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Abstract: High-rise buildings (HRBs) are prone to high fire hazards due to their high occupant
density, limited evacuation routes, and high fire load. The indicator system method, as a systematic
evaluation method, is widely applied to assess HRB fire risk. However, the method is subjective
because the determination of the indicator weights mainly relies on expert experience. In order to
reduce the subjectivity of the indicator system method in assessing the fire risk of HRBs, this study
proposes a new assessment method by combining the spatial Markov chain model and the indicator
system method. In this new method, fire occurrence probability is calculated by the spatial Markov
chain model using historical HRB fire accident data. An indicator system is built to characterize the
fire consequence by the structure entropy weight method. Subsequently, HRBs in Beijing are used
as a case to illustrate the practicality of this approach. Firstly, the spatial Markov chain model is
trained and validated using the chi-square goodness-of-fit test based on fire accident data from 2018
to 2023 in Beijing. It was found that the best performance was achieved with the monthly period and
the four-state. Then, the distribution of regional fire occurrence probability in April was predicted
based on fire accident data in March 2023 in Beijing. It showed that areas with higher fire occurrence
probability are mainly located in the central region, especially in the I District. Then, the indicator
system was used to evaluate the HRB fire consequence in the I District. The assessment results
showed that the areas with more severe fire consequences are mainly located in the II and IV Districts,
due to the poor performance of the fire system or the absence of fire protection systems. Coupling the
fire occurrence probability and its consequences shows that HRBs with higher fire risk are mainly
located in area II and should be carefully supervised for fire management. This developed method
can provide some insights into the fire safety management of HRBs and the layout of the fire stations.

Keywords: high-rise buildings; fire risk; spatial Markov chain model; indicators; developed method

1. Introduction

With the rapid progress of urbanization, the number of high-rise buildings (HRBs)
increases continually due to the land shortage in highly populated cities [1]. HRBs refer to
high-rise civil buildings, including high-rise residential buildings (with a building height
greater than 27 m) and high-rise public buildings (with a building height greater than
24 m) [2]. Up to 2017, there were 347,000 HRBs in China, and the number of HRBs was
the largest in the world [3]. HRBs have become an important part of the city, playing an
important role in urban development [4]. However, HRB fire accidents have occurred
frequently in recent years, causing a large number of casualties and economic losses, which
has hindered the sustainable development of cities. In 2022, 17,000 HRB fire accidents
were reported in China, they resulted in 260 deaths and 252 injuries [5]. HRB fires involve
multiple factors, including building characteristics, human factors, fire management, and
so on. For example, in May 2023, a fire caused by a cable line fault broke out in a high-rise
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residential building in Shanxi Province, China, resulting in five deaths and a direct economic
loss of CNY 8.4 million. In this accident, the rapid spread of smoke through the unclosed
fire doors was the main cause of death [6]. Consequently, it is of significant importance to
conduct an HRB fire risk assessment for fire management from a systematic perspective.

Some scholars have conducted relevant research on the fire risk assessment of HRBs.
Rahardjo et al. [7] built an indicator system based on five aspects, such as site planning,
exit road, etc., and then analyzed 50 HRBs by combining the analytic hierarchy, objective
matrix, and traffic light system methods. They found that the unavailability of access for
fire officers, poor roads, and inadequate fire system designs were the main reasons that
caused the severe fire losses. Kumar et al. [8] built an indicator system for public high-rise
residential buildings of older adults. Subsequently, they analyzed the apartment fire risk
by the Delphi, analytic hierarchy process, and fuzzy comprehensive evaluation methods.
It was shown that the existing fire systems and fire management systems could not meet
the evacuation needs of the elderly. Kang et al. [9] focused on the impact of building
status and safety management systems on fire risk. An indicator system and fuzzy set
theory were combined to quantify each indicator. Wang et al. [10] used the fire risk analysis
method for engineering (FRAME) with BIM technology to assess a building’s fire risk. Then
they employed this method to assess a postal office building’s fire risk and found that
this method can rapidly and reliably assess fire risk. Nimlyat et al. [11] evaluated the fire
awareness of occupants in two high-rise residential buildings by an on-site investigation
and questionnaire survey. They found that 88% of the respondents were aware of fire safety
measures in buildings. The aforementioned studies demonstrate that the indicator system
method is widely used to assess high-rise building fire risk systematically. In addition,
some indicators such as building characteristics, active fire protection systems, passive
fire protection systems, evacuation systems, and fire management are provided by some
scholars. However, on the one hand, the indicator system method is subjective because
the calculation of indicator weights mainly relies on expert experience. On the other hand,
this method only considers the impact of building features on fire risk, and some historical
fire accidents are not considered. In fact, it is evident that fire risk is closely associated
with historical fire accidents. Moreover, a large number of historical fire accident data have
been collected by the fire departments in recent years, which lays a solid foundation for the
analysis of accident data.

