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Lethality level casualty assessment
method for earthquake landslide
hazards based on the expansion
effect of the mortality rate

Xia Chaoxu™?*, Qi Wenhua'2*“, Li Huayue?3 & Nie Gaozhong2

Rapid assessment of earthquake disaster losses is crucial for effective emergency rescue operations,
with post-earthquake geological hazards constituting a significant component. In this study, we
conducted extensive field investigations of historical earthquakes in China, collecting mortality data
categorized by cause of death. Through analysis of historical earthquake records, we determined the
proportions of fatalities attributed to different causes, integrating seismic intensity data, population
distribution information, to establish intensity-dependent mortality rates for earthquake-triggered
landslides. We systematically compiled the spatial distribution patterns, occurrence frequency, and
density characteristics of landslides induced by historical earthquakes through field surveys and
literature analysis. By comparing these results with historical intensity-mortality relationships,

we quantified the amplifying effect of secondary geological hazards on mortality rates. The results
demonstrate that landslide hazards exhibit significant mortality amplification at intensities of VIII
and above, with this amplification effect intensifying progressively with higher seismic intensities.
Using these findings, we developed a lethality matrix for earthquake-triggered landslides by
incorporating intensity-mortality relationships. Validation using historical earthquake cases shows
that the calculated casualties error within +30% of actual recorded values across different regions
and magnitudes. This study achieves two objectives (1) verifies the validity and regional applicability
of the proposed matrix methodology for landslide casualty assessment, and (2) provides a scientific
foundation for developing regionalized assessment matrices, thereby enhancing post-earthquake
emergency response capabilities.
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Earthquakes are sudden natural disasters that cause structural damage, casualties, economic losses, and a
cascade of secondary hazards. Related research shows that when the magnitude is greater than 4.0, it will trigger
geological disasters such as landslides and collapses'2. When the magnitude is less than 5.0, the intensity is less
than VI, secondary geological disasters rarely occur, with magnitudes ranging from 5.0 to 6.0 and intensities
ranging from VI to VIIL. Earthquake secondary geological disasters generally occur, with a large number of
magnitudes greater than 6.0 and intensities above VII. Secondary geological disasters are strong, not only large
in number but also large in scale®*.

After an earthquake, the first concern is casualties. Since 1900, approximately 1% of destructive earthquakes
have caused 93% of global deaths; secondary disasters have caused approximately 40% of economic losses and
17% of deaths®”’. Rapidly assessing casualties after an earthquake is the basis of all work, although a variety of
earthquake casualty assessment methods already exist. However, since most of the current related evaluation
methods consider only the damage of buildings, there are few casualty assessment methods for secondary
earthquake landslides; therefore, how to carry out rapid assessments of causalities caused by secondary landslides
is an important part of earthquake disaster research.

Different scholars have also carried out research on methods related to earthquake secondary landslides
based on different research concepts, generally including two methods, the Newmark displacement model and
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its derived models®-1* and correlation analysis methods based on landslide sensitivity!>~2%; however, most of the

existing studies are based on postearthquake geological disaster databases to evaluate the probability of landslide
occurrence?'?, and the methods used are different, such as the methods of information acquisition analysis®,
logistic regression methods*""*2, analytic hierarchy process methods**3, fuzzy mathematics methods®, artificial
neural network methods®, influence factor certainty coefficient methods®”.

Although related research has shown that earthquakes that cause landslides typically cause more fatalities (a
cascading hazard) than earthquakes without landslides®, a critical component of understanding landslide risk
involves the assessment of landslide hazards, and multiple studies have attempted to provide a global estimation
of this hazard®*. Others have focused on the probability of landslide occurrence based on physical susceptibility
factors0-43; however, the current situation is that little effort has focused on modeling the socioeconomic losses
associated with landslides, relatively few methods, and currently none available to estimate the number of
fatalities due to earthquake-induced landslides**-4%,

The basic idea of the evaluation method is based on the results of landslide probability, combined with
population of exposure to construct the assessment method**~>”. For example, Nowicki et al. established a
multiple regression model based on the calculation results of landslide probability and population exposure index
and carried out an order-of-magnitude estimate of the casualties data of earthquake-induced landslides*!:%8%.
Saeed et al. proposed a new method for estimating the probability of permanent displacement of mountain
slopes using a Bayesian network and Newmark displacement probability modeling, which can be used to analyze
the degree of losses and casualties caused by earthquakes®. Tonje et al. based on data from 66 historical landslide
events that occurred in Norway and Sweden from 1848 to 2009 and estimated the death curve as a function of
the number of people exposed to each landslide®’.

