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Abstract

Underground parking garages in high-density megacities are high-risk environments
where strong confinement and large fire loads pose severe safety threats. In this study,
an evaluation model is proposed based on the entropy weight method combined with dy-
namic traffic conditions to determine the regional fire service accessibility index C;. Taking
Shenzhen, a megacity in China, as the study area, POI data were used to identify 510 fire
stations as supply points and 3378 underground parking garages as demand points, yield-
ing 165,522 samples across 49 evaluation scenarios. The results show that the overall aver-
age travel time, distance, and velocity are 388.17 s, 2217.95 m, and 5.84 m/s. C; fluctuates
between 0.572 and 0.813, demonstrating clear time-of-day differences. The overall average
C; for all 49 scenarios is 0.697, corresponding to Grade “C”, representing the general level
of regional fire service accessibility. It is recommended that additional fire resources be
deployed during peak hours and that fire station layouts in peripheral areas be optimized
to improve fire safety in underground parking garages.

Keywords: underground parking garage fire; fire service accessibility; entropy weight
method; fire resources

1. Introduction

With the acceleration of urbanization, parking areas are commonly incorporated into
modern buildings on ground or lower levels, such as basements, to optimize space utiliza-
tion [1]. However, underground parking garages typically possess a high fire load and
complex smoke flow characteristics. This is primarily due to their confined geometry, lim-
ited ventilation, and high density of vehicle storage, which exacerbate fire hazards. The
occurrence of a fire poses a severe and highly time-sensitive challenge to fire safety pro-
tocols. Figure 1 shows typical fire incidents in underground parking garages. Frequent
fire incidents have been reported in underground parking garages globally in recent years.
These incidents have resulted in significant casualties and economic losses, as shown in
Table 1. Consequently, as the scale of urban underground space development expands, an
urgent need for in-depth study has arisen. Research is required to enhance the fire emer-
gency response capability and fire suppression efficiency of underground parking garages.
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(a) An underground parking garage (b) Fighting fires in an underground  (c) Destroyed underground parking
going up in flames parking garages garages after fire

Figure 1. Fire incidents in underground parking garages.

Table 1. Recent major underground parking garage fire incidents.

Date Address Description

Underground parking garage fire resulting in 7 fatalities and
1 critical injury [2].

Underground parking garage fire with partial structural
collapse, resulting in 2 injuries [3].

Underground parking garage fire involving an electric

1 August 2024 Incheon, Republic of Korea vehicle (EV), resulting in at least 21 injuries; approximately
140 vehicles damaged [4].

Underground parking garage explosion and fire resulting in

26 September 2022 Daejeon, Republic of Korea

28 April 2023 Aubervilliers, France

13 June 2024 Aargau, Switzerland 2 fatalities and 11 injuries [5].
. . Underground parking garage fire attributed to traction-
19 August 2024 Huizhou, China battery thermal runaway; damage to vehicles reported [6].
2 April 2025 Alcorcén, Spain Underground parking garage fire resulting in 2 firefighter

fatalities and 15 injuries [7].

Underground parking garages are typical subterranean spaces, frequently found in
large-scale public and commercial buildings [8]. Previous studies focusing on these areas
primarily revolved around key issues. These issues included fire load, smoke characteris-
tics, and evacuation safety. Building upon these foundations, extensive experiments and
simulations have shown that the combustion process inside parking garages has several
characteristics. These include rapid fire source power growth and swift smoke spread. A
notable deterioration of the thermal environment is also observed. These characteristics
lead to greater uncertainty and high risk in fire development [9]. Concurrently, potential
fire safety hazards related to building decorative materials are receiving increasing atten-
tion. For instance, epoxy resin floor coatings are widely used in underground garages due
to their excellent wear resistance and aesthetic qualities [10]. However, their combustion
performance generally only reaches Class B2. This fails to meet the Class Bl fire resistance
requirement for underground garages specified in Chinese design codes [11]. During a
fire, these materials may release large amounts of smoke and toxic gases. This exacerbates
the complexity of both personnel evacuation and fire service operations [12].

Against this background, scholars globally have confirmed the crucial role of ratio-
nally designed mechanical smoke exhaust systems and sprinkler devices. These systems
control smoke temperature and concentration. They secure valuable time for personnel
evacuation and fire intervention [13,14]. Meanwhile, studies concerning underground
evacuation strategies have intensified in recent years. Numerical simulations and human
experiments have shown that parking density, aisle width, and signage systems all sig-
nificantly affect crowd evacuation paths and efficiency [15,16]. In addition to the above,
research related to new energy vehicle fires has matured recently. Technical challenges
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are being posed to traditional firefighting and smoke exhaust methods. These challenges
stem particularly from secondary explosions and toxic gas release caused by power bat-
tery thermal runaway [17,18]. Although these studies offer multi-dimensional support for
underground parking garage fire safety, their perspective is mostly limited to the internal
environment of the facility. The configuration of external fire service resources remains to
be fully explored.

In the field of public safety, the optimization of fire station locations, fire service
accessibility assessment, and fire rescue coverage has provided important methodologi-
cal support [19-23]. Methods such as geographic information systems-based accessibility
models, multi-objective optimization, and the establishment of generalized linear models
have been applied to address issues related to fire station location optimization and fire
resource deployment [24-27]. Other studies have incorporated real-time traffic data to
construct spatiotemporal accessibility models, revealing the dynamic evolution of fire ser-
vice responses influenced by road congestion. These models provide a basis for decision-
making in fire resource scheduling and distribution [21,28]. However, previous studies
focusing on the quantitative evaluation of fire service accessibility for underground park-
ing garages remain scarce. To address this deficiency, it is essential to establish a special-
ized evaluation model capable of scientifically quantifying fire service accessibility in these
high-risk environments.