The Markov chain model, as a dynamic predictive model, has been widely applied
in quantitative risk assessment. Jiang et al. [12] proposed an assessment model for a
transmission line based on the Markov chain model and the indicator system method. Then,
they took the 39-Bus New England test system as a case to validate the effectiveness of the
model. Huang et al. [13] evaluated the IEEE-RTS79 test system operation risk by the Markov
chain model and the two-point estimation method. Then, they concluded that this method
can be used to assist the dispatcher in making dispatching decisions. Wang et al. [14]
obtained a financial pressure index by an early warning indicator system. Then, the
financial risk state (two states: low state and high state) was predicted by the Markov chain
model, and the results showed that China was in a low financial risk state from 2014 to 2015.
Moreover, the spatial Markov chain model, as the extended model of the Markov chain, is
used to characterize the temporal and spatial distribution characteristics of some parameters
in the study area. For example, Alyousifi et al. [15] analyzed the potential impact of spatial
dependence on air pollution distribution in the Malaysian peninsular based on the spatial
Markov chain model, and they found that the distribution of air pollution had a strong
spatial correlation. Ardianto et al. [16] established a dynamic model to analyze the spatial
and temporal relationship of urban residential fire distribution in Melbourne by the Markov
chain model. The results showed that the spatial Markov chain model did provide a good
fit to the residential fire data and predicted residential building fire occurrence accurately.
By analysis of the above studies, it can be found that the combination of the Markov chain
model and an indicator system is an effective method to assess the future risk of fire. In
addition, the spatial Markov chain model can effectively characterize the distribution of



Fire 2024, 7, 16 3 of 17

residential fire and predict residential fire occurrence accurately. However, an HRB fire risk
assessment using the spatial Markov chain model and indicator system method has not
been conducted. In fact, the fire risk is determined by both the fire occurrence probability
and the fire consequence [17]. Consequently, it is worth studying the application of the
spatial Markov chain model to quantify HRB fire occurrence probability, reducing the
subjectivity of the indicator system method in the process of an HRB fire risk assessment.

To this end, in order to reduce the subjectivity of the indicator system method in the
process of an HRB fire risk assessment, a new method combining the indicator system
method and the spatial Markov chain model is developed. In this method, fire occurrence
probability is predicted by the spatial Markov chain model. And the fire consequence
is mainly evaluated by the indicator system method. Subsequently, the fire risk can be
determined by coupling the fire occurrence probability and the fire consequence. Finally,
HRBs in Beijing are used as a case to illustrate the practicality of the method.

The remainder of this paper is organized as follows: Section 2 introduces the analysis
framework of the HRB fire risk; Section 3 illustrates the application of the method by using
HRBs in Beijing; Section 4 summarizes the main conclusion of this paper.

2. Methodology and Model
2.1. Spatial Markov Chain Model

The Markov chain is a mathematical analysis tool to analyze the stochastic process [15].
This method treats the evolution of a system or phenomenon at different times as a Markov
process, characterizing the dynamic changes in a system or phenomenon by using the
transfer probability matrix [18,19]. Compared with the analysis methods of spatial and
temporal distribution characteristics of elements, such as Thiel index, Sill coefficient, and
kernel density estimation [20], the Markov chain model can reflect the dynamic change in
elements and predict future distribution [21]. The Markov chain has been widely applied
in the fields of prediction of indoor airborne contaminant distribution [22], land cover pre-
diction [23], human activity sequence generation [24], fault diagnosis [25], etc. The spatial
Markov chain model introduces the concept of spatial lag based on the traditional Markov
chain model, which means that the spatial transfer probability matrix can characterize the
influence of certain parameters of nearby locations on the study location under a given time
period [26,27]. In this study, time period is defined as discrete units (week, month). The
specific steps in predicting the HRB fire occurrence probability using the spatial Markov
chain model are as follows.

