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Abstract Fire hazards are considered to be one of the most dangerous hazards in the

world, which could lead to significant casualties and economic losses. This paper sum-

marizes the fire hazards in China during the period from 2000 to 2016 in daily life,

transportation, storages, industrial production, etc. In this research, the tempo-spatial

distribution of fire hazards that result in fatalities, injuries and direct economic losses was

studied. The place distribution of fire hazards was analyzed, and the primary causes of fire

hazards were also discussed. In addition, an extensive fire hazard induced by an explosion

incident at Tianjin harbor was studied and discussed. Linear regression relationships

between the four indicators of fire hazard and the average gross domestic product were
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developed and analyzed. Based on the analyzed results, recommended mitigation measures

against fire hazards were recommended.

Keywords Fire hazard � Tempo-spatial distribution � Regression analysis � Mitigation

measures

1 Introduction

With the rapid urbanization in China, the movement of large population migrating to mega

cities has resulted in large-scale urban construction (Yan et al. 2012; Shen et al.

2014, 2016; Xu et al. 2017), which includes mass transportation system construction (Ren

et al. 2018), sponge city construction, large-scale shopping mall (Qiao et al. 2017), large

housing and large logistics storage complexes (Peng and Peng 2018). These large-scale

urban constructions may pose the potential risk of hazards during construction and oper-

ation. During construction in soft deposit, long-term stability is a problem due to the

rheological behavior of soil (Leblon et al. 2002; Khoury 2002; Yao et al. 2008, 2009; Yao

and Zhou 2013; Yin et al. 2011, 2013, 2015, 2016, 2017a, b) and groundwater pumping is

required to maintain stability (Shen et al. 2013a, b, 2017a, b; Tan and Lu 2017, 2018; Wu

et al. 2015a, 2016, 2017a, b). However, groundwater pumping may cause subsidence of the

surrounding areas (Shen and Xu 2011; Wu et al. 2015b; Xu et al. 2012, 2014, 2016, 2017;

Tan et al. 2017, 2018).

The number of the natural hazards has increased with the rapid development of the

economy in China in recent years, which will lead to economic losses and casualties. Many

of the natural hazards, such as heavy storm-induced flood hazards (Lyu et al. 2016, 2018a),

groundwater contamination (Du et al. 2012, 2014a, b), earthquake hazards, fire hazards

(Cao and Guo 2011) and engineering collapse hazards (Chai et al. 2014, 2018), have been

reported on previously (Shen et al. 2014, 2016; Cheeda et al. 2015; Cheng et al.

2017a, b, 2018; Weckman 2017; Stroh et al. 2017).

Fire hazards are one of the significant hazards to threaten human lives and properties

(Bendelius 2002; Bettelini 2002; Hwang and Edwards 2005; Chen et al. 2007; Babrauskas

2016). Fire hazards not only cause significant damage to properties (San-Miguel-Ayanz

and Ravail 2005; Cao and Guo 2011; Sun et al. 2015; Adab 2017; Fateh et al. 2017) but

also lead to a serious negative impact on social stability. The annual number of deaths due

to the fire hazards exceeds 10,000 worldwide, according to the United Nations World Fire

Statistics Center (Budnick 2012; Xie 2014). Since the reforming and opening-up policy of

China was released in 1979, fire hazards have occurred more than 5 million times, leading

to 82,794 fatalities, with more than 10 thousand people injured and 52 billion RMB

economic loss (Xie 2014). Thus, the fire hazards have led to catastrophic impacts in China

and the world (Garlock et al. 2012; Spinardi 2016; Veeraswamy et al. 2018). The

improvement of fire awareness and the promotion of fire safety knowledge may need to be

a priority, government investment. Once a fire hazard initiates, it develops rapidly and the

time to conduct evacuation is extremely short, thereby resulting in considerable property

damages and casualties.

Fire hazards are categorized by the Ministry of Public Security in China, according to

the production safety accident report. Investigation and handling regulations are an

important indicator for fire hazard categorization, which are announced by the State

Council. Three aspects regarding the number of deaths or number of injuries or direct
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economic losses can be categorized into four primary categories in terms of the fire hazard

damage level: special great fire, great fire, large fire and general fire (Lu 2012).

Table 1 shows a summary for the four fire hazard categories. As evident, the special

great fire category is based on the number of deaths being equal to or more than 30 people

or the number of injury being equal to more than 100 people or the direct economic loss

being equal to more than 100 million RMB. The great fire is categorized based on the

number of deaths being in the range of 10–30 people or the number of injury being in the

range of 30–100 people, or the direct economic losses being in the range of 50–100 million

RMB. The large fire category is based on the number of deaths, being in the range of 3–10

people or the number of injury being in the range of 10–50 people or direct economic loss

being in the range of 10–50 million RMB. The general fire corresponds to the number of

death being less than 3 people or the number of injury being less than 10 people or the

direct economic loss being less than 10 million RMB (Lu 2012).

