) and fire protection
intensity (FPI)
FPC and FPI indicate the town’s overall fire protection
index involving multiple fire-fighting techniques. FPC re-
flects how much the total town areas are protected by at
least one of the techniques, while FPI shows how strongly
all the techniques protect the town areas. With the cor-
responding map projections, these two indexes provide an
overview of the levels and positions of the different fire-
fighting methods that are systematically working.

By identifying the opportunities for protection from FTs,
SFVs and FFs, FPC and FPI are calculated using the following
formula:

A;=2LR

A, =2LR

A=) "A—A,
A

FPC=A— x 100%

t

é><100%
t

FPI=>" I
where, A; — separate protection area; L — length of the
fire-fighting route; R — range of the fire-fighting technique;
A, — overlapping protection area; A — effective protection
area; A; — total area of the town.

To calculate FPC, when more than one protection
method covers an area, this area will be considered
effectively protected only once in the addition. That is, the
overlapping areas are subtracted, and the maximum
possible FPC value is 100% (Table 3, Table 6, Table 9; Fig. 5,
Fig. 9, Fig. 13). In contrast, the calculation of FPI considers
all areas protected by each effective method and sums
them all. The maximum FPI value may therefore be 300%
(Table 4, Table 7, Table 10). In the simulation of FPI on the
town maps, the superimposed colour depth represents the
protection degrees from one to three methods (Fig. 6,
Fig. 10, Fig. 14). Notably, the time factor of two minutes in
the LFS assessment is not applicable to investigating FPC
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and FPI. Since the FT from the municipal fire station needs
much longer to arrive, at least 10 min, it is no longer
reasonable to consider this factor.

3.2. Case studies

The prerequisites for selecting cases were their location in
the suburbs, high fire protection requirements and localised
emergency services. There are 13 candidates in the list of
officially recognised historical towns in Shanghai’s admin-
istrative region. Through background analyses, field trips
and personal interviews, three towns, Chuansha, Gaogiao,
and Fengjing, selected as study cases for evaluative and
comparative research (Fig. 1).

On the one hand, these historical towns have many
characteristics in common. All three towns are located in
suburban Shanghai, where professional fire-fighting forces
are less intensive than in urban centres. Their old streets
and lanes, usually no more than 3 m wide, form complex
crisscross networks (Fig. 2). Rivers or waterways, which
were essential resources for extinguishing fires in the past,
penetrate or surround the towns. There are many tradi-
tional wooden houses inside the towns, as they are heritage
preservation units with higher protection demands. Most
dwelling houses now function as shops for visitors, espe-
cially in the towns’ core areas. Dedicated CFSs with trained
personnel combat fire. These shared commonalities are the
basis for the comparative study in this paper.

On the other hand, the structural features of the three
towns show apparent differences. Chuansha has a moat
surrounding it, and its streets and lanes interconnect in a
quasi-squared block. Gaogiao has a strip-like layout in the
northeast along the riverside, while two old streets are
connected at both ends and are used as primary channels
for all purposes. Fengjing has four parts divided by two
waterways so that moving within the town means
frequently crossing bridges over rivers. These in-
dividualities significantly impacted the evaluation results of
accessibility to fire hazards.

The data used in the case towns came from several sour-
ces. Open-source geographic information system (GIS) files,
such as Google Earth, Baidu Maps and the National Platform of
Common GIS, provided a data foundation for forming the town

s Gaogiao
b/ It
474«/
o
- : Chuansha
» Shanghai
@
Fengjing
Sy =
Fig. 1 Three towns as study cases. Source: the authors,
2021.
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structures. Multiple field trips and on-site surveys in the
studied towns verified and supplemented the data, especially
regarding street conditions. There are two channels for the
technical properties of SFVs: personal observations and
product manuals. Interviews with employees at CFSs and
representatives of town authorities enabled us to develop a
better understanding of the operational mechanism of LFSs.
Table 2 shows the main points of the surveys and interviews.
Among these points, some are particularly important for
subsequent assessments, e.g., street width, obstacles in the
streets, and size and speed of SFVs. Detailed information on
the fire-fighting tools (Appendix 1) and the conditions of the
towns (Appendix 2) follow at the end of this paper.