Although these studies have carried out the quantification and calculation of risk levels through the probability
analysis of earthquake-induced landslides, there is still a lack of research on the assessment methods of casualties
caused by earthquake secondary landslides. There is no necessary connection between the probability of
landslide occurrence and the mortality rate because the probability of landslide occurrence is high, which does
not necessarily mean that the corresponding mortality rate is also high; that is, if there is a landslide in an area, it
cannot be directly assumed that death will be caused in the area, and there is a probabilistic relationship between
earthquake-induced landslides and the mortality rate. This probability is actually directly related to factors such
as the intensity, and the comprehensive level reflected by the geographical and geomorphological conditions of
the secondary landslides, etc.; thus, establishing the relationships among the intensity, comprehensive level and
mortality rate is the key to assessing earthquake secondary landslide casualties.

It is necessary to propose a quantitative estimation model for causalities to mitigate the risk of earthquake-
induced landslides. In this paper, we perform a correlation analysis of the mortality rate and the landslide data
(landslide density) of different intensities and establish a model based on intensity, secondary landslides and
mortality rate, all of which are specifically used to disaggregate the direct effects of ground shaking from those
associated with secondary landslides. Based on this, we constructed a lethality matrix for earthquake secondary
landslides to achieve rapid assessment of casualties.

Data and methods

Data

At present, several international databases related to damaging earthquakes have been developed, such as the
Emergency Disasters Database (EM-DAT), the Natural Catastrophe Loss Database (NatCatSERVICE), the
Global Disaster Identifier Number (GLIDE), the Sigma, etc.293 and the Global Earthquake Model Earthquake
Consequences Database (GEMECD)®*%. Currently, there are many datasets describing landslides caused by
individual earthquakes and global inventories of earthquake-induced landslides; however, there are few datasets
that comprehensively describe the number of fatalities caused by earthquake-induced landslides, especially for
earthquakes in China. The statistics of casualties in historical earthquakes may include only total casualties, but
the different causes and numbers of casualties have not been divided in detail. This also makes it difficult for
different models to obtain specific analysis results of the relationship between landslides and deaths; at the same
time, it is difficult to ensure high accuracy for the evaluation results.

Therefore, this article, which is based on data from the Mainland China Composite Earthquake Causing
Casualties Database (MCCEC-DAT)®’, collected mortality data for different intensities of 61 historical
earthquakes since 1966 and analyzed the relationship between the number of earthquake secondary landslides
and the mortality rate, as shown in Table 1. The historical earthquake data with more than 4 different intensity
mortality rates, a total of 13 historical earthquake data points, were combined with secondary landslide data
(such as landslide density) at each intensity.

Method

Calculation of lethality level

The number of deaths caused by earthquakes is actually a function of earthquake intensity and mortality rate.
After an earthquake, different intensity areas will have different mortality rates due to the combined effects
of building damage and secondary disasters, and relevant models and methods are based on the proportion
of building damage and the mortality rates of different intensities; however, for different intensity areas, the
mortality rate caused by different lethal factors is also different, and finding the difference between the mortality
rates of various factors is also key.

