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Due to the influences of buildings, geographical and geomorphological
environments, road conditions, etc., the probabilities and numbers of
casualties in different areas after an earthquake are different. Accordingly,
we propose the concept of the lethal level, which attains different grades
representing the mortality rate of differing intensities. Different regions have
unique lethal levels, and regional lethal levels are affected mainly by the
proportion of each building type and the corresponding lethal level, as
different types of buildings also have unique lethal levels. Based on data of
52 historical earthquake disasters, we constructed a lethal level calculation
model and obtained the lethal level of each building type. The results reveal that
the lethal level ranges of different building types are fixed and unequal;
moreover, the ranges of different building types overlap each other. The
lethal level range of adobe structures is 0.85-1, that of civil structures is
0.75-0.95, that of brick-wood structures is 0.6-0.9, that of brick-concrete
structures is 0.33-0.6, that of wood structures is 0.2-0.35, and that of
reinforced concrete structures is 0.1-0.25. Based on the lethal levels of
these building types, the overall level of a region can be quantified and
graded, and this classification does not depend on the geographical location
or administrative boundaries. In pre-earthquake evaluation efforts, the lethal
level of an area can be derived through field research. After an earthquake, the
number of casualties can be quickly assessed based on the mortality rate
corresponding to the intensity of the area. This approach can further provide
scientific support for risk zoning and risk assessment research.
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Introduction

Earthquakes are geological disasters that occur abruptly and often result in casualties,
property damage, the destruction of resources and the environment, and detrimental
impacts on social and economic functions (Fu, 1993). The lethality of an earthquake is
affected by many factors, mainly the earthquake parameters, regional environmental
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factors, and building properties, among others (Feng et al., 2013).
The parameters of earthquakes mainly include the magnitude,
intensity, occurrence time, and focal depth, while regional
environmental factors predominantly include the earthquake
location, population density, percentage of personnel present,
economic level, and topography of the earthquake area, and
building factors include the building structure type, proportions
of building types, construction year, and building style; in
addition, other factors include the types of seismic
fortification, earthquake prediction, secondary disasters, the
efficiency of earthquake emergency rescue efforts, the ability
of personnel to help each other, and traffic and road factors.
Moreover, these influencing factors have different effects on the
number of deaths. Nevertheless, it is not earthquakes that result
in deaths but the collapse and destruction of buildings caused by
the earthquake (Zhu and Yang, 1998). Hence, the number of
people killed during an earthquake is related to the number of
buildings that collapse and are destroyed (Ma and Zhao, 2008;
Spence et al., 2008; So, 2011). Therefore, research on methods to
evaluate the number of casualties based on influencing factors
such as the earthquake magnitude, intensity, and building
vulnerability is an important research direction.

At present, assessment methods are divided into two main
categories: evaluation methods are based on seismic parameters and
building vulnerability, while methods based on seismic parameters
are used primarily to obtain empirical functions and models based
on the earthquake magnitude, intensity, and focal depth and the
number of deaths through statistical fitting and to assess the number
of possible casualties induced by an earthquake (Samardjieva and
Oike, 1992; Ma and Xie, 2000). For example, the death evaluation
model is based on impact factors such as the magnitude and
population  density (Christoskov and ~ Samardjieva, 1984;
Samardjieva, 2002; Badal and Samardjieva, 2003; Badal et al,
2005). Nonetheless, although the influencing factors in these
models may be the same, the final fitted models are not
completely identical due to regional differences and variations in
the selected historical earthquake cases (Oike, 1991; Wang et al,
2011; Ceferino et al., 2018a; Zhang et al., 2018). As another example,
the empirical function method uses only the seismic parameters of
historical earthquakes (Jaiswal et al, 2015); since this method
considers only the impacts of the earthquake magnitude,
intensity and other factors on the number of deaths, the need for
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basic data is small, and thus, this approach can be used to rapidly
assess the number of casualties after an earthquake. However,
historical seismic data are limited and are not available in all
regions, especially historical data of casualties. Therefore, the
current models obtained based on historical seismic data are not
generally applicable, the regional application of such methods is
restricted by certain limitations, and the accuracy of the evaluation
results is low.

Evaluation methods based on building vulnerability rely
predominantly on statistical fitting relationships between the
building vulnerability and mortality rate to build a model to
evaluate the resulting casualties. At present, the most commonly
used casualty assessment approach is based on historical seismic
data through regression fitting to obtain the building vulnerability
function (Miyakoshi et al., 1998; Goncharov and Frolova, 2011; Alel
and Pahang, 2013). Scholars have also carried out research on
various alternative methods (Miyakoshi et al., 1998; Alexander,
2011), including research on the relationship between building
damage and casualties (Okada and Takai. 1999; Ferreira et al.,
2011), new classification methods of building damage (Spence
et al, 2011), new methods for assessing the vulnerability of
various types of buildings (Pomonis et al, 2011), and methods
based on the population size, intensity, building type, proportions of
building types and level of damage. (Zhize and He, 1996; So and
Spence, 2013). However, the existing research methods on the
vulnerability of buildings have an excessively high demand on
the requirement for basic data, and there are many research
methods to choose from, which also introduces certain
limitations in the evaluation methods.

At the same time, various other casualty assessment methods
are available, such as the casualty assessment model based on
performance-based earthquake engineering (PBEE) (Ceferino
et al, 2018b; Pang et al, 2020), which has achieved good
success in various applications, such as the proposed model
adopting the FEMA P-58 framework for risk assessment.

Furthermore, because different methods require different
types of basic data, the accuracy of the results also varies.
Assessment methods based on the vulnerability of buildings
fully consider the impact of the destruction of the building on
the number of deaths, which greatly improves the accuracy of the
evaluation results. However, the actual numbers of casualties
caused by the 2014 Ludian (3 August 2014, Ludian County,

TABLE 1 Building types and proportion data in Ludian earthquake and Jinggu earthquake area.