4, Findings and analyses

4.1. Chuansha

Fig. 3 shows that FTs can enter Chuansha from North
Street, West Street or New River Road. East Trench Road is
also accessible to FTs. Central Street and South Street are
not available because of several limiting factors, espe-
cially those in category A. Table 3 presents the calculation
results for the OD of the four main streets in the central
area. North Street and West Street have the lowest OD
values (1.59 and 2.50/km), while Central Street and South
Street have the highest values (53.85 and 34.78/km). This
large gap between the former and latter streets has much
to do with the numbers and types of limiting factors found
in the streets. There are no obstacles in categories A or B
for North Street and West Street compared to five block-
ing elements in these categories for Central Street. In
other words, North Street and West Street offer better
access conditions than Central Street and South Street.

The simulated routes of SFVs and FFs indicate where the
LFS can reach within two minutes (Fig. 4). Owing to the
central location of the CFS, the SFV (an electric van with a
speed of 40 km/h, i.e., 666 m/min) can reach any main
street in a limited time. However, it cannot enter narrow
alleys due to the width constraint. As seen, FFs cannot
reach the distant points primarily because of the time
limitation. When integrating the two methods, in other
words, by using the SFV before walking, the fire-fighting
force can reach any point in the town.

Table 4 and Fig. 5 illustrate that FTs can protect only
slightly more than half of the total area (58.58%). By adding
the LFS into protection measures, the FPC can reach as
much as 100%, with a significant increase of 70.72%. This
means that the local protection strategy positively con-
tributes to the fire-fighting capacity of the town. Table 5
shows an overall FPI of 253.71%; that is, each area can be
protected by two and a half methods on average. The areas
adjacent to the streets that are compatible with FTs have
the highest FPI values (Fig. 6).

4.2. Gaogiao
Fig. 7 shows that FTs can enter Gaogiao from North Jijing

Road and can also pass through Datong Road and Shijia
Street. Unfortunately, they have poor accessibility to the
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Fig. 2

Table 2 Survey and interviews. Source: the authors, 2021.

Street space of three towns. Source: the authors, 2021.

Survey CFS interviews

Town authority interviews

e Average street width

e Obstacles in the streets

e Fire resistance rating level
of buildings

e Fire partitioning measures
and separation

e Building functions

e Distribution of fire hydrants
e Specification of fire hoses

e Size and speed of SFVs
e Operational time and mechanism of CFSs
e Information on fire drills

e Demographic composition

o Difficulties in fire prevention
and mitigation

e Fire prevention and mitigation
measures

e Fire incident records

e Plans and projects

centre of the town. As shown in Table 6, the ODs of the two
main streets, West Street and East Street, are similar
(16.22 and 17.86/km). The main reason is that the lengths
of these two streets are similar, as are the limiting factors
in the streets. However, neither of the two streets is
accessible to FTs due to an obstacle in category A.

From the CFS located in the middle of West Street, an
electric tricycle (22 km/h, i.e., 367 m/min) with tool
compartments can rapidly reach most potential fire points
(Fig. 8). As shown, most of the streets allow the SFV to
enter, except the two narrowest paths adjacent to the CFS.
FFs can arrive at most town areas within two minutes
without reaching the far eastern end in a limited time. The
integration of the SFV and FFs makes all streets theoreti-
cally accessible by the protection force.