Therefore, a method was constructed to quantify the regional fire service accessibility
of underground parking garages using dynamic travel time and entropy weight method
weighting. To validate this model, the Chinese megacity of Shenzhen was selected as the
study area. The fire service supply points were identified as 510 fire stations in Shenzhen.
The fire service demand points were 3378 underground parking garages. Real-time traffic
data was acquired using the Baidu Maps API v2.0. Finally, 165,522 result samples were
obtained across 49 evaluation scenarios. This data was used to assess the regional fire ser-
vice accessibility of underground parking garages in Shenzhen. The study results provide
a scientific basis for the optimal allocation of urban fire service resources. These results
aim to offer a new theoretical perspective for preventing severe fire accidents in urban
underground parking garages.

2. Problem Context and Theoretical Framework
2.1. Fire Safety Challenges

Underground parking garages currently face three major fire safety challenges: (1) the
deterioration of the fire environment due to smoke and heat accumulation, (2) difficulties
in fire truck access, and (3) the fire risks posed by new energy vehicles.

(1) The first challenge is the deterioration of the fire environment caused by heat and
smoke accumulation. As shown in Figure 2a, the space of underground parking
garages is relatively enclosed and ventilation is restricted. Compared with open
spaces, the heat and smoke released by combustion are easily accumulated within this
limited space. This accumulation further exacerbates the fire environment [29]. Fur-
thermore, mechanical smoke exhaust systems are often difficult to activate promptly
or are limited by the fire source location. This leads to prolonged smoke retention
time. Visibility rapidly drops and the concentration of toxic gases increases. Person-
nel evacuation and rescue operations face immense challenges [30]. Consequently,
the cumulative effect of heat and smoke is one of the most destructive and crucial
characteristics of fires in underground parking garages.

(2) The second challenge involves the difficulty of fire truck access into underground
parking garages. These facilities typically have complex structures and narrow pas-
sages. The clear height and turning radius of the lanes often fail to meet the require-
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ments for fire truck passage. According to China’s Code for Fire Protection Design of
Buildings (GB50016-2014), the clear width and clear height of fire access roads should
be at least 4.0 m. The turning radius for ordinary fire vehicles is specified as 9 m [31].
However, on-site studies have revealed that the clear height of most underground
parking garage entrances is only between 2.2 m and 4.0 m (Figure 2b). This severely
restricts the potential access of large fire service vehicles. Additionally, the minimum
turning radius of internal roads should be designed according to the minimum turn-
ing radius of the vehicles using them. Most underground garages only permit micro,
small, and light vehicles, where the minimum turning radius is only 6.0 m. In sum-
mary, fire trucks are limited to relying on external hoses for fire suppression and
service in most cases. This significantly prolongs the response time and increases the
difficulty of firefighting operations.

u/
4
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(a) Low-clearance entrance of the underground (b) Confined-space underground parking
parking facility. facility.
= -

(c) In-use EV charging piles in an underground (d) Epoxy-coated flooring in an underground
parking facility. parking facility.

Figure 2. Fire incidents in underground parking garages. (the Chinese label “#4x 415 Eip N\ H-
2F(D/EIX)” in (a) indicates the entrance to the public parking garage on Level 2F, (Zones D/E)).

(3) The third challenge arises from the fire risks associated with the increasing number of
new energy vehicles. In response to the global energy crisis and environmental pollu-
tion, many countries have placed greater emphasis on the development of new energy
vehicles. In 2024, global electric vehicle production reached 17.3 million units, a 25%
increase from the previous year. In China, electric vehicle sales accounted for nearly
half of the total car sales in 2024 [32]. As a result, underground parking garages are in-
creasingly being used to park and charge new energy vehicles [28]. Figure 2c,d show
charging station scenarios in underground parking garages. However, compared
with traditional fuel vehicles, new energy vehicles present higher fire risks [33]. This
is because lithium-ion batteries, commonly used in new energy vehicles, are highly
prone to fires under conditions such as compression, internal short circuits, or over-
heating [34]. Particularly in underground, confined spaces, fire spreads quickly, and
smoke accumulates severely, making firefighting operations more challenging than
those for above-ground fires. Furthermore, many underground parking garages are
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equipped with charging stations for new energy vehicles. Improper wiring, poor
connections, or overload during charging can easily lead to fire accidents [35].

2.2. Research Progress in Fire Service Accessibility

Accessibility refers to the quantitative expression of the ease or expectation with
which people can overcome resistance such as distance or time to reach service facilities or
activity venues [36]. In the context of urban emergency management, fire service accessi-
bility is derived from this theoretical framework [37]. It quantifies the ease with which fire
apparatus reaches fire demand points via the key indicator of response time. The shorter
the response time, the easier it is for fire apparatus to reach fire service demand points, and
correspondingly, the higher the fire service accessibility [28].

In early studies, buffer analysis and Voronoi polygons were the most prevalent meth-
ods for calculating accessibility, with their underlying principles defined by Euclidean dis-
tance to delineate fire protection coverage [38,39]. However, these methods often over-
estimate service capacity by neglecting actual road network constraints. To address this,
many scholars have introduced network analysis and the kernel density method to simu-
late travel time more realistically [40,41]. In recent years, the two-step floating catchment
area (25FCA) method has gained traction in emergency rescue research. By incorporat-
ing the supply-demand relationship between facilities and individuals, it more accurately
identifies areas with genuine service shortages [42,43]. However, conventional 2S5FCA as-
sumes uniform access probability within thresholds, which oversimplifies real-world con-
ditions [27]. In contrast, Geographic Information Systems (GIS) have compensated for pre-
vious limitations by considering geographical factors [44,45]. Nonetheless, since GIS road
network data are often lagged, it remains difficult to precisely capture fluctuations in the
fire rescue range [46].

With the rapid development of online maps, API services can obtain real-time traffic
data and calculate the driving distance between any two points, thereby enabling more
precise quantification of the dynamic fluctuations in fire service accessibility during dif-
ferent time periods [21]. Therefore, research on fire service accessibility and related di-
rections such as fire station location selection based on real-time traffic conditions has be-
come a current research hotspot [21,23,25,47]. Current accessibility research primarily fo-
cuses on macro-scale urban areas, with limited attention paid to high-risk underground
garages. Furthermore, existing methods often overlook objective weight calibration. This
study addresses these limitations by combining dynamic travel time with the entropy
weight method.