It is known that fire hazards can be fatal and can cause serious casualties and property

losses. The objectives of this paper are: (1) to analyze the tempo-spatial distribution of the

fire hazard in China in the period from 2000 to 2016 and (2) to recommend the mitigation

measures against the fire hazard.

2 Methodology

2.1 Data sources

The data of fire hazard classifications and China’s major fire hazards in recent years were

obtained from reports and publications (Cao and Guo 2011; Lu 2012). The data, including

the number of fire hazards, the number of casualties and the economic loss and the average

GDP, were obtained from the Yearbook of China Fire (Li 2016), the Web site of National

Bureau of Statistics of the People’s Republic of China (http://data.stats.gov.cn) and other

relevant publications (Chen et al. 2007; Lu 2012; Sun et al. 2015). Moreover, the data of

time distribution, places distribution and causes are extracted from publications (Cao and

Guo 2011; Fu 2014; Qi 2017). Finally, the data of the large-scale fire hazard at Tianjin Port

sources were obtained from China’s official report (https://baike.so.com).

2.2 Data analysis

a. Chart statistical analysis

Firstly, the data collected were classified into categories such as time factor, place factor

and cause factor. Then, a chart is drawn for each category (Lu 2012), correspondingly

Table 1 Four groups of fire hazards. Data from (Lu 2012)

Fire hazards Number of deaths Number of serious injuries Direct economic loss (million RMB)

Special great fire C 30 C 100 C 100

Great fire 10–30 50–100 50–100

Large fire 3–10 10–50 10–50

General fire \ 3 \ 10 \ 10
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reflecting the time distribution of fire hazards, the places distribution and the causes. This

enables prediction of the trend of the fire hazards and provides the basis for scientific fire

prevention. At the same time, a timetable was prepared based on the process of fire hazard

at Tianjin harbor, which clearly reflected the process of this fire hazard and identifies the

key deterioration of the fire hazard, in order to provide an approach for similar fire hazards.

b. Linear regression

The relationship between the number of fire hazards, fire casualties, the economic loss and

the average GDP has been studied, by using linear regression.

Firstly, the dependent variable X and the independent variable Y are defined (Jin et al.

2016a, b, c, 2017a, b, 2018). Second, scatter plots about X and Y are drawn. If the

dependent variable X and the independent variable Y show a clear linear relationship, the

next step can be proceeded with. Thirdly, the parameters, including the dependent variable

X and the independent variable Y, were normalized by introducing Eq. (1), on account of

the difference in the data size and dimension. The mean value of the normalized data was

equal to zero, and the associated standard deviation was identical to one. The linear

regression relationship between Y and X can be analyzed and Z(Y) can be derived, by

substituting the independent variable X into the regression formula derived.

z ¼ v� l
r

ð1Þ

l¼ 1

n

Xn

i¼1

vi ð2Þ

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

vi � lð Þ2
s

ð3Þ

where z = normalized data, m = original variable, l = mean value, r = standard deviation.

Fourthly, a regression model was set up (Yin et al. 2018). The regression equation is

presented in Eq. (4). Then, the regression constant b0 and the regression coefficient b1
should be estimated by the ordinary least square method (OLSE) (He and Liu 2001) as

Eqs. (5) and (6).

y ¼ b0 þ b1x ð4Þ

b1 ¼
Pn

i¼1 xi � �xð ÞyiPn
i¼1 xi � �xð Þ2

ð5Þ

b0 ¼ �y� b1�x ð6Þ

where b0 = the regression constant, b1 = the regression coefficient,�x ¼ 1
n

Pn
i¼1 xi,

y ¼ 1
n

Pn
i¼1 yi, xi an observation selected of the dependent variable X, yi an observation

selected of the independent variable Y, n = the total number of the dependent variable X or

the independent variable Y.

Finally, to do significance test of the correlation coefficient R,
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R ¼
Pn

i¼1 xi � �xð Þ yi � �yð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � �xð Þ2

Pn
i¼1 yi � �yð Þ2

q ð7Þ

The correlation coefficient R can be calculated by Eq. (7) (He and Liu 2001). According

to Table 2, when the absolute value of R is less than the value corresponding to a = 5%,

there is no obvious linear correlation between x and y; otherwise, x and y have an obvious

linear correlation. Moreover, r means the critical value of simple correlation coefficient

when a = 5%.

3 Recent fire hazards in China

Figure 1 shows the distribution of the special great fire hazard in China for the period from

2000 to 2016 (Zhang et al. 2017), while Fig. 2 shows the relationship between the number

of fire hazards and the number of deaths as well as the economic losses in the same period,

according to the data of China Fire Statistical Yearbook (Li 2016). It is worth noting that

the size of the dot in Fig. 1 represents the scale of the special great fire. It can be seen from

Fig. 1 that the special great fire hazards were mostly concentrated at China’s mega cities

located on the east coastline. The number of fire hazards was initially increased with the

rapid economic development and then decreased due to the financial crisis in the period

from 2007 to 2009. However, this descending tendency continued until 2012, where this

number began to increase again with economic development. The number of deaths or

injuries presented a tendency similar to that from the number of fire hazards.