According to Table 7 and Fig. 9, the effective range of
FTs covers less than half of the total area (43.08%), which
can be greatly enhanced to full coverage by 132.11% by
introducing the LFS as a protection strategy. Accordingly,
the localised approach, including the electric tricycle and
resident FFs based at the CFS, plays a much more significant
role in the fire protection of Gaogiao. Table 8 shows an
overall FPI of 239.80%, which is slightly lower than that of
Chuansha. Notably, the central area is generally less well
protected because of its embargo against the entry of FTs
(Fig. 10).
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4.3. Fengjing

Fig. 11 illustrates partial accessibility for FTs to the town of
Fengjing, where only Fengli Road and Xinjing Road in the
southwest are compatible. At the same time, most streets
with bridges across rivers do not allow FTs to pass due to the
bridge slope gradient or steps on bridgeheads. Among the
five main streets, North Street has the highest OD (55.00/
km), with obstacles found in all categories, while Production
Street has the lowest result, 15.63/km (Table 9).

In this town, the LFS uses a fireboat, an SFV customised
to the width and depth of the river and the size of the
bridge hole. This boat has a maximum speed of 60 km/h,
i.e., 1000 m/min. Thus, it is fast enough to reach the
farthest point of the river within the town (Fig. 12) even
though the starting point of the CFS is located not in the
centre but on the eastern margin. However, a rescue force
on foot can cover only the eastern part within the reques-
ted two minutes, mainly because of the inconvenient CFS
location. When the natural waterways limit the routes of
the fireboat, the FF routes are restricted by time. By
integrating the SFV and FFs, the accessibility for the LFS
becomes more robust, and it can reach all possible fire
spots within the required time.

Table 10 and Fig. 13 show that the area protected by FTs
accounts for only one-fourth of the total area (24.53%).
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Fig. 3  FT accessibility in Chuansha. Source: the authors, 2021.

Table 3  Street obstructions in Chuansha. Source: the authors, 2021.

Street Length (km)  Point of Obstruction Total OD (/km)
3 2 1
Al A2 A3 A4 A5 Bt B2 B3 (1 c2 a3

North Street 0.63 (L1) * 1 (P1) 1.59
West Street 0.40 (L2) * 1 (P2) 2.50
Central Street  0.26 (L3) * * * * * * * 14 (P3) 53.85
South Street 0.23 (L4) * * * * * 8 (P4) 34.78
Sum 1.52 3°L) 24 (>P) 15.79

only SFV only FF integration of SFV and FF

N
® CFS e Routes of SFV —  Routs of FF (J:/ [ 200m

Fig. 4 Accessibility of the LFS in Chuansha. Source: the authors, 2021.
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Table 4 FPC in Chuansha. Source: the authors, 2021.

FT LFS FT & LFS
Coverage (%) Coverage (%) Coverage (%) Compared to FTs Compared to the LFS
58.58 100 100 70.72%1 -

210,870 m? 360,000 m 360,000 m® 360,000 m2 Chuansha’s Central Street (53.85/km), is very close to that
of Fengjing’s North Street (55/km). The reason is the
relatively large differences in the street conditions in
Chuansha compared with the small fluctuations in Fengjing,

o 100% which are reflected in the variances in their ODs (492.25
and 173.76/km?) (Table 12).
Table 13 summarises the respective protection cover-
e ages by different fire-fighting methods and the total FPC
o LEs FIELES otal Area and FPI of the three towns. The findings of this comparison
Fig. 5 FPC in Chuansha. Source: the authors, 2021. are as follows.

Even the LFS cannot provide complete coverage (94.57%),
which is different from the situations in the other two
towns (Fig. 14). When the FT and LFS function ranges are
overlaid, the coverage reaches 96.41%, which is almost four
times the coverage by only FTs at the municipal level,
representing a 293.07% increase. This dramatic rise reflects
the significance of the LFS as the leading force for the
protection strategy. The FPI of 149.47% indicates that each
area in Fengjing can be protected by one and a half
methods on average, which has much to do with the low
protection coverage of the SFV (Table 11). In practice, the
areas protected by the SFV and FTs cannot overlap.