(1) Determination of grid size.
To establish a spatial Markov chain model, the research area is first divided into equally

sized grids. Subsequently, the global Moran’s I test is employed to determine the proper
grid size in which the spatial clustering of fire accidents can be reflected. The Moran’s I test
is conducted based on the ArcGIS 10.8 software.

(2) Establishment of initial fire data matrix.
For each grid in the research area, the spatial lag value can be calculated as Equation (1):

Lagi,t = ∑n
j=1 Yj,t ∗ Wij (1)

where Lagi,t is the spatial lag value of grid i at time t, Yj,t is the number of fire occurrences
of the grid j at time t, n is the grid number, and Wij is the spatial weight matrix between
grids i and j. In this study, the adjacency matrix is selected as the spatial weight matrix.

(3) Classification of fire data state.
The traditional classified method, such as the quantile grading method, cannot be

employed to classify the fire data state in this study due to the infinite number of fire
occurrences on a grid. Thus, the fire data state is divided by referring to the research of
Ardianto et al. [16]. The description of the fire data state is shown in Table 1.
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Table 1. The description of the fire data state.

Fire Data State Description

Two-state
No fire

At least one fire

Three-state
No fire
One fire

Two or more fires

Four-state

No fire
One fire
Two fires

Three or more fires

(4) Establishment of the spatial transfer probability matrix.

Mk =
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(2)

where Mk is the spatial transfer probability matrix of grid k, pt
ij|Sn

is the transfer probability

of the fire data state i to state j at time t when the fire data state of neighborhood is Sn, f t
ij is

the number of the fire data state i to state j at time t when the fire data state of neighborhood
is Sn, and ∑m

j=1 f t
ij is the number of the fire data state i to any state at time t when the fire

data state of neighborhood is Sn.
Finally, the chi-square goodness-of-fit test is used to select the appropriate model.

During the process, the fire accident data are divided into the training set and the validation
set. And then the chi-square goodness-of-fit test is used to assess the validation results. In
the chi-square goodness-of-fit test, the predicted results can be accepted as the p-value is
larger than 0.05 [16].

2.2. Indicator System Method
2.2.1. Construction of the Indicator System

An indicator system method is widely used in an HRB fire risk assessment because
it is related to many factors [28]. Based on the characteristics of HRBs and previous
studies [7–11,29,30], building codes [2,31,32], and related regulations [33], the developed
indicator system in this study is divided into five aspects: building characteristics, building
firefighting extinguishing capacity, external firefighting extinguishing capacity, personnel
characteristics, and the fire management. The constructed indicator system is shown in
Table 2.
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Table 2. Indicator system of HRB fire consequence assessment.

Primary Indicator Secondary Indicators Tertiary Indicators

Fire risk of HRB

Building characteristics (BC)
Fire compartment

Building height
Fire resistance rating

Building structure

Building fire extinguishing
capacity (BFEC)

Sprinkler systems
Automatic fire alarm system

Fire hydrant system
Smoke control system

External fire extinguishing
ability (EFEA)

Fire department arrival time
Micro fire station construction status

Personnel characteristics (PC) Population density
Population flow

Fire management (FM)
Number of fire inspections

Number of fire safety education
Number of fire drills

2.2.2. Indicator Weight Calculation

The subjective weighting method and the objective weighting method are widely used
to calculate the indicator weights [34]. The subjective weighting method heavily relies on
expert experience but has a strong interpretability, while the objective weighting method
has the advantage of strong mathematical theory, but data acquisition is difficult in some
cases [35]. Therefore, this study employs the Delphi method and the structural entropy
weight (SEW) method to determine the indicator weights. This method combines the
advantages of subjective and objective methods and includes qualitative and quantitative
analyses [36]. The specific calculation steps are as follows:

(1) Collection of expert opinions and formation of a typical ranking
To begin with, a questionnaire is designed based on the indicator system. Secondly, a

panel of experts who are knowledgeable and experienced in HRB fire risk is selected. These
invited experts mainly come from research institutions, universities, and fire departments.
Subsequently, they are invited to anonymously complete the questionnaire following
the requirements of the Delphi method. The ranking of indicators is determined using
natural numbers, where “1” represents “the most important”, “2” represents “the relatively
important”, and so forth. Finally, the opinions of all experts are summarized to form a
typical ranking, as detailed in Table 3.

Table 3. Survey Questionnaire.