4 Tempo-spatial distribution analysis

4.1 Fire hazard

Figure 3a shows that fire hazards frequently occurred from 10:00 to 22:00 in the period

from 2010 to 2013 where human activities consumed significant electricity and gas

resources, leading to a high potential of fire hazards. Figure 3b indicates that the casualties

induced by fire hazards were generally distributed from 00:00 to 08:00 in the same period,

in which human activities were decreased leading to an inadequate awareness of the fire

hazard. Additionally, Fig. 3c, d reveals that both the number of injury and the direct

economic loss varied in an arbitrary manner from 00:00 to 24:00 in the period from 2010 to

Table 2 Critical value of simple correlation coefficient. (After He and Liu 2001)

n - 2
a = 5%

1
0.997

2
0.950

3
0.878

4
0.811

5
0.754

6
0.707

7
0.666

8
0.632

9
0.602

n - 2
a = 5%

10
0.576

11
0.553

12
0.532

13
0.514

14
0.497

15
0.482

16
0.468

17
0.456

18
0.444

n - 2
a = 5%

19
0.433

20
0.423

21
0.413

22
0.404

23
0.396

24
0.388

25
0.381

26
0.374

27
0.367

n - 2
a = 5%

28
0.361

29
0.355

30
0.349

35
0.325

40
0.304

45
0.288

50
0.273

60
0.25

70
0.217
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Ditribution of special great fire (2000~2016)

Tianjin

 Dot size : scale of  special great fire (Data from Lu 2012; Zhang et al. 2017)

Fig. 1 Place distribution of special great fire hazards in China in the period from 2000 to 2016
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2013. It is also noted from Fig. 3d that the relatively significant economic losses occurred

in two main time windows, that is, 00:00 to 02:00 and 14:00 to 16:00.

Figure 4 shows the monthly distribution of the fire hazard in the period from 2010 to

2013. As evident, fire hazards occurred more frequently in the months of January,

February, April, October and December and their temperatures were generally very low.

This is most likely due to the fact that the consumption of electricity and gas was greater in

such cold climates, thereby leading to a significant potential of the fire hazard.

4.2 Places of fire hazard

Figures 5 and 6 present the place distribution of the fire hazard in 2012 and 2013,

respectively. It can be seen from Figs. 5a and 6a that the residential building, assembly

occupancies, vehicle and factory building were fire-prone zones, with the total percentage
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of fire hazard numbers being more than 55%. It can also be seen from Figs. 5b and 6b that

the residential building, assembly occupancies and factory building were the places trig-

gering the most significant casualties induced by fire hazards, with a total percentage of up

to 88%.

Construction site
Residential building
Combustible and explosive area
Assembly occupancies
Agricultural and sideline production sites

7.76%

23.31%

3.34%10.08%

Data from [Cao et al. (2011); Fu (2014); Sun et al. (2015);
Li et al. (2016);Qi (2017)]
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Storehouse
Other places
Factory building

4.35%

(a)

(b)

19.62%

0.3%

29.99%

1.24%

Legend

 Vehicle 
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Other places
Factory building

Construction site
Residential building
Combustible and explosive area 
Assembly occupancies
Agricultural and sideline production sites

Data from [Fu (2014); Sun et al. (2015); Li et al. (2016);
Qi (2017)]

0.49%
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5.16%

3.02%

0.97%
5.06%

23.64%0%

60.51%
Legend

Fig. 5 a Place distribution of fire hazards in 2012 (with proportion to number of fire hazards). b Place
distribution of fire hazards in 2012 (with proportion to number of deaths)
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4.3 Causes of fire hazard

Figure 7 shows the number distribution of fire hazards induced by various causes including

electrical equipment error, living power, smoking, setting fire and spontaneous combustion

in the period from 2010 to 2013. The distribution of causes of fire hazard each year from

2010 to 2013 is similar; therefore, the situation in 2012 has been analyzed as per Fig. 8.
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Data from [Li  et al. (2015); Sun et al. (2015); Qi (2017)]
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Fig. 6 a Place distribution of
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distribution of fire hazards in
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Figure 8 shows faulty electrical equipment and resident living power utility occupied more

than half of proportion in terms of the fire hazards.

5 Analysis of a large-scale fire hazard case

At 23:30 of August 23, 2015, a large-scale fire hazard was triggered by an explosion

incident at a Swiss company dangerous goods warehouse located at Tianjin harbor, Binhai

New Area. The location of Tianjin, a big northern city in China, is depicted in Fig. 1.