4.4, Comparison of the three towns

The above calculation results and analyses investigate the
accessibilities of different techniques to fire hazards based
on the individual characteristics of all three study cases. A
comparison of the three towns indicates that the average
OD of Fengjing (27.98/km) is almost double that of
Chuansha (15.79/km) (Fig. 15). However, from the
perspective of single values, the largest value found, for

(1) From Chuansha to Gaogiao to Fengjing, the protection
provided by FTs becomes successively smaller (58.58%,
43.08%, 24.53%, respectively), and this decreasing
trend is generally consistent with the increase in the
mean OD (15.79/km, 16.92/km, and 27.98/km,
respectively). This result means that the accessibility
and working range of FTs are positively correlated.

(2) The SFV protection coverage in Fengjing (30.65%) is only
one-third that in the other two cases (95.12%, 96.72%).
This result is primarily because, for fire-fighting, instead
of land vehicles, this town uses a fireboat, which can
function only within areas adjacent to the river.

(3) Compared to the other towns (253.71%, 239.80%),
Fengjing has the lowest FPI value (149.47%). This result
suggests that a significant part of its area is under the
protection of only one fire-fighting method, FFs, which
makes this town the most vulnerable to fire risk.

5. Discussion

This paper studies the urgent issue of fire hazard mitiga-
tion in historical towns where wood-major structures,
complicated street conditions, and limits of construction

Table 5 FPl in Chuansha. Source: the authors, 2021.

FT SFV FF Total
Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%)
210870 58.58 342492 95.12 360000 100 913362 253.71

SFV
Fig. 6 Maps of FPI in Chuansha. Source: the authors, 2021.
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Table 6 Street obstructions in Gaogiao. Source: the authors, 2021.
Street Length (km) Point of obstruction Total OD (/km)
3 2 1
A1 A2 A3 A4 A5 B1 B2 B3 (1 c2 a3
West Street  0.37 (L1) * * * * 6 (P1) 16.22
East Street 0.28 (L2) * * * 5 (P2) 17.86
Sum 0.65 (3 L) 11 32P) 16.92

only SFV

only FF integration of SFV and FF
® CFS === Routes of SFV —— Routs of FF é\; —
Fig. 8 Accessibility of LFS in Gaogiao. Source: the authors, 2021.
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Table 7 FPC in Gaogiao. Source: the authors, 2021.

FT LFS FT & LFS
Coverage (%) Coverage (%) Coverage (%) Compared to FTs Compared to the LFS
43.08 100 100 132.11%1 -

120,000 m?

100% |
FPC

FT&LFS Total Area

51,700 m? 120,000 m? 120,000m?*

Fig. 9 FPC in Gaogiao. Source: the authors, 2021.

and transformation aggravate the burden of fire-fighting
emergencies. The study also enriches the approaches to
current research on fire-fighting to preserve historical
towns and contributes to establishing a more compre-
hensive and feasible assessment of complicated road
systems and related fire-fighting techniques in old towns.
The discussion points from the perspectives of both
research methods and fire protection strategies are listed
below.

(1) This paper offers a systematic emergency assessment
integrating examinations of dense street networks
and the permeability of various emergency response
techniques at the town scale. This method is appro-
priate for investigating heritage space use issues in
the social context of population growth and suburban
densification, which differs from the approaches of
former scholars (Okazaki et al., 2016).

(2) The research results illustrate an efficient fire
emergency response mechanism through quantitative
calculations of street obstruction and fire protection
coverage and intensity. In contrast to former studies
(Santana et al., 2007; Paolini et al., 2012; Santos et

emergency response driven by accessibility to fire
hazard sites within a large-scale settlement.

(3) This study shifts the concerns over fire safety issues
from well-known and preserved heritage areas
(Paolini et al., 2012) to urban peripheral areas with
less top-down protection support. The local strate-
gies examined in our study stimulate the initiative of
self-help fire-fighting methods, providing at least a
reference scheme for other heritage sites in devel-
oping areas to mitigate their fire hazards.

(4) Compared to former studies (Hou et al., 2021), this
paper combines interrelated factors into the road
network assessment, including the town locations,
spatial obstacles and street dimensions. Therefore, it
more precisely reflects accessibility to fire hazards ,
in terms of aspects such as street conditions, the
properties of FTs, local fire stations and customised
fire vehicles.