After an earthquake occurs, damage to buildings, secondary geological disasters, and untimely road
congestion may directly or indirectly cause casualties. Based on the actual earthquake situation, the casualties
caused by the earthquake are the result of the combined action of various factors in the disaster area after the
earthquake, and there is a certain correlation between the comprehensive characteristics of the area reflected
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Magnitude | Death toll Mortality rate of each intensity
No. | Location Time (Mw) (person) | VI VII VIII X X XI
1 Yunnan, Dongchuan 19,660,205 | 6.5 305 0.00191682 | 0.00832774
2 Yunnan, Tonghai 19,700,105 | 7.8 15,621 0.000119 0.001687 0.015838 0.039332 0.155483
3 Yunnan, Daguan 19,740,511 | 7.1 1308 0.000236 0.000608 0.004897 0.03454
4 Hebei, Tangshan 19,760,728 | 7.8 262,000 0.0444615 0.09417 0.153 0.22
5 Yunnan, Mohei 19,790,315 | 6.8 12 0.000039 0.00014 0.00052 0.000742
6 Yunnan, Lancang-Gengma | 19,881,106 | 7.6 748 0.000014 0.0001 0.001253 0.009378
7 Sichuan, Batang 19,890,416 | 6.7 8 0.00005945 | 0.00055659 | 0.0029
8 Sichuan, Shimian 19,890,609 | 5.2 1 0.0005
9 Sichuan, Xiaojin 19,890,922 | 6.6 1 0.00052632
10 | Chongging, Jiangbei 19,891,120 | 5.2 3 0.00042644
11 | Jiangsu, Changshu 19,900,210 | 5.1 2 0.00017513
12 | Qinghai, Gonghe 19,900,426 | 7 119 0.00041532 | 0.00258065 | 0.0035 0.01725
13 | Gansu, Tianzhu 19,901,020 | 6.2 2 0.0006949
14 | Shanxi, Datong 19,910,326 | 5.8 1 0.00108696
15 | Hebei, Tangshan 19,910,530 | 5.1 2 0.00012492
16 Yunnan, Yongsheng 19,921,218 | 5.4 1 0.00020747
17 | Xinjiang, Hejing 19,930,203 | 5.4 4 0.00021505
18 | Xizang, Lazi 19,930,320 | 6.6 2 0.0025974
19 Yunnan, Xhongdian 19,930,717 | 5.6 1 0.00053763
20 | Xinjiang, Kashi 19,931,201 | 6 2 0.00019646
21 | Xinjiang, Wusu 19,950,502 | 5.8 2 0.00021482
22 | Gansu, Yongdeng 19,950,722 | 5.8 10 0.00000278 | 0.00002762 | 0.00096502
23 | Yunnan, Wuding 19,951,024 | 6.5 50 0.00000559 | 0.00003211 | 0.00016165 | 0.00111111
24 | Yunnan, Lijiang 19,960,203 | 7 309 0.00004609 | 0.00026963 | 0.00078037 | 0.00257959
25 | Sichuan, Yibin 19,960,228 | 5.4 1 0.0002584
26 | Xinjiang, Jiashi 19,960,319 | 6.4 24 0.00017225
27 | Yunnan, Lijiang 19,960,702 | 5.2 2 0.0000186
28 | Yunnan, Lijiang 19,960,925 | 5.7 1 0.00012484
29 | Sichuan, Baiyu 19,961,225 | 5.5 2 0.00016978
30 | Xinjiang, Jiashi 19,970,121 | 6.4 12 0 0.00059084
31 | Xinjiang, Jiashi 19,970,301 | 6 1 0.0001199
32 | Xinjiang, Jiashi 19,970,406 | 6.3 8 0 0.00018579
33 | Hebei, Zhangbei 19,980,110 | 6.2 49 0.00002597 | 0.00303
34 Yunnan, Ninglang, 19,981,119 | 6.2 5 0.00001245 | 0.00004933 | 0.00108992
35 | Gansu, Wendeng 19,990,415 | 4.7 1 0.00344828
36 | Sichuan, Mianzhu 19,991,130 | 5 1 0.00007622
37 Henan, Neixiang 20,000,429 | 4.7 1 0.00001171
38 | Yunnan, Wuding 20,000,821 | 5.1 2 0.00003165
39 | Sichuan, Yajiang 20,010,223 | 6 3 0.00004419 | 0.00050125
40 | Yunnan, Shidian 20,010,410 | 5.9 3 0.00000251 | 0.00000835 | 0.00007391
41 | Sichuan, Yanyuan 20,010,524 | 5.8 1 0.00010256
42 | Yunnan, Shidian 20,010,608 | 5.3 1 0.00001255
43 Yunnan, Yongsheng 20,011,027 | 6 1 0.00005274
44 | Xinjiang, Kashi 20,030,224 | 6.8 268 0.0000195 | 0.000087 0.000389 0.00174
45 | Yunnan, Dayao 20,030,721 | 6.2 16 0 0.000125984
46 Neimenggu, Balinzuoqi 20,030,816 | 5.9 4 0 0.00023613
47 | Xizang, Linzhi 20,030,818 | 5.7 2 0.0007874
48 | Yunnan, Dayao 20,031,016 | 6.1 3 0 0.00042553
49 | Gansu, Minle 20,031,025 | 6.1 10 0 0.000787
50 Yunnan, Ludian 20,031,115 | 5.1 4 0.00011608
51 Xinjiang, Kashi 20,031,201 | 6.1 10 0.00020521
52 gg;“g‘i;‘ffﬁmuqmqi 20,040,324 | 5.9 1 0.00033445
53 | Sichuan, Yibin 20,040,617 | 4.7 1 0.00002129
54 | Yunnan, Ludian 20,040,810 | 5.6 4 0.00000255 | 0.0053
Continued
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Location