Area  Building types and proportion (%)
Reinforced-concrete structure

Ludian 0.33 17.82
Jinggu 0.86 18

Brick-concrete structure

Wood structure  Brick-wood structure  Civil structure

1.41 80.44
81.14

Civil structure: The construction materials of civil structures are mainly bamboo, wood, rammed earth, straw, hay, adobe bricks and tiles. It is a structure with wood as beam and tile or hay
as cover. Bamboo strips replace steel bars as connections, clay (some will also be mixed with straw) instead of concrete as walls.
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TABLE 2 52 historical earthquake data selected in this paper.

No.
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Location

Lijiang, Yunnan
Yibin, Sichuan
Jiashi, Xinjiang
Baotou, Neimenggu
Lijiang, Yunnan
Lijiang, Yunnan
Baiyu, Sichuan
Jiashi, Xinjiang
Jiashi, Xinjiang
Jiashi, Xinjiang
Zhangbei, Hebei
Jiashi, Xinjiang
Ninglang, Yunnan
Wenxian, Gansu
Chengjiang, Yunnan
Anxian, Sichuan
Yaoan, Yunnan
Neixiang, Henan
Wuding, Yunnan
Yajiang, Sichuan
Shidian, Yunnan
Yanyuan, Sichuan
Shidian, Yunnan
Yongsheng, Yunnan
Yumen, Gansu
Bachu-Jiashi,Xinjiang
Jiashi, Xinjiang
Dayao, Yunnan
Balinzuogqi, Neimenggu
Dayao, Yunnan
Minle, Gansu

Minxian, Gansu

Longitude

27.18
29.04
40
40.8
26.9
27.12
30.6
39.6
39.5
39.7
41.1
39.9
27.3
329
24.5
31.4
25.5
33.1
25.8
29.4
24.48
27.6
24.8
26.2
39.8
39.5
39.4
26
43.9
26
384
34.7

Latitude

100.13
104.41
76.8
109.43
100.06
100.19
99.5
77.4
76.9
76.8
114.3
77.9
100.9
104.9
102.8
104.4
101.1
112
102.2
101.1
99.01
100.9
99.1
100.6
97.3
77.2
77.3
101.2
119.7
101.3
101.2
103.9

Date

19960203
19960228
19960319
19960503
19960702
19960925
19961221
19970121
19970301
19970411
19980110
19980827
19981119
19990415
19991125
19991130
20000115
20000429
20000821
20010223
20010410
20010524
20010608
20011027
20021214
20030224
20030504
20030721
20030816
20031016
20031025
20031113

Time

19:14
19:21
23:00
11:32
15:05
3:24

16:39
9:47

14:04
13:34
11:50
17:03
19:38
14:29
0:40

16:24
7:37

11:54
21:25
8:09

11:13
5:10

2:03

13:35
21:27
10:03
23:44
23:16
18:58
18:28
20:41
10:35

Magnitude
(Mw)

54
6.9
6.4
52
5.7
5.5
6.4

6.6
6.2
6.6
6.2
4.7
52

6.5
4.7
5.1

5.9
5.8
5.3

5.9
6.8
5.8
6.2
5.9
6.1
6.1
5.2

Focal
depth
(km)

10
15
11
20
10
15
25
33
22
17
10
11
10

10
26
30
16

10
10

15
15
25
26

15

18
12

Population
density
(person/
km?)

57.42
42.00
20.31
22.75
124.32
42.07
4.53
57.44
131.98
57.33
88.00
50.00
40.16
88.60
207.00
363.00
123.04
10.33
93.76
4.70
196.15
21.23
208.09
138.41
19.85
30.67
49.29
101.90
36.46
84.30
58.87
165.95

Destruction
ratio

0.1429
0.0637
0.1762
0.1283
0.0673
0.1105
0.1981
0.1373
0.0491
0.1399
0.5304
0.0794
0.4331
0.1361
0.1151
0.0600
0.3548
0.3160
0.1142
0.0825
0.1600
0.1500
0.0767
0.1737
0.2071
0.3612
0.1489
0.0971
0.2323
0.1623
0.2312
0.2166

Death
(person)

309

24
26

Injury
(person)

17,057
37
128

57
141
60
44

62
11,439
13
1487
30

2,528
28
292
154

4,853

793
1064
57
46
133
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TABLE 2 (Continued) 52 historical earthquake data selected in this paper.

No.

33
34
35

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Location

Ludian, Yunnan
Zhaosu, Xinjiang

Dongwuzhumugqingi,
Neimenggu

Yibin, Sichuan
Ludian, Yunnan
Minxian, Gansu
Shuangbai, Yunnan
Lindian, Heilongjiang
Pingguo, Guangxi
Jiujiang, Jiangxi
Wenxian, Gansu
Yanjin, Yunnan
Yanjin, Yunnan
Ninger, Yunnan
Yingjiang, Yunnan
Panzhihua, Sichuan
Dangxiong, Xizang
Yaoan, Yunnan
Rongchang, Chongging

Suining, Sichuan

Longitude

27.2
43.01
454

29.01
27.2
347
24.7
46.9
23.6
29.7
33.1
28
28
23
249
26.2
29.8
25.6
29.22
30.3

Latitude

103.6
83.5
118.2

104.56
103.6
103.9
101.5
125
107.5
115.7
105
104.2
104.2
101.1
97.8
101.9
90.3
101.1
105.27
105.7

Date

20031115
20031201
20040324

20040617
20040810
20040907
20041226
20050725
20051027
20051126
20060621
20060722
20060825
20070603
20080821
20080830
20081006
20090709
20090808
20100131

Time

2:49
9:38
9:53

5:25
18:26
20:15
15:30
23:43
19:18
8:49
0:52
9:10
13:51
5:34
20:24
16:30
16:30
19:19
21:26
5:36

Magnitude
(Mw)

5.1
6.1
5.9

4.7
5.6

5.1
4.6
5.7

5.1
5.1
6.4
5.9
6.1
6.6

5

Focal
depth
(km)

10
18
30

10
33

15
16
10
15

10

10
11
10

Population
density
(person/
km?)