(5) This study explores the performances of modern
techniques in enhancing the fire-fighting capability of
historical towns. The results especially reveal how to
resolve the contradictions between new practices
and old built environments, which contrasts with the
paper of Zheng et al. (2018). The incompatibility
between FTs and old town streets triggers other new
solutions, such as CFSs and SFVs. This problem is a
current practical issue and the research background
of this paper.

(6) This study quantitatively proves that the cooperative
fire-fighting mechanism between the municipality
and the locality of the selected towns is efficient, an
aspect to which other scholars have paid little
attention (Du et al., 2017). As the research results
show, the holistic FPI values are all multiplied when
local emergency services are established as a

al., 2017), this study reveals the efficiency of supplement.
Table 8 FPI in Gaogiao. Source: the authors, 2021.
FT SFV FF Total
Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%)
51700 43.08 116060 96.72 120000 100 287760 239.80

FT SFV

~Firefighter
-+Fire truck
Firefighter

+SFV

+Fire truck
Firefighter

Firefighter
+SFV

N
A0S0 100 200m
v

FF Total

Fig. 10  Maps of FPI in Gaogiao. Source: the authors, 2021.
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Fig. 11  FT accessibility in Fengjing. Source: the authors, 2021.

Table 9 Street obstructions in Fengjing. Source: the authors, 2021.

Street Length (km)  Point of Obstruction Total OD (/km)
3 2 1
Al A2 A3 A4 A5 BT B2 B3I C1 C2 (C3
South Street 0.44 (L1) * * * * * L 2 12 (P1) 27.27
Central Street 0.36 (L2) * * * * * 9 (P2) 25.00
North Street 0.20 (L3) * * * * * * 11 (P3) 55.00
Production Street  0.32 (L4) * * 5 (P4) 15.63
Peace Street 0.36 (L5) * * * L g * 10 (P5) 27.78
Sum 1.68 (>_L) 47 (3_P)  27.98

only SFV only FF integration of SFV and FF

N
0 50 100 200m
® CFS e Routes of SFV —— Routs of FF (B LI

Fig. 12  Accessibility of LFS in Fengjing. Source: the authors, 2021.
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Table 10  FPC in Fengjing. Source: the authors, 2021.

FT LFS FT & LFS
Coverage (%) Coverage (%) Coverage (%) Compared to FTs Compared to the LFS
24.53 94.57 96.41 293.07%1 1.95%1

90,750 m? 349,906 m? 356,714 m? 370.000m?*

Table 12  Variance in ODs. Source: the authors, 2021.
Chuansha Gaogiao Fengjing
- 96.41% Variance (/km?) 492.25 0.67 173.76
FT LFS FT&LFS Total Area

Table 13 Summary of protection coverage in the three

Fig. 13  FPC in Fengjing. Source: the authors, 2021.
towns. Source: the authors, 2021.

The activities of people and vehicles in the old town

; . L . Protection Coverage (%)
streets also warrant consideration. People’sactivities, which

are random and uncertain in nature, are a practical limiting CHUANSHA GAOQIAO FENGJING
factor for street accessibility in real time, and they are FT 58.58 43.08 24.53
impossible to describe with a single coefficient in the cal- SFV 95.12 96.72 30.65
culations. All the assessments adopted, including the mea- FF 100 100 94.29
surement of the OD, simulation of SFV routes, and FPC 100 100 96.41
comparison of FPC and FPI, exclude the incidental influence FPI 253.71 239.80 149.47

of tourist activities on the streets. However, the use of the

Firefighter
+SFV

. Firefighter
S 4SFY
+Fire truck

Firefighter/SFV/Fire truck

Firefighter
+Fire truck

Lo 50 100 200m
L

FT SFV FF Total
Fig. 14 Maps of FPI in Fengjing. Source: the authors, 2021.