3. Methodology
3.1. Fire Rescue Apparatus Demand and Travel Time

Firefighting apparatus considered for use must be more complex due to the increas-
ingly complicated and variable fire risk characteristics in underground parking garages.
On one hand, smoke and heat are difficult to dissipate promptly during a fire because of
the enclosed space. This easily leads to a widespread reduction in visibility and a high-
temperature environment within a short period. On the other hand, fire loads in under-
ground parking garages primarily originate from whole-vehicle combustion, as they are
concentrated parking areas for motorized vehicles. Combustion involves various com-
bustibles, including vehicle body plastics, rubber, fuel, lubricants, and interior decoration
materials. High heat release rates and dense smoke concentrations are produced by this
combustion. The generation of toxic and harmful gases is also frequent. This poses a se-
rious threat to personnel evacuation and rescue efforts. Specifically, the extinguishing of

https://doi.org/10.3390/ijgi15030115


https://doi.org/10.3390/ijgi15030115

ISPRS Int. |. Geo-Inf. 2026, 15, 115

6 of 21

a fire originating from an internal lithium-ion battery in an NEV requires more complex
firefighting apparatus.

Taking into account that there are a large number of fuel risk sources stored in the
underground parking garage, foam extinguishing agents offer excellent fire suppression
efficacy due to their high viscosity and low density. They are suitable for Class A and
Class B fires. They also show great promise for extinguishing electric vehicle fires [48,49].
Sustained and copious amounts of fire water are recommended as the extinguishing agent
by the U.S. NFPA Electric Vehicle Emergency Field Guide. This recommendation is also
supported by the U.S. National Highway Traffic Safety Administration’s Interim Guid-
ance for Electric Vehicle and Hybrid-Electric Vehicles Equipped With High Voltage Bat-
teries [50,51]. Consequently, the minimum apparatus required on-site is set in this paper
as one water tender or one foam fire truck. These vehicles must also be equipped with
an accompanying mobile smoke extraction fan. According to China’s ‘Urban Fire Station
Construction Standard’ (JGJ 152-2017) [52], all types of fire stations are equipped with at
least one water tank fire truck or foam fire truck, along with an accompanying mobile
smoke extraction fan. Moreover, water tenders and foam trucks are treated as functionally
equivalent in this study. Therefore, the specific type of fire truck dispatched does not influ-
ence the accessibility evaluation, and fire apparatus capacity is regarded as a standardized
constant. This allows the subsequent analysis to focus precisely on the spatiotemporal
variables of accessibility.

To evaluate fire service accessibility, the travel time of fire trucks must first be ob-
tained. In this study, the Baidu Map Web API is used as the primary data interface for
simulating calculations based on dynamic traffic conditions. According to Article 14 of
the Fire Protection Law of the People’s Republic of China, fire trucks have priority when
responding to rescue missions, allowing them to bypass regular speed limits and traffic
signals, as long as safety is ensured. Therefore, fire trucks typically have shorter travel
times than regular vehicles on the same road. It is assumed that the travel time for fire
trucks is 10% shorter than that of civilian traffic, meaning 90% of the travel time calculated
by Baidu Map is used as the actual fire truck travel time [21,47].

Previous research has shown that within a 3-13 min response time, average monetary
losses increase by approximately 3000 USD per minute, whereas uncertainty increases sig-
nificantly beyond 13 min [53]. Therefore, the travel time of the first fire truck is crucial for
determining whether the fire can be effectively controlled. The Chinese Urban Fire Plan-
ning Code (GB 51080-2015) specifies that fire stations should be located so that they can
reach the district boundary within 5 min of receiving an alarm, including 1 min of prepa-
ration time and 4 min of travel time [54]. The UK Home Office’s official statistics show
that the average travel time for a fire truck responding to an urban fire is 6 min [55]. The
Washington D.C. Fire and Emergency Medical Services Department mandates that the first
fire truck should arrive within 320 s for structural fires, with this response time serving as
a key evaluation metric [56]. Real-life firefighting cases also reflect this. In the 2017 Liv-
erpool car park fire in the UK, the first fire truck arrived approximately 9 min after the
alarm [57]. In the 2023 wildfire in Lahaina, Hawaii, the first fire trucks arrived 5 min after
the alarm [58]. In the 2024 “1.24” major fire in Xinyu, Jiangxi Province, China, the fire team
arrived approximately 7 min after the alarm [59].

It is thus evident that travel time is a decisive factor influencing service efficiency.
Minimized response intervals are fundamental to achieving early-stage fire suppression
and preventing catastrophic escalations. Combining the above-mentioned standards and
case studies, travel time is established as the core evaluation dimension in this study. Four
service accessibility intervals are delimited: 0-240's, 240—-420 s, 420-600 s, and >600 s. These
intervals are used to reflect differences in service capability under various response time-
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liness levels. In summary, when the fire service accessibility evaluation model for under-
ground parking garages is constructed in this paper, it is required that at least one water
tender or one foam fire truck, equipped with an accompanying mobile smoke extraction
fan, should arrive within the stipulated travel time of 240 s.

3.2. Evaluation Model

Analyze the fire service accessibility of an underground parking garage in a certain
region during r evaluation moments within a specific time period. Denote the moment
corresponding to the j-th evaluation scenario as T;. Assume that the total number of un-
derground parking garages in the region is m, with the i-th parking garage denoted as P;.
At time T]-, the travel time and travel distance from P; to the nearest fire station, which has
the shortest travel time, are denoted as t;; and d; ;. The average travel time, average travel
distance, and average travel speed for all underground parking garages in the region at
time T; are then calculated using Equations (1)-(3).