41591
10.34
291

322.13
353.50
105.80
72.44
88.85
152.50
638.10
93.70
169.85
194.47
74.75
78.78
131.52
10.17
115.44
626.01
571.96

Destruction
ratio

0.0440
0.1046
0.0943

0.1708
0.1627
0.1793
0.1152
0.5179
0.0693
0.1798
0.0783
0.1462
0.1147
0.1635
0.0918
0.1974
0.1565
0.1001
0.1020
0.0831

Death
(person)

Injury
(person)

94
47

597
36
20
11

775
19
114
67

130
1010
60
372

16
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Distribution of the mortality rate and the proportion of building destruction of 52 earthquakes.

Zhaotong City, Yunnan Province, Mwé.5, the focal depth is 12 km)
and Jinggu (7 October 2014, Jinggu Dai and Yi Autonomous
County, Pu’er City, Yunnan Province, Mw6.6, the focal depth is
5 km) earthquakes differed enormously (617 versus 1, respectively),
even though the magnitudes of the two earthquakes, the population
densities, and the geomorphological environments were all similar.
Table 1 describes the proportions of various types of buildings in
these two earthquake areas. Both of the affected areas contain
relatively equal proportions of reinforced concrete structures and
brick-concrete structures, but the Ludian earthquake area is
dominated by civil structures (characterized by the use of
bamboo strips instead of steel bars and clay instead of concrete
for the walls of houses; some walls are mixed with straw with wood
being used as beams and tile or hay employed as the cover), while the
Jinggu earthquake area is dominated by wood structures. The
vulnerability matrices of various types of buildings are almost
identical, and the proportions of damaged buildings are the
same, but there was a considerable difference in the number of
deaths.

The above example reveals that the probability of death is
different after the collapse and severe damage of different types of
buildings. Accordingly, we hypothesized that we can quantify the
difference in the possibility of death caused by such buildings to
obtain the correlation between building destruction and the
probability of death. By investigating this relationship, we can
carry out research on a method to evaluate the deaths caused by
earthquakes.

Frontiers in Earth Science
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Data

The data sources for this study are the 1996-2000 and
2001-2005 versions of the Assessment and Compilation of
Earthquake Disaster Loss in Mainland China, the 2006-2010,
2011, 2012, 2013, and 2014 versions of the Earthquake Disaster
Report published by the China Earthquake
Administration. At the same time, we referenced some scholars’
relevant literature on the statistics of earthquake casualties and

Assessment

obtained the proportions of various types of buildings during
52 historical earthquakes. The data mainly include the numbers
of casualties and injuries and the proportions of destroyed buildings.
Damage to buildings is divided into five main classifications: basically
intact, minor damage, moderate damage, severe damage and
destruction, as shown in Table 2. We mainly use data on the
proportions of destroyed buildings for each earthquake to conduct
a comparative analysis of the mortality rate, where the extent of the
studied region refers mainly to the intensity zone delineated for each
earthquake. At the same time, we also collected the proportion data of
various types of buildings in each earthquake area. The results are
shown in Table 4.

As shown in Figure 1, the proportions of buildings destroyed in
historical earthquakes are generally concentrated in less than 30% of
the affected area. The distribution characteristics of the proportions of
buildings destroyed during earthquakes in different regions with
different magnitudes are obviously similar. Similarly, the distribution
of the mortality rate is relatively fixed and generally concentrated in

frontiersin.org
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TABLE 3 52 historical earthquake data grouping and the number of equations.

Group Building type Number of Number of Permutations
earthquake groups
1 Adobe structure, Civil structure, Brick-wood 6 1 Cg =15

structure, Brick-concrete structure

2 Civil structure, Brick-wood structure, Brick- 6 1 Cg =6
concrete structure, Reinforced concrete
structure, Wood structure

3 Civil structure, Brick-wood structure, Brick- 6 2 2x C} =40
concrete structure

4 Civil structure, Brick-wood structure, Brick- 28 4 4x C4 =140
concrete structure, Reinforced concrete
structure

Frontiers in Earth Science 06
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Earthquake

No.

L L = S ) L Y = NS B R VS R o8

o o NN

O 0 N N U e W N

e e T
L S T ]

16

Date

19990415
20030224
20030504
20031115
20040810
20060621
19960228
19980827
19991125
20010223
20031113
20040617
19970121
19970301
19970411
20031201
20040324

20040907
19980110
20030816
20050725
20051027
20090808
20100131
19960203
19960319
19960503
19960702
19960925
19961221
19981119
19991130
20000115
20000429
20000821
20010410
20010524
20010608
20011027
20021214
20030721
20031016
20031025
20041226
20051126

Location

Wenxian, Gansu
Bachu, Xinjiang
Jiashi, Xinjiang
Ludian, Yunnan
Ludian, Yunnan
Wenxian, Gansu
Yibin, Sichuan
Jiashi, Xinjiang
Chengjaing, Yunan
Yajiang, Sichuan
Minxian, Gansu
Yibin, Sichuan
Jiashi, Xinjiang
Jiashi, Xinjiang
Jiashi, Xinjiang
Zhaosu, Xinjiang

Dongwuzhumugqingi,
Neimenggu

Minxian, Gansu
Zhangbei, Hebei
Balinzuoqi, Neimenggu
Lindian, Heilongjiang
Pingguo, Guangxi
Rongchang, Chongging
Suining, Sichuan
Lijiang, Yunnan
Jiashi, Xinjiang
Baotou, Neimenggu
Lijiang, Yunnan
Lijiang, Yunnan
Baiyu, Sichuan
Ninglang, Sichuan
Anxian, Sichuan
YaoanYunnan
Neixiang, Henan
Wuding, Yunnan
Shidian, Yunnan
Yanyuan, Sichuan
Shidian, Yunann
Yongsheng, Yunan
Yumen, Gansu
Dayao, Yunnan
Dayao, Yunnan
Minle, Gansu
Shuangbai, Yunnan

Jivjiang, Jiangxi

(Continued on following page)
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TABLE 3 (Continued) 52 historical earthquake data grouping and the number of equations.