Figure 9 shows the photographs taken from the fire hazard induced by the explosion

incident at Tianjin harbor. This fire hazard eventually resulted in a total of 165 deaths, with

8 people missing, 798 people injured, 304 buildings collapsed, 12,428 vehicles damaged,
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7533 burned down. The direct economic losses reached 6.9 billion RMB. Among the

deaths, 22 people were rescuers, 75 people were firefighters, 11 people were police officers,

and 55 people were employees of the surrounding enterprises (Zhao 2016).

Table 3 lists the critical timetable for the large-scale fire hazard at Tianjin harbor. It can

be seen from Table 2 that the fire hazard developed very quickly and eventually led to this

explosion incident in a period of an hour. Additionally, the flammable and explosive

materials were not securely transported and stored. The firefighters and police officers were

also not aware of where the flammable and explosive materials were stored. Thus, this

resulted in a prolonged period of 12 h for firefighting operations, during which time field

investigations were undertaken to clarify where the flammable and explosive materials

were stored. Additionally, the proportion of the number of deaths involved in the rescue

Fig. 9 Fire hazard caused by explosion incident at Tianjin harbor. (Photograph courtesy of http://image.so.
com/)
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operation was as high as 66.7%, thereby indicating that teamwork and response period of

the firefighters and the police officers may require improvement.

6 Discussion

The data from 1979 to 2016 were utilized to undertake a linear regression analysis with

regard to four indicators of fire hazard and average GDP. The average GDP has been

considered to be the independent variable X. The number of fire hazards Y1, direct eco-

nomic losses Y2, number of deaths Y3 and number of injuries Y4 were regarded to be the

dependent variables and were utilized to investigate the occurrence mechanism of fire

hazard. Due to the difference in the data size and dimension, the data collected were first

normalized by introducing Eq. (1). The linear regression relationship between Y1 and X, Y2
and X, Y3 and X, and Y4 and X can be analyzed and Z(Y1), Z(Y2), Z(Y3) and Z(Y4) can be

derived, respectively, by substituting the independent variable X into the regression for-

mula derived.

The fitting curve 1 in Fig. 10 shows two sections. R11 and R12 indicate the correlation

coefficient of the first section and the second, respectively. In detail, n11 - 2 = 24–2 = 22,

so r11 = 0.404(when a11 = 5%) and R11
2 = 0.69 = (0.831)2[ r11

2 = (0.404)2. At the same

time, n12 - 2 = 10–2 = 8, so r12 = 0.632(when a12 = 5%) and R12
2 = 0.82 =

(0.906)2[ r12
2 = (0.0.632)2. As a result, Z(Y1) and Z(X) show a clear linear relationship.

The same can be obtained; Z(Y2) and Z(X), Z(Y3) and Z(X), and Z(Y4) and Z(X) show a clear

linear relationship, respectively. However, R32
2 = 0.14\ r32

2 = (0.456)2(when a32 = 5%,

n32 - 2 = 19–2) and R42
2 = 0.07\ r42

2 = (0.553)2(when a42 = 5%, n42 - 2 = 13–2) do not

satisfied with the significance test of the correlation coefficient. These data corresponding

Table 3 Critical timetable for the fire hazard at Tianjin harbor. (Data from https://baike.so.com)

Time Incident

2015/8/12 22:25 Dangerous chemical stacking was fired

2015/8/12 23:34 First explosion

2015/8/12 23:35 Second explosion

2015/8/12 23:40 Receiving alarm

2015/8/12 23:50 Began to put out the fire

2015/8/13 11:00 Stop rescuing at the scene, and to start scene investigation

2015/8/14 7:05 Rescue the first survivor

2015/8/14 9:00 Rescue 32 survivors

2015/8/14 15:00 56 people were killed, including 21 firefighters;

721 hospitalized patients

2015/8/14 18:00 Fire was put out

2015/8/15 10:00 85 people were killed, including 21 firefighters

721 patients in hospital

2015/8/16 10:00 104 people were killed

2015/8/18 11:00 114 people were killed

2015/9/11 15:00 165 people were killed, including 110 people participating in rescue work
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with R32
2 and R42

2 in Figs. 12 and 13 are on fluctuating development with the average GDP

growth.

It should be pointed out that in this study only simple linear regression analysis was

conducted, so that the correlation coefficient is very low. In fact, there are many factors

affecting the results and these may be nonlinear correlations among factors. In future, after

sufficient information has been collected, more sophisticated analysis such as optimizing

methods (Jin et al. 2016a, b, 2017, 2018; Yin et al. 2018) should be applied and more

accuracy results can be obtained. Moreover, risk analysis should be adopted to provide

judgment tool for decision-making for government (Lyu et al. 2016, 2017, 2018a, b).