Average travel time T(T}):

_ 1 m
T(T]') = — ti,j 1)
mi=
Average travel distance D(T;):
. 1 m
D(T;) = Ezdi,j )
i=1
Average travel velocity V(Tj):
DT
V(T)) = o ©
T

To provide a more accurate representation of the overall evaluation across all scenar-
ios, the weighted sums of the T(Tj), D(Tj), and V(T;) for the underground parkingi garages
in different evaluation scenarios are calculated. The overall average travel time T, over-
all average travel distance Dt, and overall average travel velocity Vr for all evaluation
scenarios are then obtained, with the corresponding formulas shown in Equations (4)—(6).

r—1
Tr=1. ning (Tpe1 = T(T(T)) + T(Tj11) )
. 1 1 r—1 o _
Dr=3 g L (T~ T)OM) + DlT) ®)
- 1 1 = Y
Vr=3 55 L (T = (1) + V(T0)) ©

/=1

For the qualitative analysis of fire service accessibility in the region, the fire service
accessibility levels are classified into four categories: Excellent, Good, Moderate, and Poor,
based on the travel time intervals defined earlier. Each level represents a different ability
to respond to fire risks, as shown in Table 2.

Table 2. Classification of individual parking garage fire service accessibility levels.

Level Response Time (s) Travel Time (s)
Excellent (0, 300] (0, 240]
Good (300, 480] (240, 420]
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Table 2. Cont.

Level Response Time (s) Travel Time (s)
Moderate (480, 660] (420, 600]
Poor >660 >600

3.3. Regional Fire Service Accessibility Index

Based on the regional fire service accessibility classification, the proportion of park-
ing garages at each rating level (Excellent, Good, Moderate, Poor) within the total sample
at a specific evaluation moment is further examined in this study. Dynamic weighting is
then performed using the entropy weight method. This process is used to construct the
fire service accessibility index for each time period of the underground parking garages.
This index assists in characterizing the coupled relationship between accessibility and the
distribution of rating levels across different periods. It thus quantifies the regional fire
service level. It is assumed that the number of underground parking garages at the Excel-
lent, Good, Moderate, and Poor levels in the j-th evaluation scenario are m;y, m;y, m;,
m;j 1y, respectively. The proportion x;; of each level’s structure at that moment is then
calculated. These proportions form the original structural proportion matrix X, as shown
in Equations (7) and (8).

Xjx = %,k € {LILII, IV} (7)

X = [xjx] € R ®

To unify the measurement scale and ensure directional consistency, range normaliza-
tion is used to standardize the original matrix X. This approach is adopted to preserve the
absolute boundaries and physical interpretability of the fire service indicators while main-
taining a strictly non-negative data distribution. The “Excellent” and “Good” levels are
classified as positive indicators. They are normalized positively based on the minimum
reference value. The “Moderate” and “Poor” levels are classified as negative indicators.
They are normalized inversely based on the maximum reference value. The standardized
proportion z; for the k-th rating level in the j-th evaluation scenario is finally obtained.
The specific process for this calculation is presented in Equation (9).

X e—min(x,
Eﬁggajzﬁég%ﬁj,k e {1, 1} o

Zjk = max(xg) —x;

max(xk)fmin(xk)/k € {HI, IV}

To objectively reflect the discriminatory power of each level indicator along the time
dimension, the entropy weight method is further employed to calculate the entropy weight
for each level. A more significant fluctuation of a certain level during the evaluation period
represents a greater amount of information. Consequently, a higher weight should be as-
signed, and vice versa. When the proportional matrix p; x for the entropy weight method is
constructed, a minute positive number e = 10~ 2 is introduced in this paper. This prevents
the logarithmic term from becoming zero. Subsequently, based on the principle of the en-
tropy weight method, the information entropy e; and the corresponding redundancy dj, for
each level indicator in the time dimension are calculated. Higher values of dj reflect more
pronounced spatial-temporal fluctuations in accessibility for a given level. Normalization
is then applied to obtain the weight wy for each level indicator. The calculation processes
for pj x, e, dy and wy are detailed in Equations (10)-(13).

zZ ik
7

Pik = +¢ (10)
Zj,k
1

]
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1 r
ex = —m]; Pix-In(pjx) (11)
dk =1- 9% (12)
_ dy
R — @)

ke{L, 11, 111, IV}

By combining the standardized proportion z; of each level and the corresponding en-
tropy weight wy, the raw linear composite value C]f”w for the underground parking garages
at the j-th moment is derived. This is shown in Equation (14).

Cj* = ) Wi - Zj (14)
ke{L, 11, 111, IV}

The efficacy of initial fire suppression is extremely high but diminishes significantly
as the fire spreads [53]. Given that fire forces are permanently deployed urban assets, they
maintain a baseline response capability even under extreme conditions. Simultaneously,
the limited clearance of entrances and complex layouts of underground spaces imply that
‘perfect’” accessibility is practically unattainable. To accurately reflect this nonlinear attenu-
ation of rescue effectiveness and the performance characteristics under extreme conditions,
a natural exponential function is employed to map C]f”w into the final regional fire service
accessibility index C;, with 0.5 utilized as a scaling factor in Equation (15).

1 _Craw
G=1-3¢" (15)

C; is used to characterize the overall level of regional fire service response capabil-
ity at a given evaluation moment. A higher value indicates a greater number of under-
ground parking garages concentrated in the “Excellent” and “Good” levels. This repre-
sents a higher level of fire service at that time. Conversely, a lower value suggests a higher
proportion of underground parking garages classified as “Moderate” or “Poor” in the area.
This reflects an inadequate regional fire service response capability. For a qualitative anal-
ysis of the regional fire service accessibility, Table 3 maps the numerical results to four
grades (A through D), representing a descending order of fire service capability.

Table 3. Regional fire service accessibility index level classification.

Hierarchy G Description
A [0.800, 1.000]  The optimal level of regional fire service accessibility.
B [0.700, 0.800) The high level of regional fire service accessibility.
C [0.600, 0.700)  The general level of regional fire service accessibility.
D [0.000, 0.600)  The restricted level of regional fire service accessibility.