Group Building type Number of
earthquake
Total 52

the range below 0.001. In general, the distributions of the mortality
rate and proportion of destroyed buildings correspond to each other.
However, there is no one-to-one positive correlation between the
proportion of destroyed buildings and the mortality rate. Hence, if a
death assessment model is constructed based only on data of the
proportion of destroyed buildings, large errors are inevitable. Based
on an analysis of historical earthquakes, it was found that the
destruction of buildings is not the only factor responsible for
deaths; secondary geological disasters and various other factors are
also responsible, and among them, building collapse is the dominant
cause of casualties during earthquakes (Jaiswal et al,, 2011). Thus, to
comprehensively express the number of deaths caused by these
factors, we introduced the concept of the lethal level (LL) (Nie
et al, 2020; Xia et al,, 2020; Nie et al, 2021), which represents the
comprehensive possibility or level of various factors that cause death
after a building is destroyed and other reason. It is expressed by the
predominant mortality rate at a certain level under various intensities.

After an earthquake, the factors resulting in the death of people
are very complicated; these factors include building damage,
collapsing walls, collapsing gatehouses, falling wall hangings,
rolling stones, landslides, fires, and inadequate treatment, etc.
Therefore, to comprehensively describe the possible extent and
number of deaths caused by earthquakes in various disaster
areas, a novel concept needs to be introduced, that is, the
regional LL, the weight of each factor varies among different
disaster areas; for example, in plain areas, it is directly related to
the possibility of death after the destruction of a building, whereas in
mountainous areas, it may include the possibility of death after
building damage and the possibility of death from rolling stones and
post seismic landslides. The casualties induced by landslides and
rockfalls exceed the casualties caused by building destruction, and
the number of deaths in areas with inconvenient traffic conditions
and complex distributions of buildings can even increase due to
transportation interruptions and inadequate treatment.

The best indicator of the LL is the mortality rate caused by an
earthquake, and the effects of the various lethal factors of an
earthquake are comprehensively reflected in the mortality rate of
the disaster area. In other words, after an earthquake, if an area is

Frontiers in Earth Science

Number of Permutations Earthquake

groups
No. Date Location
22 20060722 Yanjin, Yunnan
23 20060825  Yanjin, Yunnan
24 20070603  Ninger, Yunnan
25 20080821  Yingjiang, Yunnan
26 20080830  Panzhihua, Sichuan
27 20081006  Dangxiong, Xizang
28 20090709  Yaoan, Yunnan

8 201

07

in a different intensity range, then its corresponding death rate is
different, or the same area (county or township) may be in a
different intensity range, so the corresponding death rate of the
same area is also different, different LLs correspond to mortality
rates of differing intensity. Thus, it is crucial to quantify the
mortality rate within a region. Then, after an earthquake,
regardless of the intensity range within an area, given the level
of that area, a mortality rate must correspond to the intensity.
Therefore, one of the main purposes of this article is to develop a
method to quantify the LL of an area.

Materials and methods

The analysis of historical earthquake data reveals that data
can be obtained on the mortality rate and the proportion of
buildings destroyed in the historical earthquake area. Thus, we
can construct a model to obtain the regional LL which based on
various types of data, such as the proportion of damaged
buildings, the mortality rate etc. The overall seismic capacity
of a region are affected mainly by the types and proportions of
buildings (as different types of buildings have different seismic
capacities due to variations in building materials), construction
methods and building quality. In other words, different types of
buildings have different capacities to cause death after being
damaged, therefore, we can obtain the LL of each building type
according to the overall level of each historical earthquake area
and the proportion data of each type of building.

Lethal level model

For historical earthquakes, many factors comprehensively
account for the causes of death, the destruction of buildings is the
main factor; other factors include the occurrence time of the
earthquake and the population density. This article presents an
evaluation model of casualties based on the proportion of
damaged buildings proposed by Yin Zhigian (Yin, 1991), we
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TABLE 4 52 historical earthquake building destruction proportion, mortality rate, lethal level and proportion of each type of building.

Location

Lijiang, Yunnan
Yibin, Sichuan
Jiashi, Xinjiang
Baotou, Neimenggu
Lijiang, Yunnan
Lijiang, Yunnan
Baiyu, Sichuan
Jiashi, Xinjiang
Jiashi, Xinjiang
Jiashi, Xinjiang
Zhangbei, Hebei
Jiashi, Xinjiang
Ninglang, Yunnan
Wenxian, Gansu
Chengjiang, Yunnan
Anxian, Sichuan
Yaoan, Yunnan
Neixiang, Henan
Wuding, Yunnan
Yajiang, Sichuan
Shidian, Yunnan
Yanyuan, Sichuan
Shidian, Yunnan
Yongsheng, Yunnan
Yumen, Gansu
Bachu-Jiashi, Xinjiang
Jiashi, Xinjiang
Dayao, Yunnan
Balinzuoqi, Neimenggu
Dayao, Yunnan
Minle, Gansu
Minxian, Gansu
Ludian, Yunnan
Zhaosu, Xinjiang

Dongwuzhumugingi,
Neimenggu

Yibin, Sichuan
Ludian, Yunnan
Minxian, Gansu
Shuangbai, Yunnan
Lindian, Heilongjiang
Pingguo, Guangxi
Jiujiang, Jiangxi
Wenxian, Gansu

Yanjin, Yunnan

Date

19960203
19960228
19960319
19960503
19960702
19960925
19961221
19970121
19970301
19970411
19980110
19980827
19981119
19990415
19991125
19991130
20000115
20000429
20000821
20010223
20010410
20010524
20010608
20011027
20021214
20030224
20030504
20030721
20030816
20031016
20031025
20031113
20031115
20031201
20040324

20040617
20040810
20040907
20041226
20050725
20051027
20051126
20060621
20060722
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Destruction
proportion

0.1429
0.0637
0.1762
0.1283
0.0673
0.1105
0.1981
0.1373
0.0491
0.1399
0.5304
0.0794
0.4331
0.1361
0.1151
0.0600
0.3548
0.3160
0.1142
0.0825
0.1600
0.1500
0.0767
0.1737
0.2071
0.3612
0.1489
0.0971
0.2323
0.1623
0.2312
0.2166
0.0440
0.1046
0.0943