Figure 10 shows the relationship between the normalized average GDP and the nor-

malized number of fire hazards. As shown in Fig. 10, with the average GDP growth,

people’s consumption level increases and yet the fire protection investment is insufficient,

resulting in the probable increase of fire hazards numbers. However, when the average

GDP exceeds a certain value, as the average GDP increases, both people’s awareness of

fire safety and fire protection investment have been increased, leading to the decrease in the

fire hazards number.
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Figure 11 indicates that direct economic losses increased in a dramatic manner as the

average GDP increased, which indicated a direct proportion of the direct economic loss to

the average GDP. In detail, Fig. 11 shows two parts. The growth rate of the second part

corresponding is smaller than the first part. Thence, when the average GDP exceeds a

certain value, the growth rate of the direct economic loss is smaller than before with the

average GDP growth.

Figures 12 and 13 indicate that the number of casualties decreased significantly as the

average GDP increased, revealing that the number of casualties was inversely proportional

to the average GDP. Moreover, Fig. 12 is involved in 3 parts and Fig. 13 is involved in 4

parts. In Fig. 12, the reduction rate of the first part is very rapid and the second part

fluctuates around a certain value, and the reduction rate of the third one is smaller than the

first part. In Fig. 12, the reduction rate of the first part is very rapid, the second part

fluctuates around a certain value, and the reduction rate of the third one is smaller than the

first part. Similarly, in Fig. 13, the reduction rate of the first part is very rapid, the second

part fluctuates around a certain value, the reduction rate of the third one is smaller than the

first part, and the reduction rate of the fourth part is smaller than the third part. Wherefore,

when the average GDP exceeds a certain value, the reduction rate of the number of

casualties decreased is lower than before with the average GDP growth. As evident,

enhancement regarding the attention and prevention of fire hazard may still be the priority

government investment securing the safety of life and property of our nationals.

Additionally, it can be noted from Figs. 10, 11, 12 and 13 that there were four

exceptional points, which represented the data from 2013 to 2016, respectively. With large

population migrations into Beijing, Shanghai, Guangzhou and Shenzhen in recent decades

since 2012, the urban villages, in which most of those people live, are dominated by low

crowded illegal buildings, densely populated areas and lack of enough firefighting device,

resulting in frequent fire hazards and serious casualties from 2013 to 2016. At present,

many local governments have been stepping up efforts to manage urban villages, to

improve their living environment.
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7 Conclusions

Based on the results of the statistical analysis for the fire hazards which occurred in the

period from 2000 to 2016, the following conclusions can be drawn:

1. The number of fire hazards, direct economic losses and number of casualties were

generally increased with the increasing economic growth, with the exception of the

financial crisis in the period from 2007 to 2009. In other words, the number of fire

hazards was generally proportional to the average GDP. The number of deaths or

injuries showed the tendency similar to that from the number of fire hazards.

2. The months of January, April, October and December and the time window of 10:00 to

22:00 possessed a high fire hazard potential. Additionally, the casualties induced by

the fire hazard were concentrated in the time window of 00:00 to 08:00. More attention

from the community security guards may be given for the mitigation of casualties.

3. Based upon the statistical analysis undertaken in this study, the residential building,

assembly occupancies and factory building were the fire-prone places. The fire-prone

places triggered the most significant casualties. Additionally, the electrical equipment

error and living power utility triggered more than half proportion of fire hazards.

4. The large-scale fire hazard at Tianjin harbor led to a painful lesson for China.

According to the fire hazard and results of the linear regression analysis, the fire-prone

places and flammable and explosive materials should be securely managed by the

authorities to not only prevent future similar incident from reoccurring, but also reduce

the potential of fire hazard.

Acknowledgements The research work described herein was funded by the National Nature Science
Foundation of China (NSFC) (Grant No. 41672259). These financial supports are gratefully acknowledged.

References

Adab H (2017) Landfire hazard assessment in the Caspian Hyrcanian forest ecoregion with the long-term
MODIS active fire data. Nat Hazards 87(3):1807–1825

-1 0 1 2
-2

-1

0

1

2

Normalized average GDP Z(X)

Y(Zseirujniforeb
mun

dezila
mro

N
4)

Exceptional points

 Fitting curve 4
R2

41=0.67

R2
42=0.07

R2
43=0.95

R2
44=0.76

Fig. 13 Relationship between
normalized number of injuries
Z (Y4) and normalized average
GDP Z(X)

1904 Nat Hazards (2018) 92:1889–1907

123



Babrauskas V (2016) Book review: temperature calculation in fire safety engineering. J Fire Sci
34(6):530–533

Bendelius AG (2002) Tunnel fire and life safety within the world road association (PIARC). Tunn Undergr
Space Technol 17(2):159–161

Bettelini M (2002) Mont blanc fire safety. Tunn Tunn Int 34(6):26–28
Budnick EK (2012) Quantitative fire hazards analysis-an overview of needs, methods and limitations. Fire