3.4. Evaluation Scenario Settings

To accurately assess the fire service accessibility level of underground parking garages
in Shenzhen, a 24 h period was set as the evaluation cycle in this paper. The evaluation
period was selected to be from 00:00 on Friday, 22 November 2024, to 00:00 on Saturday,
23 November 2024. Based on this, 49 evaluation scenarios were delineated with a 30 min
time interval. A total of 165,522 result samples were ultimately obtained. This scheme
covers three typical traffic conditions: morning and evening peak hours, daytime off-peak
hours, and night-time free flow. The dynamic evolution pattern of traffic flow within a
single day is also effectively reflected. Sample data were acquired in real-time by calling
the Baidu Maps Web API via JavaScript. The real-time travel distance and time from the
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fire service supply points to the demand points were calculated for each evaluation mo-
ment. Based on this, the fire service accessibility and fire service accessibility index for all
underground parking garages in Shenzhen were computed.

4. Data Description
4.1. Overview of the Study Area

Shenzhen (113°43’ E~114°38' E,22°24' N~22°52' N) is a megacity in southern China.
Figure 3 shows the location map of Shenzhen. The city covers an area of 1997.47 km?. Tt
administers nine administrative districts and one new district. The socio-economic charac-
teristics and the number of fire stations for each administrative district are shown in Table 4.
By the end of 2024, the permanent resident population of Shenzhen was 17.9895 million.
The city’s Gross Regional Product was 3680.187 billion Chinese Yuan. Shenzhen'’s topog-
raphy is characterized as a comprehensive geomorphological area. It is dominated by hills
and features a combination of low mountains, hills, platforms, terraces, and plains. Signifi-
cant challenges are posed to Shenzhen'’s fire service resource configuration and emergency
response due to its high population density and complex terrain conditions.

111.00°E 114.00°E 117.00°E 114.00°E 114.40°E

(A) Guangdong Provence ‘ (B) Shenzhen N

P

22.80°N

24.00°N

legend
Provincial boundary
Guangdong

B Shenzhen

0 100 200 300 km ) 0 10 20 30 km
| — ]
111.00°E 114.00°E 117.00°E 114.00°E 114.40°E

21.00°N

22.50°N

Figure 3. Location map of Shenzhen.

Table 4. Socio-economic characteristics and fire station distribution by administrative district
in Shenzhen.

Administrative Districts = Resident Population (10k) Area (km?) GDP (Billion RMB)
Bao’an 460.33 382.04 530.04
Longgang 416.39 388.22 590.13
Nanshan 184.44 175.60 950.01
Futian 153.63 187.53 594.89
Longhua 254.46 78.65 315.45
Luohu 104.50 155.44 247.86
Guangming 117.41 78.75 172.13
Pingshan 62.39 166.00 114.38
Yantian 21.69 74.91 64.36
Dapeng New District 17.10 295.31 46.66

4.2. Fire Station Data

As of the end of 2024, there were 510 fire stations in Shenzhen. This total includes
6 special service stations, 69 primary stations, 422 small stations, and 13 township primary
stations. The precise locations of all fire stations were acquired through online maps. Each
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fire station’s structured address was converted into latitude and longitude coordinates us-
ing an online map geocoding service. This facilitated the subsequent calculation of fire
truck travel time. The spatial distribution of fire stations in Shenzhen is shown in Figure 4,
where each yellow five-pointed star represents one fire station. It can be observed from
the figure that fire stations in Shenzhen are mainly concentrated in the central-western
core urban areas. These areas specifically include Nanshan District and Futian District.
The eastern part of Shenzhen is predominantly mountainous. Consequently, the distri-
bution density in areas like Pingshan District and Dapeng New District is slightly lower
compared with the core areas.

‘ ~ . Fire station

Figure 4. Spatial distribution of fire stations in Shenzhen.

4.3. Underground Parking Garage Data

A total of 3378 underground parking garages in Shenzhen were captured as fire ser-
vice demand points by calling the Baidu Maps Web API in this paper. Due to factors
such as insufficient public data coverage and the lag in map data updates, some parking
garage information was not included in the map database. Therefore, a confidence check
on the sampled quantity was conducted using statistical methods. This was done to verify
whether the acquired sample size of underground parking garages met the quantitative
requirements. As shown in Equation (16), the total population N = 8921 is derived from
official municipal statistics [60], a confidence level of 95% (Z = 1.96) and a margin of error
E of 5% were adopted. The calculated required sample size was 368.30. Since the number
of captured underground parking garages, 3378, is significantly higher than the required
sample size, the quantity of the underground parking garage sample is deemed to satisfy
the confidence requirement.

s NZ?P(1—P)
- NE2+Z2P(1-P)

(16)

Fire service demand points are closely related to fire risk points. In this study, un-
derground parking POI data crawled from online maps are used as input variables for
the risk evaluation. The corresponding fire service demand points are visualized through
kernel density clustering [61], resulting in a distribution fire risk cloud map, as shown
in Figure 5. Different colors represent varying degrees of fire risk. Colors closer to red
indicate a higher density of fire service demand points and, consequently, a greater fire
risk. Significant spatial distribution differences in fire risk are observed for underground
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parking garages in Shenzhen from the figure. High-risk areas are primarily concentrated
in the core urban districts, such as Nanshan, Futian, and Luohu. These regions serve as
the political, economic, and commercial centers of Shenzhen. They feature dense layouts
of underground parking garages because they gather high-density office buildings, com-
mercial complexes, large transportation hubs, and high-rise residential communities. This
results in high-intensity underground space development and strong parking demand. In
contrast, peripheral urban areas, including Longhua, Longgang, and Pingshan Districts,
are primarily dominated by outdoor parking areas. Influenced by a slower pace of urban
renewal and relatively lower development density, the number and scale of underground
parking garages in these areas are lower than in the core regions.

Peripheral Urban Area(Low Fire Risk)

Figure 5. Fire risk cloud map for underground parking garages in Shenzhen.