Magnitude | Death toll Mortality rate of each intensity
Time (Mw) (person) | VI VII VIII IX X XI

55

Sichuan, Wenchuan 20,080,512 | 8 69,227 0.00000781 | 0.00006902 | 0.00056894 | 0.00757822 | 0.07731237 | 0.24416366

56

Sichuan, Wenchuan(gansu) | 20,080,512 | 8 375 0.000005 0.000107 0.000363 0.001031

57

Yunnan, Yiliang 20,120,907 | 5.7 81 0.000005 0.000078 0.0353

58

Sichuan, Lushan 20,130,420 |7 196 0.00000489 | 0.00003286 | 0.00029 0.0017055

59

Gansu, Minxian 20,130,722 | 6.6 95 0.00000162 | 0.0002344 | 0.000625

60

Yunnan, Ludian 20,140,803 | 6.5 617 0.00001693 | 0.00017945 | 0.00184314 | 0.015504141

61

Sichuan, Jiuzhaigou 20,170,808 | 7.0 29+ 0.000002 0.000005 0.006 0.0047

Table 1. Mortality rate by intensity of 61 historical earthquakes.

Lethality Level Mortality rate by intensity

Grade Interval range | VI VII VIII X X XI
0% 0-5% 0.0000001 | 0.000002 | 0.00006 | 0.0004 | 0.0039 | 0.07
10% | 5-15% 0.0000002 | 0.000004 | 0.00009 | 0.0006 | 0.0063 | 0.1
20% | 15-25% 0.0000004 | 0.000009 | 0.00013 | 0.001 |0.01 0.14
30% | 25-35% 0.0000006 | 0.000013 | 0.00019 | 0.0017 | 0.017 |0.15
40% | 35-45% 0.0000008 | 0.000016 | 0.00028 | 0.0028 | 0.028 | 0.18
50% | 45-55% 0.0000012 | 0.00002 | 0.0004 | 0.0046 | 0.046 |0.21
60% | 55-65% 0.000006 | 0.00004 | 0.0006 |0.0076 |0.077 | 0.24
70% | 65-75% 0.000008 | 0.00009 | 0.0008 | 0.0099 |0.099 |0.26
80% | 75-85% 0.000009 | 0.00013 | 0.0012 |0.0129 |0.13 0.27
90% | 85-95% 0.000012 | 0.00017 | 0.0018 |0.017 |0.17 0.29
100% | 95-100% 0.000016 | 0.00024 | 0.0026 |0.022 |0.22 0.31
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Table 2. The basic lethality matrix applicable nationwide based on the history data.

by these various factors and the possible casualties in the area, based on the previous research results of the
author, we carried out a fitting analysis of the mortality rate of each intensity based on the historical earthquake
data in Chinese Mainland, on the basis of the proportion of building damage, combined with the factors such
as the indoor rate and the lethality level of area, and obtained the fitting relationship between each factor and
the mortality rate. The main consideration is that during the investigation of actual earthquakes, it was found
that there is a large relationship between the indoor rate and population density and the casualties. At the same
time, there is no positive correlation between the proportion of building damage and the casuality, and under the
influence of different building types, under the same damage state, there are large differences in the probability of
death caused by different types of buildings. Therefore, if the fitting is only based on the proportion of building
damage, it will inevitably cause large errors, to reduce errors, we used the lethality level as a coefficient for fitting.
The indoor rate and building damage ratio data are mainly determined based on historical earthquake data, and
the relevant detailed introduction has been explained in the author’s previous research results®®-72. To obtain the
lethality level of each historical earthquake area, this paper selects various influencing factors, such as the indoor
rate, population density, earthquake occurrence time and lethality level, to adjust and improve the fitting model,
as shown in Eq. 1:

log RD = 12.479 x (P x p x RA x a)’' —13.3 (1)