Indicator 1 Indicator 2 . . . Indicator n

Expert 1 a11 a12 a1n
Expert 2 a21 a22 a2n
Expert 3 a31 a32 a3n

. . . . . . . . . . . . . . .
20 am1 am2 . . . amn

(2) Blind analysis
Expert opinions often contain noise and uncertainty [37]. Therefore, it is necessary to

calculate the entropy value of the questionnaire results using entropy theory to reduce the
uncertainty in expert rankings. The specific method is as follows:

Assuming that m experts are invited to complete the questionnaire, and the m sets of
questionnaire responses are collected. The questionnaire results are represented as U, where
U = {U1, U2, . . . , Um}, and Um represents the mth set of questionnaire results. Um can be
represented as {am1, am2, . . . , amn}, where amn denotes the ranking of the nth indicator in
the mth set of questionnaire results. Therefore, the ranking matrix A formed by the m
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sets of questionnaire results is represented as A
(

A =
(
aij
)

m×n, i = 1, 2, . . . , m; j = 1, 2, . . . , n
)

.
The details are as follows:

A =


a11 a12 · · · a1n
a21 a22 · · · a2n
· · · . . . . . . · · ·
am1 am2 . . . amn

 (3)

The qualitative rankings should be converted into quantitative values, using the
membership function, the details are as follows:

χ(I) = −λPn(I)ln Pn(I) (4)

where Pn(I) = k−I
k−1 , and λ = 1

ln(k−1) (k = n + 2), where k represents the transformation
parameter. Substituting these values into Equation (4):

χ(I) = − 1
ln(m − 1)

m − I
m − 1

ln
m − I
m − 1

(5)

Dividing both sides by m−I
m−1 , and letting 1 − χ(I)/ m−I

m−1 = µ(I), then:

µ(I) =
ln(m − I)
ln(m − 1)

(6)

where I is defined as the qualitative ranking of a specific indicator assigned by experts,
while µ(I) represents the membership function value corresponding to the indicator.

By substituting I into Equation (6), the quantitative transformation value bij is obtained,
bij = µ

(
aij

)
represents the membership degree of ranking I. The matrix B =

(
bij

)
m×n is

defined as the membership matrix.
The average understanding degree bj is introduced to present the consistence degree

of evaluation on the indicator uj by the m experts. Its calculation method is as follows:

bj =
b1j + b2j + · · ·+ bmj

m
(7)

The uncertainty generated by m experts for indicator uj is defined as blindness σj. It
can be calculated as follows:

σj =
∣∣{[max

(
b1j, b2j, . . . , bmj

)
− bj

]
+

[
bj − min

(
b1j, b2j, . . . , bmj

)]}
/2

∣∣ (8)

The global understanding degree xj is defined as the overall evaluation level of the m
experts on indicator uj. The calculation formula is as follows:

xj = bj(1 − σm) (9)

The vector representation of the evaluations of indicator uj by the m experts is denoted
as X = {x1, x2, . . . , xm}.

(3) Normalized treatment
To obtain the weights of indicator uj, it is necessary to perform normalization process-

ing on X = {x1, x2, . . . , xm}. The calculation formula is as follows:

ωj =
xj

∑m
j=1 xj

(10)

where, ωj > 0, and ∑m
j=1 ωj = 1. The vector ω =

{
ω1, ω2, . . . , ωj

}
represents the weight

vector of the indicator set U = {U1, U2, . . . , Um}.
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2.2.3. Scoring Method

The scoring method for indicators in this study mainly refers to the improved scoring
method proposed by Liu et al. [38]. For indicators with specific requirements outlined
in the standards, a “0-1-3-5” scoring method is employed. In the method, “0” indicates
non-compliance. “1” indicates significantly lower than requirements. “3” indicates slightly
lower than requirements, and “5” indicates full compliance with the requirements. For
other indicators, a natural number scoring method is used. The scoring standard for
indicators mainly refers to related standards, as shown in Table 4.

Table 4. The standards used in the scoring method.

No. Codes and Regulations

1 Code for fire protection design of buildings (GB50016-2014) (2018 edition) [2]
2 General code for fire protection of buildings and constructions (GB55037-2022) [31]
3 Unified standard for reliability design of building structures (GB50068-2008) [32]
4 Regulations on fire safety management of high-rise civil buildings [33]

After the completion of indicator scoring, the obtained scores should be transformed
into the percentage scale. The calculation formula is as follows:

Sj =
Zj

Gj
× 100 (11)

where Sj is the percentage score of the jth indicator, and Zj is the obtained score of the jth
indicator, and Gj is the maximum score of the scoring standard for the jth indicator.