5. Results and Discussion
5.1. Fire Service Accessibility Analysis

After processing and analyzing the 165,522 data samples across 49 evaluation scenar-
ios, the results for T(Tj), D(T;) and V(Tj) for each scenario are detailed in
Appendix A Table Al. Table 5 presents the Tr, Dt and V1 for all average scenarios of
underground parking garages in Shenzhen. According to the preceding accessibility clas-
sification standard based on travel time, the T7 for underground parking garages in Shen-
zhen is 388.17 s. This value falls within the (240, 420) “Good” level accessibility interval.
This demonstrates that the overall accessibility performance of Shenzhen’s underground
parking garages is stable in most emergency scenarios. The capacity to respond to regional
fire risks is thus relatively strong.

Table 5. T7, D7 and V1 for underground parking garages in Shenzhen.

Type Tr (s) Dy (m) Vr (m/s)
Underground Parking Garages 388.17 2217.95 5.84

It can be seen from Figures 6-8 that T(T;) and V/(T;) exhibit regular changes, influ-
enced by the circadian rhythm. During the early morning period (0:00-05:00), vehicular
activity frequency on the roads is extremely low, reflecting free-flow traffic conditions.
Specifically, the T(T]) at 04:00 reached its daily minimum of 341.05 s. During the morning
peak hours (6:00-9:00), the travel time gradually lengthens due to increased traffic flow.
Concurrently, the fire truck travel speed decreases significantly. Traffic remains relatively
stable during the daytime working hours (9:00-16:00). Both T(T;) and V(T;) generally
maintain a stable level during this period. T(Tj) is observed to significantly extend again
during the evening peak hours (16:00-19:00). The maximum travel time for the entire day,
584.52 s, is reached at 18:30. Finally, traffic pressure is gradually alleviated during the

https://doi.org/10.3390/ijgi15030115


https://doi.org/10.3390/ijgi15030115

ISPRS Int. |. Geo-Inf. 2026, 15, 115

13 of 21

night (19:00-24:00). T(T;) gradually decreases, and V(T;) gradually increases. However,

the overall level remains lower than the

early morning state, showing a “Good” level of ac-

cessibility. Simultaneously, it can be observed from Figure 7 that D(T;) fluctuates slightly
around approximately 2.22 km throughout the day. The fluctuation range of travel dis-
tance is between 2206.10 m and 2230.68 m. This indicates that the travel distance remains
essentially stable throughout the day. Comparing Figures 6 and 7, it is observed that the
timestamps for the extrema of T(T;) and D(T;) are not synchronized. This is because the
routing follows the ‘time-optimal” principle, where the system dynamically selects faster
but longer paths based on traffic, causing minor fluctuations in travel distance with the op-
timal route choice. In summary, the fire service accessibility level of underground parking
garages in Shenzhen is generally controllable. However, the response capability exhibits al-
ternating high and low characteristics throughout the day. The response capability during
peak hours is relatively vulnerable. It is recommended that the deployment of mobile fire
forces be augmented during morning and evening peak hours. This measure is intended
to mitigate the negative impact of traffic congestion on fire service accessibility.
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Figure 6. Trend of T(T}) change over time.
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5.2. Regional Fire Service Accessibility Index Analysis

The entropy weight method was employed to objectively determine the weights for
the raw linear composite value C]T“w, which serves as the basis for the final regional fire
service accessibility Index (C;). The corresponding values of ¢y, dj, and wy for each fire ser-
vice accessibility evaluation level are presented in Table 6. Among these, the information
entropy ey for the “Good” level is the highest at 0.9774. This indicates that its spatial and
temporal distribution is the most uniform. Its discriminatory power is relatively limited, re-
sulting in the lowest corresponding weight. Conversely, the redundancy dj, for “Excellent”
and “Moderate” is relatively high. This suggests stronger sensitivity to changes in the fire
service response level. Their corresponding weights wy are consequently at a higher level.

Table 6. ¢y, dj and wy corresponding to fire service accessibility evaluation levels.

Level ey dy Wy
Excellent 0.9459 0.0541 0.3641

Good 0.9774 0.0226 0.1519
Moderate 0.9546 0.0454 0.3056

Poor 0.9735 0.0265 0.1784

To reflect the physical reality that fire service accessibility is partially preserved even
under extreme congestion, a natural exponential function is employed to map the standard-
ized score C; to the final index. This correction yields the final C;, which ranges from 0.572
to 0.813. The results for C]f”w and C; for each scenario are detailed in Appendix A Table Al.

Analyzing the fire service accessibility index, a higher C; value signifies broader cover-
age of underground parking garages rated at the “Excellent/Good” levels and a relatively
higher fire service response capability. Conversely, a lower value indicates restricted fire
service response capability. As shown in Figure 9, the grade distribution of this index is
primarily at the ‘B’ level, accounting for 48.98% of all evaluated scenarios, with the “A”
level comprising 10.20%. This suggests that the fire service accessibility of underground
parking garages in Shenzhen generally meets demand for most periods. However, during
the study period, 22.45% of scenarios were at the “C” level and 18.37% at the “D” level,
indicating that specific spatiotemporal bottlenecks still exist, and there remains significant
room for optimization in regional fire service response levels.

Further analysis of the variation trend of C; values at different times in Figure 10 re-
veals that C; values exhibit characteristics of maintaining high levels during nighttime and
early morning, followed by a sharp decline during peak hours. The peak C; value occurs at
04:00, reaching 0.813. Subsequently, during peak hours, due to traffic congestion leading to
prolonged response times, C; values drop sharply, with a large number of parking garages
rapidly descending from the ‘A’ level to the “C” or “D” level, resulting in a significant re-
duction in fire service response capabilities. This is particularly evident during the evening
peak at 18:30, when the minimum C]- value of 0.572 is reached. Additionally, the overall
average index of 49 scenarios is 0.697, which corresponds to the “C” level, indicating that
there is an insufficient response situation in the overall regional fire rescue capacity. It
is recommended to optimize the layout of fire stations and increase fire resources in areas
with weaker fire resource levels, in order to enhance the overall fire service capacity within
the region.
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Figure 9. Proportional distribution of C; grades.
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Figure 10. Trend of C; change over time.