0.1708
0.1627
0.1793
0.1152
0.5179
0.0693
0.1798
0.0783
0.1462

Mortality

rate

0.000287
0.000015
0.000507
0.000262
0.000055
0.000132
0.001378
0.000235
0.000029
0.000294
0.017174
0.000067
0.007460
0.000381
0.000226
0.000014
0.002630
0.001526
0.000425
0.000051
0.000355
0.000464
0.000151
0.000641
0.000832
0.004086
0.000298
0.000172
0.002221
0.000212
0.000295
0.001108
0.000057
0.000364
0.000113

0.000207
0.000965
0.000730
0.000308
0.000193
0.000090
0.000588
0.000152
0.000523

Lethal
level

0.7583
0.7051
0.8422
0.5817
0.8428
0.8514
0.7124
0.5691
0.5978
0.7839
0.8251
0.6897
0.7641
0.7118
0.6668
0.7055
0.6775
0.4577
0.8126
0.4641
0.7605
0.7439
0.8335
0.855

0.6555
0.8167
0.8182
0.7312
0.7372
0.7977
0.3739
0.7074
0.8809
0.5793
0.5937

0.4321
0.9286
0.716

0.7069
0.7608
0.5357
0.6508
0.8197
0.7603

08

Proportion of each type of building (%)

Adobe

10.00

10.00
10.00

83.91

82.48

8.56

Civil

85.43
68.00
93.19
46.85
89.00
86.90
65.42
32.34
32.34
79.19
53.00
40.66
71.76
61.00
59.02
0.00

77.96
10.00
91.56
10.00
77.94
50.00
85.31
92.87
16.85
85.00
86.39
77.24
38.56
91.66
25.28
30.97
4.00

54.02
18.64

15.00
3.00

30.87
60.04
71.69
10.00
69.68
67.58
62.01

Brick-
wood

5.96
2.00
1.71
8.75
5.00
7.00
12.58
18.82
18.82
8.74
40.00
39.74
11.92
3.00
1.38
80.77
8.93
10.00
421
4.00
12.78
37.00
9.33
3.32
44.65
3.00
1.22
11.40
53.44
5.48
32.57
10.00
7.34
25.89
35.50

10.00
7.73
54.13
15.30
2193
44.60
0.16
3.00
13.02

Brick-
concrete

5.83
14.00
5.00
19.81
5.00
5.00
12.00
48.85
48.85
12.07
7.00
5.33
9.48
26.00
19.09
10.18
10.08
70.00
2.94
40.00
6.77
8.00
4.28
291
35.05
2.00
2.40
10.15
8.00
2.55
28.03
10.00
4.75
20.10
45.87

30.00
6.79

15.00
18.14
6.38

45.40
29.28
20.86
18.13

Reinforced- Wood
concrete

2.77

5.00 11.00
0.10

24.60

1.00

1.10

10.00

3.00 11.27
6.83

10.51 10.00
9.06

3.04

10.00

1.29

5.00 41.00
2.51

5.00

1.08

0.90

3.45

1.21

0.31

14.11
10.00 39.03

35.00 10.00

6.52

0.88

6.84

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.767586

Chaoxu et al.

10.3389/feart.2022.767586

TABLE 4 (Continued) 52 historical earthquake building destruction proportion, mortality rate, lethal level and proportion of each type of building.

Location Date Destruction Mortality  Lethal  Proportion of each type of building (%)
proportion  rate level
Adobe Civil Brick- Brick- Reinforced-  Wood
wood  concrete  concrete

Yanjin, Yunnan 20060825  0.1147 0.000263 0.7167 60.02  16.14 12.61 1123
Ninger, Yunnan 20070603 0.1635 0.001047 0.5479 2513 2262 3231 19.94
Yingjiang, Yunnan 20080821  0.0918 0.000197 0.5903 4265  39.03 17.49 0.84
Panzhihua, Sichuan 20080830  0.1974 0.000834 0713 7373 5.06 11.21 10.00
Dangxiong, Xizang 20081006  0.1565 0.000577 0.7416 39.39 4575 10.61 425
Yaoan, Yunnan 20090709 0.1001 0.000140 06173 66.04  10.69 19.29 3.98
Rongchang, Chongging 20090808 ~ 0.1020 0.000074 0.5597 3693 0.00 63.07

Suining, Sichuan 20100131 0.0831 0.000087 0537 102 4935 49.63

selected the influencing factors such as the percentage of
personnel present, the population density etc. To constructed
the model, as shown in Eq. 1:

logRD = 12.479 x (P, x p x RA x &)*' — 13.3 (1

where RD is the mortality rate of the earthquake (the ratio of
the number of casualties to the total population), RA is the
proportion of collapsed and destroyed buildings in the
earthquake area, a is the overall LL in the earthquake area,
p is the population density in the earthquake area, and P, is the
average occupancy rate of personnel (i.e., the average
the

earthquake). Among them, the average occupancy rate

proportion of personnel in buildings during

mainly refers to the research of relevant scholars: during
the daytime, the average occupancy rate is 0.75, whereas at
night, the occupancy rate is set as 1 (Xu et al., 2008; Wei et al.,
2017).

Lethal levels of different types of buildings

For a historical earthquake, the regional LL is affected mainly
by the proportions of various types of buildings in the region and
their unique LLs. Therefore, based on the proportion of each type
of building, a method for calculating the LL of each building is
established, as shown in Eq. 2:

20
154
>
2
2
g 10
=
54
0 T T T T T T T
0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1
The lethal level
FIGURE 2
The frequency distribution of the regional lethal level of 52 historical earthquakes.
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imax

a= Z (B, x L) )

where a refers to the overall LL of the historical earthquake
area,(; refers to the proportion of the i-th type building in the
earthquake area,\; refers to the LL of the i-th type of building in
the earthquake area, and i,y is determined mainly based on the
actual number of types of buildings in the earthquake area.
The above formula is a multivariate linear equation, the
regional LL (y,-y, which refer to the a) and the proportions
of various types of buildings (a;-aq which refer to thep) are
known quantities in this equation, the calculation of the LL of
each building type is actually the process of solving the
multivariate linear equation based on each earthquake area:

ymXy teeo+aix;pte+agXg = Y
Xyt e+ aiXjt o+ a5X0g = Yo

3)

a1 X+ +aj.xij+' "+aq.x,'q =Yi

WXy + o+ AKXt AgXg = Vi

where a;-a; denote the proportions of different types of
buildings in different earthquake areas, x;;-x,q denote the
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LLs of those different types of buildings in different
earthquake areas, and y;-y, denote the overall LLs in
different earthquake areas. Among them, since a;-aq
represents the proportional data of various types of
buildings, it is obtained based on the actual collection
results, the specific results are shown in Table 4.