Saf J 11(1):3–14
Cao Z, Guo HJ (2011) Research on fire situation and development trend of China in recent years. China Sci

Technol Rev 36:257–257 (in Chinese)
Chai JC, Shen SL, Ding WQ, Zhu HH, Cater JP (2014) Numerical investigation of the failure of a building

in Shanghai, China. Comput Geotech 55:482–493
Chai JC, Shen JS, Liu MD, Yuan DJ (2018) Predicting performance of embankments on PVD improved

subsoils. Comput Geotech 93:222–231
Cheeda VK, Kumar A, Ramamurthi K (2015) Influence of height of confined space on explosion and fire

safety. Fire Saf J 76:31–38
Chen ZJ, Wang FL, Lu SX (2007) Cluster analysis of fire data in China. Chin Eng Sci 9:86–89 (in Chinese)
Cheng WC, Ni JC, Shen SL (2017a) Experimental and analytical modeling of shield segment under cyclic

loading. Int J Geomech 17(6):04016146
Cheng WC, Ni JC, Shen SL, Huang HW (2017b) Investigation into factors affecting jacking force: a case

study. Ice Proc Geotech Eng 170(4):322–334
Cheng WC, Ni JC, Arulrajah A, Huang HW (2018) A simple approach for characterising tunnel bore

conditions based upon pipe-jacking data. Tunn Undergr Space Technol 71:494–504
Du YJ, Jiang NJ, Shen SL, Jin F (2012) Experimental investigation of influence of acid rain on leaching and

hydraulic characteristics of cement-based solidified/stabilized lead contaminated clay. J Hazard Mater
225–226(10):195–201

Du YJ, Jiang NJ, Liu SY, Jin F, Singh DN, Pulppara A (2014a) Engineering properties and microstructural
characteristics of cement solidified zinc-contaminated kaolin clay. Can Geotech J 51:289–302

Du YJ, Wei ML, Reddy KR, Liu ZP, Jin F (2014b) Effect of acid rain pH on leaching behavior of cement
stabilized lead-contaminated soil. J Hazard Mater 271:131–140

Fateh T, Guillaume E, Joseph P (2017) An experimental study of the thermal performance of a novel
intumescent fire protection coating. Fire Saf J 92:132–141

Fu ZM (2014) Analysis on the fire data in China for the period between 2003–2012. J Saf Environ
14:341–345 (in Chinese)

Garlock M, Paya-Zaforteza I, Kodur V, Gu L (2012) Fire hazard in bridges: review, assessment and repair
strategies. Eng Struct 35(1):89–98

He XQ, Liu WQ (2001) Apply regression analysis. China Renmin University Press, Beijing
Hwang CC, Edwards JC (2005) The critical ventilation velocity in tunnel fires-a computer simulation. Fire

Saf J 40(3):213–244
Jin YF, Yin ZY, Shen SL, Hicher PY (2016a) Investigation into MOGA for identifying parameters of a

critical-state-based sand model and parameters correlation by factor analysis. Acta Geotech
11(5):1131–1145

Jin YF, Yin ZY, Shen SL, Hicher PY (2016b) Selection of sand models and identification of parameters
using an enhanced genetic algorithm. Int J Numer Anal Meth Geomech 40(8):1219–1240

Jin YF, Yin ZY, Riou Y, Hicher PY (2016c) Identifying creep and destructuration related soil parameters by
optimization methods. KSCE J Civ Eng 4:1–12

Jin YF, Yin ZY, Shen SL, Zhang DM (2017a) A new hybrid real-coded genetic algorithm and its application
to parameters identification of soils. Inverse Probl Sci Eng 25(9):1343–1366

Jin YF, Wu ZX, Yin ZY, Shen JS (2017b) Estimation of critical state related formula in advanced con-
stitutive modeling of granular material. Acta Geotech 12(6):1329–1351

Jin YF, Yin ZY, Wu ZX, Daouadji A (2018) Numerical modeling of pile penetration in silica sands
considering the effect of grain breakage. Finite Elem Anal Des 144:15–29

Khoury GA (2002) Passive protection against fire. Tech Rev-Fire Saf 34:40–42
Leblon B, Kasischke E, Alexander M, Doyle M, Abbott M (2002) Fire danger monitoring using ERS-1 SAR

images in the case of northern boreal forests. Nat Hazards 27(3):231–255
Li SX (2016) The Fire department of MPS. China fire year book. China Personnel Publishing House, Beijing

(in Chinese)
Lu S (2012) Spatial distribution of fire and influencing factors of high-casualty fire in China. Unviersity of

Science and Technology of China, Hefei (in Chinese)
Lyu HM, Wang GF, Shen JS, Lu LH, Wang GQ (2016) Analysis and GIS mapping of flooding hazards on 10

May, 2016, Guangzhou, China. Water 8(10):447 (1–17)