5.3. Data Visualization

Based on the travel time from the fire stations to the fire service demand points, the
demand points are categorized into four levels: “Excellent,” “Good,” “Moderate,” and
“Poor.” These levels are visualized using green, yellow, orange, and red colors, respec-
tively. Figure 11. illustrates four typical evaluation scenarios (04:00, 08:00, 12:00, 18:00)
throughout 22 November 2024. A comprehensive analysis is therefore conducted on the
evolution of urban fire service response levels over time across the night-time free flow,
peak congestion, and daytime off-peak periods.

Observing the overall trend throughout the day, significant spatiotemporal variations
in the fire response level of underground parking garages are evident across different
time periods. The 04:00 scenario corresponds to the night-time free-flow period. Traffic
flow is extremely low at this time. Nearly all areas show high accessibility. Most under-
ground parking garages are at the “Excellent” or “Good” level. Green points are widely
distributed, indicating that rapid coverage by fire resources can be achieved. At 08:00, the
morning peak hour, commuting traffic pressure sharply increases. Accessibility around
core urban areas and main traffic arteries significantly decreases. A large number of “Mod-
erate” and “Poor” level points appear in areas such as Nanshan, Futian, and Luohu. The
number of red points increases notably. At 12:00, the daytime off-peak period, traffic pres-
sure is somewhat alleviated. The overall response level of parking garages rebounds. How-
ever, a higher number of “Moderate” level points are still distributed in commercial and
high-density areas. The 18:00 evening peak again causes traffic obstruction. “Poor” level
points diffuse in both core and peripheral areas. Fire response capability faces significant
challenges during this time. It is recommended that fire resources be flexibly allocated in
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conjunction with traffic flow changes in each time period and area. The mobile rescue capa-
bility during peak hours should be improved. Furthermore, scientific traffic management
measures should be implemented to ensure smooth passage for fire vehicles.

N $ N
S AN Sged o0 A
‘ T 3 \
i ) S, S gy L
" =) - i A
o 3 e . R -~
4 e D B
Wy 5 < e B
de. Wi L 20T s ¢ K o~
(R T i
ene o

O g ] Yol R
2. oy § ) a
b '?:‘sc" y‘ﬁ g

22 November 2024, 08:00

22 November 2024, 18:00

® Excellent Good Moderate @® Poor

Figure 11. Visualization of fire service accessibility levels for underground parking garages in typi-
cal scenarios.

Regarding the spatial distribution characteristics of the fire service response level, a
certain number of demand points rated as “Moderate” and “Poor” are found in the rela-
tively peripheral areas of Shenzhen (Bao’an, Longgang, and Pingshan Districts). This is
observed across all four typical evaluation scenarios. This indicates that while C; values
may fluctuate with traffic flow, the overall accessibility level of a region still reliably re-
flects its fire service capacity, as fire rescue facilities and apparatus levels generally remain
static in the short term. By cross-referencing the socio-economic characteristics of Shen-
zhen’s administrative districts in Table 4, it can be found that the peripheral areas such as
Bao’an and Longgang Districts possess massive resident populations, but compared with
core areas like Luohu and Nanshan Districts, their population scales are not well-matched
with the regional economic development levels. This further reflects that urban develop-
ment in the peripheral areas is relatively lagging and the fire infrastructure level is weak,
thus leading to the situation where a certain number of demand points in these regions
suffer from insufficient fire rescue accessibility most of the time. This suggests that the
fire service level in these areas is not only affected by traffic conditions. It also reflects
deeper issues, such as a potentially low density of fire resource allocation or insufficient
road capacity. Therefore, measures such as adding fire stations and improving infrastruc-
ture construction should be considered in the city’s peripheral areas. This is to enhance
overall fire response capability and reduce service disparities between regions.

6. Conclusions

A target time value of 4 min for the first arriving fire truck under the scenario of an
underground parking garage fire was established in this study. Based on the fire charac-
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teristics of underground parking garages, the minimum requirement for arrival at the fire
scene within 4 min was determined. This requirement is one water tender or one foam fire
truck, accompanied by a mobile smoke extraction fan. Subsequently, a two-tier evaluation
model was proposed based on real-time traffic data and POIL This model combines dy-
namic fire service accessibility with entropy weight method weighting. Shenzhen’s 510 fire
stations were used as fire service supply points. The 3378 underground parking garages
were taken as fire service demand points. Real-time traffic data was acquired using the
Baidu Maps APL The 165,522 result samples obtained across 49 evaluation scenarios lead
to the following main conclusions:

(1) The average travel time T1 was calculated to be 388.17 s during the study period. The
average travel distance D1 was 2217.95 m, and the average speed V1 was 5.84 m/s.
The overall fire service accessibility is classified as the “Good” level. The shortest fire
response travel time, 341.05 s, occurs at 04:00 in the morning. Most parking garages
are at the “Excellent” or “Good” level at this time. The longest travel time, 584.52 s,
is observed at 18:30 during the evening peak. This reflects the significant constraint
of traffic congestion on service timeliness. It is advised that mobile fire forces be
increased during morning and evening peak hours to mitigate the adverse effects of
road congestion on rescue efficiency.

(2) The regional fire service accessibility index C; exhibits a large fluctuation range, and
its distribution is predominantly in the “C” grade. The C; values at different moments
range between 0.572 and 0.813. A high level of fire service assurance is presented
only during the early morning period; fire service capability is generally insufficient
during most other time periods. Notably, during the evening peak hour of 18:30, the
index is only 0.572. The overall average C; for all 49 scenarios is 0.697, corresponding
to Grade “C”, representing the general level of regional fire service accessibility. This
reflects a prominent structural issue with the level of fire resources in Shenzhen’s
underground parking garages. Optimizing the layout of fire stations and increasing
fire forces in areas with weaker fire resource structures are recommended. This will
enhance the overall fire service capability within the region.