Where RD is the mortality rate (the ratio of the number of deaths to the total population), RA is the collapse
and damage rate of buildings in the disaster area, a is the overall lethality level in the earthquake area, p is the
population density in the earthquake area, and Pt is the coefficient of the average indoor rate (that is, the average
proportion of people inside the building during the earthquake occurrence period).

On this basis, the lethality level of the area can be calculated. We divided the country into 11 levels
from 0-100%%35%71:72 Based on the grading of the 11 levels, a lethality matrix was constructed through a
comprehensive analysis of the mortality rate at each intensity, as shown in Table 2. In fact, this article mainly
conducted further research based on previous studies. In the process of constructing the lethality matrix, the
author of this article provided a detailed description and construction process. We conducted analysis based
on historical earthquake data, as shown in Table 1. In historical earthquakes, not all intensities have mortality
data. However, through the collection and fitting analysis of mortality rates for different intensities of historical
earthquakes in different regions, magnitudes, and times, it was found that the distribution intervals of mortality
rates for different intensities are relatively fixed, and the differences in mortality rates between adjacent intensities
also have characteristics, with differences ranging from 3 to 16 times. At the same time, through the fitting
analysis of the mortality rates of each historical earthquake with different intensities, it was found that the fitting
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results showed obvious characteristics, the fitting results of the mortality rates of earthquakes located in different
regions and with different magnitudes showed similar trends, based on the analysis of all historical earthquakes,
the fitting results showed grouping characteristics, to achieve quantitative calculation, linear fitting was carried
out, and historical earthquakes were grouped based on the fitting results, on the basis of grouping, calculations
were carried out using the multiple relationship between adjacent intensities to obtain the calculation results
of the mortality rates of each intensity, in this way, the calculation of lethality levels can be achieved. When
determining the overall lethality level of an area, it is possible to determine the mortality rate under different
intensities in the area. This grading and mortality rate of each intensity represent the comprehensive level of
the region; in fact, it also covers the mortality rate caused by secondary geological disasters in different regions
under the same lethality level. Although the overall mortality rate of different intensity levels may be the same,
there may be large differences in the causes. Death may be caused by building damage, secondary geological
disasters, or both, but regardless of the reason, the mortality rate caused by the destruction of buildings and
secondary landslide are all included in this overall mortality rate.

Calculation of the seismic landslide probability level

After an earthquake occurs, for different causes of death, if the calculation is directly based on the mortality
rate in the matrix, it may cause errors. In fact, the physical geomorphological environment of an area, such
as elevation, relative relief, slope, aspect, land use, lithology, engineering rock group (ERG), distance to river
(DTR), normalized difference water index (NDWI), normalized difference vegetation index (NDVI) and annual
cumulative rainfall (ACR), can also reflect the overall characteristic level of an area. For different areas, this level
can actually correspond to the mortality rate of a group of each intensity; if this level is related to the probability
of a secondary landslide, it is possible to rapidly calculate secondary landslide casualties. The probability of the
occurrence of coseismic landslides in a region (P_ ) can be defined as the total area of coseismic landslides in
the region (A_ ) divided by the total area of the region (A ).

Peots = Acols/Aall * 100% (2)

where A_ | is the total area of all coseismic landslides and A, is the area of the entire study area (effects of
sampling intensity and nonslide/slide sample ratio on the occurrence probability of coseismic landslides).

This paper considers statistics and fitting analysis to obtain the basic distribution characteristics of the
mortality rate at different intensities, and on this basis, a correlation analysis of the mortality rate at different
intensities and the probability of secondary earthquake landslides was carried out. The quantitative results of the
probability of secondary landslides affecting the change in mortality at different intensities were obtained, which
laid the foundation for the construction of a lethality matrix considering the effects of secondary earthquake
landslides.