- *53.85 . . .55
» 3418 » » 2798 2727 2778
16.92 ) *e

» 45 » 16! 17.86 »

) 15.79 ) T i . 15.63

o °159 25 " "

Fig. 15 Comparison of ODs. Source: the authors, 2021.
Table 11  FPI in Fengjing. Source: the authors, 2021.
FT SFV FF Total

Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%) Area (m?) Coverage (%)
90750 24.53 113400 30.65 348887 94.29 370000 149.47
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dynamic detection of street systems in the assessment will
contribute to emergency planning in the future. Moreover,
the study uses constant maximum speed values for vehicles
in the accessibility assessments of the LFS. Additionally, the
range of the water cannon is a theoretical value for the
protection coverage calculation. Follow-up research can
update the assessment methods when more accurate data
are available to consider changes in vehicle speed, the
application conditions, water pressure and other conditions.

6. Conclusion

The significance of effective fire-fighting strategies in her-
itage sites is commonly cited, but which techniques can
help mitigate risk in historical towns and how are still under
exploration. This paper evaluates the effectiveness of
different customised fire protection techniques, compared
to conventional methods, by systematically assessing and
analysing their accessibility to fire hazards in three selected
towns.

First, this paper concludes that the limiting factors at
three levels of removability reduce the accessibility to fire
hazards in historical towns to varying degrees. Among
different limitations in the streets, some are impossible to
eliminate, while others have a lower likelihood of being
overcome. Factors such as inadequate street width and
height have become absolute obstacles to the entry of FTs.
The results of street obstruction analysis present the ODs of
each main street in a wide range from 1.59 to 55 per km.
Additionally, the variances in the ODs reveal considerable
disequilibrium in the accessible conditions of the main
streets in some towns, e.g., Chuansha.

Second, the paper concludes that the effectiveness of
the conventional technique using FTs for fire risk mitigation
is very limited. FTs can access only one or two streets in the
central areas, which usually contain the most valuable and
vulnerable wooden buildings. The centre of the town of
Gaogiao is not accessible at all. The FT routes are mostly
restricted to the town’s margin or outskirts; thus, FT pro-
tection coverages range from 24.53 to 58.58%. These results
reflect the notable inconsistency between the available
working range of FTs and the core areas that need the most
urgent protection.

The third conclusion is that a customised LFS has sig-
nificant effectiveness in fire-fighting. This effectiveness can
be maximised by integrating SFVs and FFs, as evidenced by
the route simulations. The protection coverage by either
SFVs or FFs is mainly close to or at 100%, which notably
demonstrates that the strategy of using modified fire vans
or tricycles for small-scale streets is widely successful. This
customisation increases the mobility of the rescue force
inside the old towns. It also enables more apparatuses and
fire extinguishing media for better fire control. The low
protection coverage of 30.65% offered by the fireboat in
Fengjing indicates one of its shortcomings in mobility.
However, its most significant advantage, namely, the fact
that it easily uses river water as an extinguishing medium,
also promotes efficiency in responding to fire-fighting
emergencies.
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The fourth conclusion is that the municipal emergency
services alone do not suffice to build efficient fire pro-
tection in urban peripheral historical towns; however, the
localised innovation of CFSs and the utilisation of SFVs
evidently increase the overall local protection capacity.
Comparing the FPI results before and after such innova-
tion, the intensity of fire-fighting coverage increased by
four to six times. This finding speaks volumes about the
roles of CFSs and their rescue teams stationed inside the
towns. Undoubtedly, these three historical towns in sub-
urban Shanghai set a convincing example for better heri-
tage fire protection.

In the future, incorporating a dynamic street detection
system and more accurate calculations of real-time vehicle
speeds and fire apparatus protection ranges will signifi-
cantly improve the accuracy of the assessment methodol-
ogy. Employing the assessment methods developed in this
study to adjust emergency planning will contribute to
preserving old towns more efficiently. Although we provide
alternatives for other developing areas in preserving their
historical towns, more explorations of their local street
networks and available techniques will be promising for
producing a qualified fire-fighting mechanism that is
economical and feasible.
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