In fact, if there are 4 building types in the area, then a
quaternary linear equation is constructed, in theory, four
historical earthquake data can be used to solve the equation
system, which will inevitably lead to abnormal results. In order to
avoid this situation, we arrange and combine the historical
seismic data with the same building type, so as to obtain as
many calculations results as possible, and to some extent avoid
the result error caused by single data.

Results

The number of building types varies among different
earthquake regions, therefore, we use the number of building
types as a grouping standard, if different regions have the same
building type, it will into one group, in this way, according to the
number of building types, different multivariate linear equations
can be constructed, in this study, 52 historical earthquakes are
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95% confidence interval distribution of lethal level of different types of buildings.

first grouped according to the building type, as shown in Table 3,
the first group includes 6 earthquakes (2 in Gansu, 2 in Xinjiang,
and 2 in Yunnan), the location distribution is mainly in the
northwest region of China and the building types are adobe, civil,
brick-wood and brick-concrete structures, there are 4 types of
buildings, then quadratic linear equations can be constructed,

TABLE 5 95% confidence interval index parameters of building lethal level.

Indicator name

Index of indicators (building type)

Adobe structure

Mean 09175
Standard deviation 0.04063
N 15
AD 0352
P value 0418
Civil structure
Mean 0.8491
Standard deviation 0.08855
N 201
AD 4.791

P value <0.005

Brick-wood structure

Mean 0.7469
Standard deviation 0.1330
N 201
AD 1.768

P value <0.005

Brick-concrete structure

Mean 0.4585
Standard deviation 02673
N 201
AD 1.981
P value <0.005

Wood structure

Mean 02724
Standard deviation 0.04963
N 6
AD 0.332

P value 0.373
Reinforced concrete

structure
Mean 0.1692
Standard deviation 0.1010
N 146
AD 374
P value <0.005

and since the number of historical earthquakes is 6, a total of
15 quadratic linear equations are obtained, and each equation
system can be calculated, the results of these 4 types of buildings,
which may be a discrete result or a centralized distribution result,
corresponding, the second group includes 6 earthquakes (3 in
Sichuan, 1 in Xinjiang, 1 in Yunnan, and 1 in Gansu), and the

Adobe Civil Brick wood Brick Reinforced Wood
structure structure structure concrete concrete structure
structure structure
Sample size 15 201 201 201 146 6
Mean value 0.9175 0.8491 0.7469 0.4585 0.1692 0.2724
standard deviation 0.040629 0.088548 0.132954 0.267283 0.101018 0.049626
Sampling mean error 0.028729 0.051123 0.076761 0.069012 0.039622 0.031386
Confidence 0.95 0.95 0.95 0.95 0.95 0.95
Degrees of freedom 15 201 201 201 146 6
Two-sided quantile of t 2.48988 1.971837 1.971837 1.971837 1.976346 2.446912
distribution
Allowable error 0.071531 0.100807 0.151360 0.136081 0.078308 0.076799
Lower limit 0.845975 0.748337 0.595503 0.322454 0.090908 0.195633
Upper limit 0.989038 0.949951 0.898223 0.594616 0.247523 0.349231
Frontiers in Earth Science 12 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.767586

Chaoxu et al.

10.3389/feart.2022.767586

TABLE 6 Lethal level range and influencing factors of various types of buildings.

Building structure type

Building type

Secondary classification Influencing factors

Lethal level range

Reinforced-concrete RCa Construction measures, foundation type, construction time, height 0.1-0.25

structure RCb

Wood structure Wa Construction measures, foundation type, construction time, structural style 0.2-0.35
Wb

Brick-concrete structure Ba(Fortified) Construction measures, foundation type, construction time, purpose, height ~ 0.33-0.6
Bb(Non-Fortified)

Brick-wood structure BWa Construction measures, foundation type, construction time, structural style 0.6-0.9
BWb

Civil structure Construction measures, foundation type, construction time, building materials ~ 0.75-0.9

Adobe structure Wall type, foundation type, construction time, building materials 0.85-1

building types include «civil, brick-wood, brick-concrete,
reinforced concrete and wood structures, a total of 6 fourth-
order linear equations are obtained, the third group includes
12 earthquakes (divided into 2 regional groups: 6 earthquakes in
Xinjiang, Gansu, Sichuan and Chongging in the west and
6 earthquakes in Hebei, Heilongjiang and Guangxi in the
east), and the building types include civil, brick-wood and
brick-concrete structures, altogether, the two earthquakes
groups yield 40 third-order linear equations, the fourth group
includes a total of 28 earthquakes divided into 4 groups according
to their spatial distribution (each group has 7 earthquakes; three
groups include earthquakes mainly in Yunnan Province, while
the other group includes earthquakes in Sichuan, Xizang,
Xinjiang, Neimenggu, and Jiangxi), and the building types
include civil, brick-wood, brick-concrete, and reinforced
concrete structures, these four groups yield 140 quadratic
linear equations. Solve different multivariate linear equations
separately, and the result obtained is the lethality level of different
building types.

As shown in Table 4, an analysis of the calculation results
reveals that the LLs among the earthquake areas are significantly
different even if the proportion of destroyed buildings and the
mortality rate are similar, for instance, even if the proportion of
destroyed buildings is high, the corresponding LL is not
necessarily high, in other words, for different areas, the overall
proportion of destroyed buildings may be the same, but the LLs
in different areas may differ greatly.

As shown in Figure 2, the distribution characteristics of the
LL are obvious with values mainly within 0.5-0.9, in particular,
there are 20 earthquake areas with 0.7-0.8, and these areas are
distributed mainly in 3 regions: Yunnan Province, Sichuan
Province and Gansu Province, considering the geographical
the
distribution does not depend on the spatial distribution of
the LL

distribution in the 52 historical earthquake areas,

historical ~earthquakes, regional of historical
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earthquakes in the same Province may be different, but in
different Provinces may be similar.