Results

In fact, after the earthquake, the actual situation of deaths caused by various factors in the disaster area was
comprehensively reflected in the mortality rate, and earthquakes of different regions and magnitudes are affected
by population size, population density, etc., resulting in large differences in mortality rate. Therefore, this article
first conducts a statistical analysis of the mortality rate in different intensities of 61 historical earthquakes. The
results show that the multiple in mortality rate of adjacent intensity is generally between 3 and 16, and the
average value is approximately 107°. As shown in Fig. 1, although there is a large difference in multiples of each
adjacent intensity, the mortality rate of the low-intensity area is large, and the high-intensity is small, but overall,
the difference multiple of each adjacent intensity is still within a relatively concentrated range.

As shown in Fig. 2, through the exponential fitting analysis of the mortality rate of more than 3 intensities in
historical earthquakes, it is found that even for earthquakes of different regions with different magnitudes, the
distribution of the mortality rate by intensity still has obvious characteristics, increasing with increasing intensity.
Taking intensity VIII as a separation interval, in the area below intensity VIII, the distribution of the fitted curve
is stable, but in the area above intensity VIII, the mortality rate changes with intensity are particularly obvious,
the curve changes rapidly, and the mortality rate of the intensity above VIII is significantly greater than the
intensity below VIIL. This mortality rate includes not only the cause of building damage but also other factors,
such as secondary landslides caused by earthquakes. If the assessment of casualties is based solely on factors such
as the building damage ratio, it may cause larger errors.

As shown in Fig. 3, through the fitting analysis of 13 historical earthquake data for more than 4 intensities, it
is found that the fitting results of earthquakes with different magnitudes in different regions show similar change
characteristics, the mortality rate shows a clear increasing trend with increasing intensity, and the fitting curve
results show obvious grouping. The fitting curves of different earthquakes in the same group show the same
change trends, such as the Tonghai earthquake in 1970 and the Ludian earthquake in 2014, but the proportion
of building damage and the actual number of deaths in the area above intensity VIII of the two earthquakes are
quite different. That is, for different earthquake regions, the geological and geomorphic environment, population,
population density, and building damage ratio may be completely different; correspondingly, there will be a large
difference in the mortality rate by intensity. Generally, secondary geological disasters such as landslides and
mudslides are more likely to occur in the area above intensity VIII, which may be one of the reasons for the
large difference in mortality rate. Through the statistical analysis of the mortality rate with different intensities in
historical earthquakes, it is found that the difference in the mortality rate in the areas above and below intensity
VIII is relatively obvious; in the area below intensity VIII, the secondary geological disasters are relatively less
common, the fitting curve of the mortality rate is relatively stable, and there will not be a large difference in the
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Fig. 1. The distribution characteristics of the multiple relationship of the mortality rate of the adjacent
intensity. (Among them, AD is a normality test, which checks whether the data conforms to a normal
distribution; by analyzing the normal distribution of multiples of adjacent intensities, the distribution
probability of multiples was obtained. The different symbols in the figure represent the multiples of mortality
rates of adjacent intensities, and the curve represents the 95% confidence interval.).

mortality rate between adjacent intensities. In the area above intensity VIII, the difference is relatively obvious,
and the slope of the fitting curve changes obviously.

As shown in Fig. 4, there is an obvious sudden change in the fitting results of the two ranges above and
below intensity VIII. In fact, the slope of the fitting curve below intensity VIII of each earthquake is small, and
the distribution is stable. Although different earthquakes have great differences in magnitude, building damage
ratios, population density, etc., the difference between the fitting results for the range below intensity VIII is
not large; in contrast, the fitting results for the range above intensity VIII show obvious differences, and the
fitting results of earthquakes in different regions and different magnitudes are obviously different. Moreover, this
difference is not completely positively correlated with magnitude; in other words, the change characteristics are
not only affected by earthquake factors such as magnitude but also related to other influencing factors such as
geography, landform conditions, secondary geological disasters, population density, etc.

As shown in Table 3, for earthquakes in different regions and with different magnitudes, there is still a clear
difference between the slopes of the fitting curves for intensities VI-VII and VIII. Generally, for intensities VI-
VII, the slopes of the fitted curves are less than 0.00001, and for those above intensity VIII, the slopes of the
fitted curves are generally between 0.001 and 0.008. The distribution ranges of the slopes of the fitting curves of
different magnitudes are different, but there is a relatively concentrated range, although the distributions of the
slopes of the fitting curves in the two intervals have their own concentrated distribution intervals.