Nat Hazards (2018) 92:1889–1907 1905

123



Lyu HM, Wang GF, Cheng WC, Shen SL (2017) Tornado hazards on June 23rd in Jiangsu Province, China:
preliminary investigation and analysis. Nat Hazards 85(1):597–604

Lyu HM, Sun WJ, Shen SL, Arulrajah A (2018a) Flood risk assessment in metro systems of mega-cities
using a GIS-based modeling approach. Sci Total Environ 626:1012–1025

Lyu HM, Shen JS, Arulrajah A (2018b) Assessment of geohazards and preventative countermeasures using
AHP incorporated with GIS in Lanzhou, China. Sustainability 10(2):304

Peng J, Peng FL (2018) A GIS-Based evaluation method of underground space resource for urban spatial
planning: part 1 methodology. Tunn Undergr Space Technol 74:82–95

Qi B (2017) Analysis on the Statistics of the dead fire in the Past 10 Years and the countermeasures. J Chin
Fire 11:18–23 (in Chinese)

Qiao YK, Peng FL, Wang Y (2017) Monetary valuation of urban underground space: a critical issue for the
decision-making of urban underground space development. Land Use Policy 69(12):12–24

Ren DJ, Shen SL, Arulrajah A, Wu HN (2018) Evaluation of ground loss ratio with moving trajectories
induced in DOT tunnelling. Can Geotech J. https://doi.org/10.1139/cgj-2017-0355

San-Miguel-Ayanz J, Ravail N (2005) Active fire detection for fire emergency management: potential and
limitations for the operational use of remote sensing. Nat Hazards 35(3):361–376

Shen SL, Xu YS (2011) Numerical evaluation of land subsidence induced by groundwater pumping in
Shanghai. Can Geotech J 48(9):1378–1392

Shen SL, Ma L, Xu YS, Yin ZY (2013a) Interpretation of increased deformation rate in aquifer IV due to
groundwater pumping in Shanghai. Can Geotech J 50(11):1129–1142

Shen SL, Wang ZF, Yang J, Ho CE (2013b) Generalized approach for prediction of jet grout column
diameter. J Geotechn Geoenviron Eng 139(12):2060–2069

Shen SL, Wu HN, Cui YJ, Yin ZY (2014) Long-term settlement behavior of metro tunnels in the soft
deposits of Shanghai. Tunn Undergr Space Technol 40(12):309–323

Shen SL, Cui QL, Ho CE, Xu YS (2016) Ground response to multiple parallel microtunneling operations in
cemented silty clay and sand. J Geotechn Geoenviron Eng 142(5):04016001

Shen SL, Wang ZF, Cheng WC (2017a) Estimation of lateral displacement induced by jet grouting in clayey
soils. Geotech ICE 67(7):621–630

Shen SL, Wu YX, Misra A (2017b) Calculation of head difference at two sides of a cut-off barrier during
excavation dewatering. Comput Geotech 91:192–202

Spinardi G (2016) Fire safety regulation: prescription, performance, and professionalism. Fire Saf J
80(4):83–88

Stroh R, Bect J, Demeyer S, Fischer N, Marquis D, Vazquez E (2017) Assessing fire safety using complex
numerical models with a Bayesian multi-fidelity approach. Fire Saf J 91:1016–1025

Sun CH, Wu F, Chen LZ (2015) Statistical analysis of fire accidents in RC high—rise buildings in China.
J Disaster Prev Mitig Eng 35(1):132–136 (in Chinese)

Tan Y, Lu Y (2017) Why excavation of a small air shaft caused excessively large displacements: forensic
investigation. J Perform Constr Facil ASCE 31(2):04016083

Tan Y, Lu Y (2018) Responses of shallowly buried pipelines to adjacent deep excavations in Shanghai soft
ground. J Pipeline Syst Eng Pract ASCE. https://doi.org/10.1061/(ASCE)PS.1949-1204.0000310

Tan Y, Zhu H, Peng F, Karlsrud K, Wei B (2017) Characterization of semi-top-down excavation for subway
station in Shanghai soft ground. Tunn Undergr Space Technol 68:244–261

Tan Y, Lu Y, Wang D (2018) Deep excavation of the Gate of the Orient in Suzhou stiff clay: composite
earth retaining systems and dewatering plans. J Geotech Geoenviron Eng ASCE 144(3):05017009

Veeraswamy A, Galea ER, Filippidis L, Lawrence PJ, Haasanen S, Gazzard RJ et al (2018) The simulation
of urban-scale evacuation scenarios with application to the Swinley Forest fire. Saf Sci 102:178–193

Weckman E (2017) Fire safety science: proceedings of the 12th international symposium. Fire Saf J
91:1016–1025

Wu HN, Shen SL, Liao SM, Yin ZY (2015a) Longitudinal structural modelling of shield tunnels considering
shearing dislocation between segmental rings. Tunn Undergr Space Technol 50:317–323