Furthermore, Figure 3 shows the distributions of the
proportion of destroyed buildings, mortality rate and LL in
each of the 52 historical earthquake areas, the main
distribution interval of the proportion of destroyed buildings
is concentrated within 0.1-0.3, the larger the proportion of
destroyed buildings is, the higher the mortality rate, but this
relationship is not absolute. In fact, there is a situation where the
proportion of destroyed buildings is large but the mortality rate is
relatively small, nevertheless, the mortality rate is positively
correlated with the LL.

A comparative analysis of the correlations between these
three parameters demonstrates that the proportions of destroyed
buildings are similar between the two earthquakes, but due to the
obvious difference in the regional LL, the mortality rates of the
two earthquakes vary, the proportions of destroyed buildings in
the two earthquake areas also differ considerably, but due to the
large difference in the LL between the two areas, the overall
mortality rates of the two earthquakes may be the same, this
finding confirms that the it is one of the main influencing factors
of the mortality rate, and it can reflect the comprehensive level of
an earthquake area.

Generally, for the same earthquake area, although the impact
fields of earthquakes at different times are not completely the
same, since earthquakes at different times are basically within the
scope of an administrative area, the basic physiology (such as the
geography and geological landforms) in an area will not change
substantially, and thus, there should be no major differences in
the LL in the same area at different times, however, we found a
significant difference in the same area, for example, among the
6 earthquakes that occurred in Jiashi, Xinjiang, from 1996 to
2003, the LLs were 0.8422, 0.5691, 0.5978, 0.7839, 0.6897, and
0.8182; thus, the difference in the same area at different times
reached 0.2731, similarly, for the earthquakes that occurred in
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Lijiang, Yunnan, on 3 February 1996, 2 July 1996, and
25 September 1996, the LLs were 0.7583, 0.8428, and 0.8514,
respectively, and the difference reached 0.0931, for the
earthquakes that struck Minxian, Gansu Province, on
13 November 2003, and 7 September 2004, it were 0.7074 and
0.716, respectively, and the difference reached 0.0086, for the
earthquakes that occurred in Wen County, Gansu Province, on
15 April 1999, and 21 June 2006, it were 0.7118 and 0.8197,
respectively, with a difference of 0.1079, for the earthquakes that
occurred in Yibin, Sichuan, on 28 February 1996, and 17 June
2004, it were 0.7051 and 0.4321, respectively, and the difference
reached 0.273. We postulate that such different in the same areas
may be due to the different types and proportions of buildings in
those areas because the types and proportions of buildings in an
area may change with economic development over time, but the
geography and landforms in the same area will not undergo
remarkable change.

As shown in Figure 4, the results of the 6 building types show
relatively obvious distribution interval characteristics, although
the distribution intervals of adobe and wood structures are less
obvious due to the relatively small number of these buildings,
the calculated LLs of adobe structures are
above 0.85,
distributed between 0.15 and 0.35, those of civil structures are

nevertheless,
concentrated those of wood structures are
between 0.5 and 1, those of brick-wood structures are between
0.3 and 0.9, those of brick-concrete structures have a scattered
distribution ranging from 0 to 1, and those of reinforced concrete
structures are between 0 and 0.4, in other words, even for
with  different
environments, and magnitudes, the LLs of the same type of

earthquakes occurrence times, regional
buildings are relatively similar, consequently, there are no
significant differences in the LL of the same building type
among the different areas.

As shown in Figure 5, the distributions of the LLs of various
types of buildings are relatively concentrated within certain
ranges, according to the average values of the LL of various
types of buildings, adobe structures have the highest LLs,
followed by civil structures and brick-wood structure, the
distribution of the brick-concrete structures is more scattered,
and the concentration distribution interval is relatively
insignificant, reinforced concentrate structures exhibit have
the lowest, and the distribution intervals are relatively
concentrated, moreover, the number of wood structures is
relatively small, but the overall distribution interval is
relatively concentrated between those of brick-concrete
structures and reinforced concentrate structures.

As shown in Figure 6, from the calculation results of 95%
confidence intervals of the LLs of the 6 building types reveals the
following: the average LL of adobe structures is 0.9175, and the
standard deviation is 0.04063; the civil structures is 0.8491, and
the standard deviation is 0.08855; the brick-wood structures is
0.7469, and the standard deviation is 0.133; the brick-concrete

structures is 0.4585, and the standard deviation is 0.2673; the
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reinforced concrete structures is 0.1692, and the standard
deviation is 0.101; and the wood structures is 0.2724, and the
standard deviation is 0.04963, in addition, the distributions of the
average values are relatively concentrated, the average LLs of
adobe and wood structures are relatively less abundant, but they
can still reflect the distribution trends of these two types of
buildings, that is, the calculation results based on the 95%
confidence interval can better reflect the concentrated partial
range of the LL of each type of building.

As shown in Table 5, according to the calculated results of each
building type, we obtained the sample mean, standard deviation,
sampling average error and allowable error of each building type,
based on the mean and allowable error, the lower and upper
confidence limits of each building type were obtained, we define
these lower and upper confidence limits as the upper and lower limits
of the LL interval of each building type, the interval range of the LLs
of adobe structures is within 0.85-1, that of civil structures is within
0.75-0.95, that of brick-wood structures is within 0.6-0.9, that of
brick-concrete structures is within 0.33-0.6, that of wood structures is
within 0.2-0.35, and that of reinforced concrete structures is within
0.1-0.25, these distribution interval ranges can further represent the
main concentrated distribution areas of various types of buildings,
however, the distributions of the building typologies are regionally
dependent (Pavic et al., 2019; Pavic et al., 2020a; Pavic et al., 2020b),
and it should be noted that the LL range corresponding to each type
of building obtained in this article is just a theoretically calculated
range of values based on each type, moreover, the same building types
even have different structure and properties among different regions/
cities/municipalities; therefore, to determine the actual LLs of
buildings in earthquake areas, it is still necessary to construct a
corresponding model for calculations based on this interval.