Subsequently, the score for the building fire consequence can be calculated using the
following formula:

R = ∑n
i=1 ωi∑m

j=1 ωijSj (12)

where R is the building fire consequence score, ωi is the weight of the ith secondary
indicator, n is the number of the secondary indicators, ωij is the weight of the jth tertiary
indicator under the ith secondary indicator, and m is the number of tertiary indicators
under the ith tertiary indicator.

Finally, the fire risk is classified into high risk (red), medium risk (orange), general
risk (yellow), and low risk (blue), according to the relevant government document [39].
Additionally, in order to ensure the practical significance of the assessment results, the
building scores are arranged in descending order and the risk levels are divided in a ratio
of 1:4:4:1 for high risk, medium risk, general risk, and low risk, respectively, as shown in
Table 5.

Table 5. Fire risk level table of HRBs.

No. Risk Level Ratio

1 High risk 0–10%
2 Medium risk 10–50%
3 General risk 50–90%
4 Low risk 90–100%

2.3. Fire Risk Analysis Framework for HRBs
2.3.1. HRB Fire Risk Calculation

Assume that the grid Z fire state is being four-state and the state matrix at time t
is calculated to be P(t) = [p1, p2, p3, p4]. Then, the fire probability of grid Z P(t)

f can be
calculated by the following formula:

P(t)
f = 1 − p1 (13)
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where p1 is the probability that the grid is in “a no fire” state. Then, the P(t)
f is defined as

the building fire probability in this area.
In the end, the building fire risk FR can be calculated as follows:

FR = P(t)
f × R (14)

2.3.2. Framework of Fire Risk Assessment

The framework of the HRB fire risk assessment is illustrated in Figure 1. Firstly, the
probability of HRB fire occurrence is calculated using the spatial Markov chain model,
with the key parameters determined based on the historical fire accident data. Secondly,
the HRB fire consequence assessment is conducted using the indicator system method.
Subsequently, the HRBs of Beijing are selected as a case, and then the probability of fire
occurrence and the fire consequence are calculated, respectively. In the end, the fire risk of
HRBs in Beijing is determined by considering both the probability and the consequence.
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3. Results and Discussion
3.1. Study Area

Beijing is the political and cultural center of China and is also renowned as a historical
capital and a modern international city. Beijing is mainly composed of 16 administrative
regions with a total area of 16,410 square kilometers, as shown in Figure 2. Moreover, the
fire accident data (1962 fire accidents of HRB) from 2018 to 2023 in Beijing, provided by the
Tianjin Fire Science and Technology Research Institute of MEM (TFRI), are selected. The
information on each accident mainly includes the occurrence time (year, month, day, and
hour), location, accident cause, etc.
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3.2. Regional Fire Risk Prediction
3.2.1. Spatial Autocorrelation

The grid size of 3 km × 3 km is selected preliminarily in this study, based on the related
document from The People’s Government of Beijing Municipality [40]. Subsequently, a
spatial autocorrelation analysis in the ArcGIS software is performed by using the historical
fire accident data. The calculated global Moran’s I value is 0.505151 (>0), meaning that
the distribution of HRB fire accidents in Beijing exhibits a spatial positive correlation,
i.e., the distribution of fire accidents presents a ‘cluster–cluster’ and ‘dispersion–dispersion’
pattern. Meanwhile, the p-value and z-score are 0 and 59.320478, implying with 99%
confidence that the distribution of high-rise building fire accidents exhibits a spatial positive
correlation [41,42]. Therefore, the divided grid size (3 km × 3 km) is effective. The spatial
Markov chain model can be employed to predict the spatial distribution of HRB fire
occurrence in Beijing under the grid size of 3 km × 3 km.

3.2.2. Model Validation

In order to validate the spatial Markov chain model, the fire accident data of HRBs
are divided into the training and validation sets according to the ratio of 3:1 and 4:1,
respectively. Subsequently, the Chi-square goodness-of-fit test is applied to assess the
fitting effect of the spatial Markov chain model for different fire states and time periods.
The results are presented in Table 6.

Based on the results presented in Table 6, it can be seen that the p-value of the monthly
period exceeds the significance level of 0.05, higher than that of the weekly period. Conse-
quently, the monthly period is selected as the appropriate time frame. Furthermore, it also
shows that the p-value of the four-state is the highest compared to other values in Table 6,
indicating that the performance of the corresponding model outperforms the other states
during the monthly period. As a result, the fire state is selected as the four-state. Finally,
the spatial Markov chain model with the monthly period and the four-state is selected to
predict the regional fire probability distribution in Beijing.
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Table 6. The results of the chi-square goodness-of-fit test.