(3) Significant spatial disparities exist in fire resource configuration. Core urban areas
exhibit excellent performance during night-time free-flow periods, but their response
capability markedly declines during peak hours. Peripheral areas, such as Bao’an,
Longgang, and Pingshan, contain a large number of “Moderate” and “Poor” level
points during most time periods. This indicates insufficiencies in resource allocation
density and road conditions. Itis suggested that additional fire stations be established
in peripheral areas, and road traffic conditions be improved. This will compensate
for the shortcomings in fire resource configuration in the outer areas of Shenzhen.

This study provides a practical framework for evaluating the fire service accessibility
of urban underground garages. Currently, a single-day temporal cycle is used to evaluate
the accessibility in Shenzhen; future research could extend this to multi-cycle assessments
to further improve precision. Additionally, while this study focuses on external road net-
work accessibility, future work could incorporate internal garage traversal conditions to
enhance the granularity of the assessment.
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Appendix A

Table Al. Detailed information of fire stations.

Number Time Stam T D v ciw C; Count

P T T T J J I 11 I v
1 2024/11/2200:00 37417 221318 591 0.791 0773 964 1303 663 448
2 2024/11/2200:30  365.39  2214.60  6.06 0.837 0784 1011 1305 649 413
3 2024/11/2201:00  354.34 221994  6.26 0.889 0795 1079 1291 637 371
4 2024/11/2201:30 34927 220950  6.33 0.941 0805 1133 1267 610 368
5 2024/11/22 02:00  347.75  2212.36  6.36 0.918 0800 1114 1302 637 325
6 2024/11/22 02:30  346.61 221240  6.38 0.916 0800 1137 1276 642 323
7 2024/11/2203:00 34521 221097  6.40 0.925 0802 1145 1265 633 335
8 2024/11/2203:30  341.41 221342  6.48 0.961 0809 1158 1282 614 324
9 2024/11/22 0400  341.05 221137  6.48 0.985 0813 1170 1283 598 327
10 2024/11/22 04:30  342.86 220911  6.44 0.972 0811 1185 1246 604 343
11 2024/11/22 05:00 34532  2211.01  6.40 0.948 0806 1143 1277 614 344
12 2024/11/2205:30 34736 220610  6.35 0.914 0.800 1142 1253 637 346
13 2024/11/22 06:00  363.16 221050  6.09 0.820 0780 1040 1272 671 395
14 2024/11/22 06:30  388.08 221584  5.71 0.697 0.751 910 1260 700 508
15 2024/11/22 07:00  419.86  2217.01 5.8 0.576 0719 806 1210 728 634
16 2024/11/2207:30  469.58 221898  4.73 0.357 0650 651 1087 785 855
17 2024/11/22 08:00  498.99  2224.83  4.46 0.287 0625 582 1022 778 996
18 2024/11/22 08:30  496.73  2228.08  4.49 0.229 0602 600 972 826 980
19 2024/11/22 09:00  478.08  2222.68  4.65 0.317 0636 656 1018 797 907
20 2024/11/22 09:30 47395 222339  4.69 0.305 0.631 642 1025 802 909
21 2024/11/22 10:00 45356 222247  4.90 0.357 0650 684 1092 810 792
22 2024/11/2210:30  440.75 221256  5.02 0.378 0657 691 1147 820 720
23 2024/11/22 11:00  437.19 221534  5.07 0.455 0683 728 1149 768 733
24 2024/11/22 11:30 43552 221695  5.09 0.437 0677 742 1121 783 732
25 2024/11/22 12:00  428.19  2217.33  5.18 0.438 0677 725 1186 801 666
26 2024/11/22 12:30 42270  2216.88 5.4 0.432 0675 755 1166 818 639
27 2024/11/2213:00  411.18 221720  5.39 0.508 0699 810 1188 789 591
28 2024/11/2213:30 41545  2217.74 534 0.494 0695 778 1207 791 602
29 2024/11/22 14:00 43556 221628  5.09 0.405 0667 713 1158 813 694
30 2024/11/22 14:30 43558  2217.60  5.09 0.439 0678 720 1172 790 696
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Table A1l. Cont.

Number  Time Stam T D vV crw C; Count
P fr Dx Vi 4 ! I o m IV
31 2024/11/22 15:00 433.71 2217.14 5.11 0.471 0.688 772 1148 782 676
32 2024/11/22 15:30 429.69  2218.60 5.16 0.517 0.702 772 1167 744 695
33 2024/11/22 16:00 44517  2219.73 4.99 0.424 0.673 757 1098 796 727
34 2024/11/22 16:30 468.04  2226.24 4.76 0.364 0.653 671 1075 786 846
35 2024/11/22 17:00 522.63  2219.08 4.25 0.253 0.612 558 979 775 1066
36 2024/11/22 17:30 548.02  2216.88 4.05 0.196 0.589 523 896 770 1189
37 2024/11/22 18:00 578.01 2220.16 3.84 0.189 0.586 470 868 727 1313
38 2024/11/22 18:30 584.52  2229.94 3.82 0.155 0.572 486 790 736 1366
39 2024/11/22 19:00 546.31 2222.77 4.07 0.174 0.580 525 864 778 1211
40 2024/11/22 19:30 509.58  2230.68 4.38 0.179 0.582 565 924 830 1059
41 2024/11/22 20:00 495.02  2222.38 4.49 0.239 0.606 582 1010 821 965
42 2024/11/22 20:30 476.79  2218.63 4.65 0.228 0.602 614 1028 863 873
43 2024/11/22 21:00 462.23  2218.26 4.80 0.391 0.662 645 1126 765 842
44 2024/11/22 21:30 449.34  2221.03 4.94 0.414 0.670 661 1173 775 769
45 2024/11/22 22:00 436.38  2223.26 5.09 0.478 0.690 727 1178 758 715
46 2024/11/22 22:30 415.81 2220.40 5.34 0.542 0.709 796 1207 754 621
47 2024/11/22 23:00 404.94  2219.64 5.48 0.602 0.726 839 1238 738 563
48 2024/11/22 23:30 386.45  2218.64 5.74 0.711 0.754 922 1264 696 496
49 2024/11/23 00:00 384.32  2218.51 5.77 0.737 0.761 917 1290 679 492
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