As shown in Table 6, we determined the range of LLs for each
type of building, at the same time, based on a large amount of
field investigation experience, we found that each type of building
has different factors affecting its LL, including the construction
style, building materials, building age, construction measures,
building height, building use, cement type, foundation type, etc.,
in other words, for each type of building, the different details of
its construction are responsible for the differences in the LL, but
the actual values of various buildings should be within the ranges
corresponding to the above types of structures.

Discussion

Based on an analysis of historical earthquakes, the

magnitude,  population  density, = geographical  and
geomorphological environment, and proportion of damaged
buildings are similar between the two earthquakes, but there
is a considerable difference in the number of casualties,
earthquake-induced deaths are affected not only by the
proportion of damaged buildings but also by the combined

effects of regional geological features, road traffic, and
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incidental factors, we constructed a matrix of mortality rates
based on the LL and intensity (Xia et al, 2020); in fact, it
different the
mortality rate is different, so for different regions, different

represents intensities, and corresponding
LLs correspond to personnel mortality rates with intensities of
VI-XI, its different to the casualty assessment method by the
United States Geological Survey (USGS) which has only one
component of the mortality rate by intensity for a country, if we
can obtain the LL of an area prior to an earthquake, then after the
earthquake, we can select the corresponding mortality rate for
evaluation and calculation, this also provides another possibility
for rapidly assessing earthquake casualties.

The LL of an area is affected by many influencing factors, of
which buildings are dominant, which means that different types
of buildings have unique LLs, it is an extension of the
vulnerability level, which is concerned mainly with the
probability that different buildings will cause different damage
states after an earthquake, and different damage levels
correspond to the mortality rate, however, for different
buildings, even is the proportion of damaged buildings is the
same, the mortality rate still varies, therefore, this article employs
historical earthquake data to quantitatively calculate the LLs of
various types of buildings.

The LLs of different historical earthquake areas far from one
another may be similar, but those of areas adjacent to each other
may be quite different; hence, the LL does not depend on the
geographical location, theoretically, for different earthquakes
the

geological and geomorphological conditions within the area

located in the same area, even at different times,
will not change significantly, furthermore, the population size
and density will not vary considerably, thus, without a large
difference in the earthquake magnitude, the main mechanism
responsible for the differences in the LL in the same area may be
the impacts of buildings in the area, an analysis of the building
types and their proportions in each earthquake area reveals that
the main cause of changes in the regional LL is the differences
between the building types and their proportions.

The earthquakes that occur in different time periods in the
same area, building types undergo certain changes after their
restoration and reconstruction, inevitably leading to differences
in regional LLs, for example, for the Jiashi earthquake in Xinjiang
on 19 March 1996, the buildings in the earthquake area were
predominantly adobe structures (composing 93.19% of all
structures), whereas brick-concrete structures accounted for
only 5%, and the LL was 0.8422, the buildings in the same
earthquake area on 21 January 1997, were likewise dominated by
adobe and brick-concrete structures, but their proportions were
45.84% and 38.01%, respectively; the proportion of the latter was
relatively large, which caused the LL of the area to change
significantly (0.5691), in other words, the influences of
building types and proportions in an area are the main reason
for the differences in the LL; therefore, the unique LL of a region
can be comprehensively reflected by the building types, the
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proportions of buildings, the LLs of the various types of
buildings.

Moreover, for a given building type, differences in the
building materials, construction methods, and building quality
cause the LL to differ, in other words, the actual LLs of buildings
of the same type in different areas may be greatly different;
nevertheless, regardless of this difference, the range of change
should be within (should not exceed) the range corresponding to
that type of building, the type of building, construction materials,
construction time, etc., all affect the value, and the weights of
these impacts are vary, based on these weights, the actual LL of a
building can be quantitatively calculated.

The LLs of different building types have unique concentrated
distribution interval ranges that are not equal, some buildings have
small ranges, such as civil structures, whereas others have large
ranges, such as brick-concrete structures, in addition, the LL ranges of
different building types overlap, for example, the range of wood
structures is 0.2-0.35, and that of brick-concrete structures is
0.33-0.6, generally, the wood structures is higher than that of a
brick-concrete structure, but the lower limit of the interval range of
brick-concrete structures is lower than the upper limit of wooden
structures, which is also consistent with the actual survey situation,
for example, the LL of a high-quality brick-concrete structure with a
complete building structure may be lower than that of a wood
structure of poor quality that is older in age, therefore, the actual LL of
each type of building in each area needs to be determined according
to its actual situation.

Conclusion

This paper proposed the concept of the LL and constructs a
calculation model for determining the regional LL, based on data
of 52 historical earthquakes, the LLs of the types of buildings in
different regions were obtained, based on theoretical calculations
and field survey experience, we obtained the ranges of LLs for
various types of buildings, thereby providing a theoretical basis
for the field investigation and quantitative calculation for
buildings in different areas.

Based on historical earthquakes, the LL of each building type
is within an interval range; that is, even among the same type of
buildings, due to differences in the building structure, quality,
and age, etc., their actual LLs diverge, in addition, the interval
ranges of different types of buildings are not equivalent, and these
ranges overlap with each other, hence, the LL of one type of
building is not necessarily lower than that of another type of
building, these quantitative results can also reduce errors caused
by classifications based solely on building types.

By calculating and determining the LLs of buildings, it is
possible to quantitatively calculate the LL of a region, the
quantitative result of this calculation reflects the probability of
casualties for the whole region, different LLs represent a group of
dominant mortality rates of various intensities, based on the
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different LLs of regions, it is possible to achieve the zonation of
regions, and these zones is not limited to simple administrative
divisions or geographic boundaries, instead, it is a quantitative
metric of the overall capacity of an area, which reduces the need
to acquire detailed building data, it can intuitively reflect the
overall earthquake resistance of an area and can also provide
support for the risk assessment of casualties.

This paper used mainly historical seismic data to determine
the LLs of buildings and obtained the ranges of different types of
buildings, these findings provide insight into and a method for
quantitatively calculating the seismic capacity of buildings,
subsequent studies will need to introduce methods to
determine the LLs of various other types of buildings.
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