Wu YX, Shen SL, Xu YS, Yin ZY (2015b) Characteristics of groundwater seepage with cut-off wall in
gravel aquifer. I: Field observations. Can Geotech J 52(10):1526–1538

Wu YX, Shen SL, Yuan D-J (2016) Characteristics of dewatering induced drawdown curve under blocking
effect of retaining wall in aquifer. J Hydrol 539(2016):554–566

Wu HN, Shen SL, Yang J (2017a) Identification of tunnel settlement caused by land subsidence in soft
deposit of Shanghai. J Perform Constr Facil ASCE 31(6):04017092

Wu YX, Shen JS, Cheng WC, Hino T (2017b) Semi-analytical solution to pumping test data with barrier,
wellbore storage, and partial penetration effects. Eng Geol 226:44–51

Xie DW (2014) Research on analysis modeling of fire accidents and its applications using data mining
technology. Central South University, Changsha (in Chinese)

1906 Nat Hazards (2018) 92:1889–1907

123

https://doi.org/10.1139/cgj-2017-0355
https://doi.org/10.1061/(ASCE)PS.1949-1204.0000310


Xu YS, Ma L, Du YJ, Shen SL (2012) Analysis of urbanisation induced land subsidence in Shanghai. Nat
Hazards 63(2):1255–1267

Xu YS, Shen SL, Ma L, Sun WJ, Yin ZY (2014) Evaluation of the blocking effect of retaining walls on
groundwater seepage in aquifers with different insertion depths. Eng Geol 183:254–264

Xu YS, Shen SL, Ren DJ, Wu HN (2016) Analysis of factors in land subsidence in Shanghai: a view based
on strategic environmental assessment. Sustainability 8(6):573(1–12)

Xu YS, Shen J, Wu HN, Zhang N (2017) Risk and impacts on the environment of free-phase biogas in
Quaternary deposits along the coastal region of Shanghai. Ocean Eng 137:129–137

Yan ZG, Zhu HH, Ju JW, Ding WQ (2012) Full-scale fire tests of RC metro shield TBM tunnel linings.
Constr Build Mater 36(4):484–494

Yao YP, Zhou AN (2013) Non-isothermal unified hardening model: a thermo-elastoplastic model for clays.
Geotechnique 63:1328–1345

Yao YP, Sun DA, Matsuoka H (2008) A unified constitutive model for both clay and sand with hardening
parameter independent on stress path. Comput Geotech 35:210–222

Yao YP, Hou W, Zhou AN (2009) UH model: three-dimensional unified hardening model for overcon-
solidated clays. Geotechnique 59:451–469

Yin ZY, Karstunen M, Chang CS, Koskinen M, Lojander M (2011) Modeling time-dependent behavior of
soft sensitive clay. J Geotech Geoenviron Eng 137(11):1103–1113

Yin ZY, Xu Q, Chang CS (2013) Modeling cyclic behavior of clay by micromechanical approach. J Eng
Mech 139(9):1305–1309

Yin ZY, Yin JH, Huang HW (2015) Rate-dependent and long-term yield stress and strength of soft Wenzhou
marine clay: experiments and modeling. Mar Georesour Geotechnol 33(1):79–91

Yin ZY, Jin YF, Huang HW, Shen SL (2016) Evolutionary polynomial regression based modelling of clay
compressibility using an enhanced hybrid real-coded genetic algorithm. Eng Geol 210:158–167

Yin ZY, Jin YF, Shen SL, Huang HW (2017a) An efficient optimization method for identifying parameters
of soft structured clay by an enhanced genetic algorithm and elastic viscoplastic model. Acta Geotech
12(4):849–867

Yin ZY, Hicher PY, Dano C, Jin YF (2017b) Modeling the mechanical behavior of very coarse granular
materials. J Eng Mech 143(1):C4016006

Yin ZY, Jin YF, Shen JS, Hicher PY (2018) Optimization techniques for identifying soil parameters in
geotechnical engineering: comparative study and enhancement. Int J Numer Anal Meth Geomech
42:70–94

Zhang RT, Ma T, Lin J, Huang Y, Li YQ (2017) Analysis of fire incidents and characteristics of spatio-
temporal distributions for serious fires from 2007 to 2016 in China. J Xi’an Univ Sci Technol
6:829–836 (in Chinese)

Zhao B (2016) Facts and lessons related to the explosion accident in Tianjin port, china. Nat Hazards
84(1):1–7

Nat Hazards (2018) 92:1889–1907 1907

123


	Investigation into the tempo-spatial distribution of recent fire hazards in China
	Abstract
	Introduction
	Methodology
	Data sources
	Data analysis

	Recent fire hazards in China
	Tempo-spatial distribution analysis
	Fire hazard
	Places of fire hazard
	Causes of fire hazard

	Analysis of a large-scale fire hazard case
	Discussion
	Conclusions
	Acknowledgements
	References