Time Periods Fire States Performance
Metrics

Ratio of Training Set
Ratio

75% 80%

Month

Two-state
χ2 6.774059743 6.402080914

p value 0.158880366 0.162542209

Three-state
χ2 9.145245405 9.657936508

p value 0.151558868 0.153508278

Four-state
χ2 4.79915848 4.67874029

p value 0.192373038 0.175196289

Week

Two-state
χ2 5.63045442 4.834498277

p value 0.171997492 0.178639024

Three-state
χ2 12.94804599 10.90285724

p value 0.029097193 0.043257354

Four-state
χ2 11.21326049 9.353785163

p value 0.055188108 0.064072835

3.2.3. Distribution of Regional Fire Probability

The fire accident data in March 2023 are used to predict the distribution of regional
fire probability in Beijing in April based on the spatial Markov chain model. The results are
shown in Figure 3.
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In Figure 3, it is evident that the grids with the higher fire probability primarily are
located in the central region of Beijing, mainly including the I, H, J, K, L, and O Districts.
This can be attributed to the two aspects. On the one hand, the population density plays
a pivotal role. The population number of the central region accounts for 50.2% of the
permanent population in Beijing [43]. On the other hand, there are large number of HRBs in
the central region. For example, to the year of 2017, there were approximately 12,316 HRBs
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in the central region, constituting more than 60% of the total in Beijing [44]. In addition, it
can be found that the I District has the highest probability of fire occurrence. The detailed
calculated results are shown in Figure 4.
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In Figure 4, it can be seen that those areas marked as 3⃝, 4⃝, and 5⃝ exhibit a high fire
probability. This can be attributed to the large number of fire accidents that occurred in
neighborhoods of those areas. For instance, the number of fires that occurred in those neigh-
borhoods was 247 from 2018 to 2023, accounting for over 57% of the total neighborhoods of
the I District. In these fire accidents, the fires caused by electrical faults and carelessness
are predominant by the analysis of the historical fire accident data. The main reasons can
be attributed to two aspects. On the one hand, more than 800 HRBs were built before
2010, accounting for more than 80% in I District. Among them, more than 270 buildings
were built earlier than 2000, based on the basic HRB data provided by the TFRI. In these
old buildings, the circuit design load is usually insufficient and the power consumption
is high [45]. On the other hand, the proportion of old permanent residents aged 60 and
above in the I District is the largest (27%) [46], and it is common to see fires caused by the
carelessness of these old persons.

3.3. HRB Fire Consequence Assessment

Due to the higher fire probability of the I District, the HRBs of this district are selected
to assess the fire consequence. Furthermore, the HRBs are divided into public buildings
(PBs) and residential buildings (RBs) in the assessment.

3.3.1. Indicator Weight Calculation

To determine the weight of the indicators, 23 experts from some research institutions,
universities, fire departments, and relevant companies were invited to complete the ques-
tionnaire. Then, a total of 20 valid responses were collected. Subsequently, the responses
were processed by the SEW Method, and the calculated results are shown in Table 7.
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Table 7. The indicator weights of HRB fire consequence assessment.

Primary Indicator Secondary Indicators Tertiary Indicators

Fire risk of HRB

Building characteristics (BC)
(0.2073)

Fire compartment
(0.2579)

Building height
(0.2576)

Fire resistance rating
(0.2424)

Building structure
(0.2421)

Building fire extinguishing
capacity (BFEC)

(0.1790)

Sprinkler systems
(0.2571)

Automatic fire alarm system
(0.3773)

Fire hydrant system
(0.1583)

Smoke control system
(0.2073)

External fire extinguishing
ability (EFEA)

(0.2070)

Fire department arrival time
(0.5015)

Micro fire station construction status
(0.4985)

Personnel characteristics
(PC)

(0.1883)

Population density
(0.6856)

Population flow
(0.3144)

Fire management (FM)
(0.2184)

Number of fire inspection
(0.3479)

Number of fire safety education
(0.3479)

Number of emergency drill
(0.3042)

3.3.2. Distribution of Building Fire Consequence

The fire consequence assessment of HRBs in the I District was conducted by combining
the scoring standards as shown in Table 4. The distribution of HRB fire consequences can
be found in Figure 5.

In Figure 5, it can be observed that HRBs with high fire consequence levels in the
I District are predominantly located in areas II and IV, followed by area I and area III. To
further clarify the specific fire risks of HRBs in areas II and IV, the average score of the
secondary indicators for HRBs in areas II and IV is shown in Figure 6.

In Figure 6, it can be found that the score of the “BFEC” (Building fire extinguishing
capability) is the highest for all the buildings. This explains that the “BFEC” plays an
important role in the fire accidents of areas II and IV. This can be attributed to the poor
performance of the fire systems or the absence of the fire protection systems in areas II and
IV. For this phenomenon, it is closely related to old buildings and less manager attention [47].
Additionally, some requirements of RBs in some fire codes are lower for the fire protection
system equipment compared with those for PBs. For example, the obligatory installation of
automatic sprinkler systems is mandated only for residential buildings surpassing a height
of 100 m [2,31]. Furthermore, it can be seen that there is a large difference in the “FM” and
“EFEC” scores in PBs and RBs. The reason for the score difference in the “FM” is that the
emergency drills conducted per year and the fire safety education for the PBs are stricter,
compared with those for the RBs. For the “EFEC” difference, the influence of the micro-fire
station setup is obvious. For many RB communities, the micro-fire station was not built
in time.
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Figure 5. Distribution of HRB fire consequence in the I District. (The red circle represents the area
where the HRBs with the high fire consequence level are located).
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Figure 6. The average score of the secondary indicators for HRBs in areas II and IV.

3.4. Distribution of HRB Fire Risk

Figure 7 shows the distribution of the HRB fire risk, determined by the combination of
the fire probability and the fire consequence.

In Figure 7, it can be seen that the risk of HRBs in area II is the largest. The main
reasons can be attributed to the higher fire probability (shown in Figure 6) and the more
severe fire consequence. For the higher fire probability, there are many old HRBs in area II,
and electrical faults usually occur, which is the reason that fire accidents happen frequently.
For example, the number of fires with a clear reason occurring in area II is 41 from 2018
to 2023. Among them, the number of fires caused by electrical faults is 17, accounting
for over 40%. Other detailed reasons are illustrated in Section 3.2.3. For the more severe
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fire consequences, it is obvious that the fire protection infrastructures of the old HRBs are
inadequate, which will lead to fire consequences expanding easily in case of a fire. Other
specific reasons for the expansion of fire consequences can be referred to in Section 3.3.2.
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4. Conclusions

In order to reduce the subjectivity of the indicator method, this paper proposes a novel
assessment method combining the spatial Markov chain model and the indicator system
method. Then, the HRBs of Beijing are selected as an example to illustrate the application
of the proposed method. During the assessment, the fire accident data of HRBs in Beijing
from 2018 to 2023 and the basic HRB data are used. The main conclusions are as follows:

(1) It is found that the spatial Markov chain model achieves the best performance with
the monthly period and the four-state. Subsequently, we conclude that the regions with
higher fire probability are located mainly in the central region of Beijing, including the I, H,
J, K, L, and O Districts. In these regions, the I District has the highest fire probability, which
should receive more attention in fire management.

(2) An indicator system is built to assess the fire consequence of HRBs in the I District.
It shows that the HRBs with a high consequence level are located mainly in areas II and IV.
The main reason is the lack of fire protection systems or poor performance because of less
manager attention.

(3) Combining the fire probability and the fire consequence, the fire risk assessment
results of HRBs in the I District are determined. The high-risk buildings are predominantly
concentrated in the area II. This can be attributed to a large number of old buildings in this
area. On the one hand, there are many old high-rise buildings in area II, and the proportion
of the elderly population is relatively large. On the other hand, the fire protection systems
of the old high-rise buildings have poor performance, and some residential building
communities do not equip micro-fire stations. These factors make the area II more prone
to fire.
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This developed method can provide some insights into fire safety management. Fur-
thermore, the method is not restricted to assessing HRB fire risk. The method also can
be used to effectively assess the fire risk of other buildings by utilizing corresponding
historical fire accidents and building information. This process is achieved by fine-tuning
model parameters, such as the fire state of the spatial Markov chain model and the indi-
cator system. However, it is important to note that the predicted accuracy of the spatial
Markov chain model should be validated and the indicator system needs to be improved
in future analysis.
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