As shown in Fig. 5, there is a significant difference in the multiple relationships of the slope of the fitted
curve. The fitting result R? value is 0.6781, which is good; generally, as the magnitude increases, the multiple of
the difference also shows an increasing trend. For earthquakes below magnitude 7.0, the difference in multiples
is less than 100, while for earthquakes above magnitude 7.0, the difference in multiples is relatively obvious,
between 400 and 1500; however, this situation is not absolute. There are also cases where the magnitude is large
but the multiple is small; for example, for the magnitude 7.1 earthquake in Daguan, Yunnan, the multiple is 42,
which is smaller than the magnitude 7.0 earthquake in Lijiang, Yunnan (the multiple is 79), and it is also smaller
than the magnitude 6.5 earthquake in Ludian, Yunnan (the multiple is 66); therefore, it is not possible to rely
only on the magnitude of the earthquake to realize the distribution characteristics analysis of the mortality rate
by intensity. In fact, the reasons for such differences are very complicated, and the main reason may be secondary
landslides.

However, earthquake causality data are available only in aggregated form. Based on the current statistical
data, it is not possible to obtain the number of deaths caused by secondary landslides of each intensity, and it is
difficult to carry out quantitative analysis of the mortality rate based on secondary landslides. Therefore, based
on the fitting results of intensity VI-VII, we can obtain the mortality rate results of each intensity (VI-XI) through
calculation. Because this result is based on the calculation results of intensity VI-VII, which can theoretically

Scientific Reports |

(2025) 15:21137 | https://doi.org/10.1038/541598-025-08209-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1970 Yunnan Tonghai Mw7.8 1974 Yunnan Daguan Mw7.1 002
1979 Yunnan Mohei Mw6.8 1988 Yunnan Lancang-Gengma Mw7.6 0.018
1989 Sichuan Batang Mw6.7 1990 Qinghai Gonghe Mw7.0 :
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Fig. 2. Exponential fitting results of the mortality rate of more than 3 sub-intensities.

be considered the mortality rate based only on building damage; in this way, the mortality rate data with each
intensity level corresponding to building damage in historical earthquakes are obtained, and based on the overall
mortality data for each intensity, combining the multiple results of the areas above and below intensity VIII, the
mortality rate in the area above intensity VIII is obtained. This mortality rate represents the result of death caused
by nonbuilding damage, that is, the mortality rate caused by factors such as secondary geological disasters. The
specific calculation method is mainly based on the comprehensive lethality matrix constructed in the early stage.
Based on the mortality rate of different intensity corresponding to each lethality level, this article compares and
analyzes the mortality rates above and below intensity VIII, and find the corresponding relationship between
them. On the basis of fitting the multiple relationship of the results, the calculation is carried out. Since there
is no relationship between the mortality rate below intensity VII in historical earthquake data and secondary
landslides (this result is obtained based on the analysis of historical earthquake data), that is to say, the mortality
rate below intensity VII represents the mortality rate caused by building damage, as well as the comprehensive
mortality rate corresponding to the intensity. According to the linear fitting analysis results, there should be
a linear relationship between the mortality rate of areas above intensity VIII and areas below intensity VIL
However, the actual results have a certain multiplier relationship with each other, which has an amplification
effect. Therefore, based on the results of intensity VI-VII, using the multiplier relationship and combining with
the previously determined lethality matrix, the results of the range above intensity VIII degrees are obtained
through calculation. In the calculation process, the mortality rates of different intensity corresponding to each
earthquake are calculated separately according to the lethality level. Therefore, based on the difference between
the slopes of the fitting curves in each historical earthquake case, combined with the density of secondary
landslides within the corresponding intensity range, we carried out quantitative calculations on the expanding
effect of secondary landslides on the mortality rate. The results show that the distribution of the fitting results
between the density of secondary landslides and the mortality rate of each intensity shows a certain correlation,
and the results are shown in Table 4.

As shown in Fig. 6, based on the distribution results of landslide density within each intensity, it can also be
found that the intensity of the earthquake has a positive correlation with the density of secondary landslides; the
greater the intensity is, the greater the density. However, the impacts of secondary landslides on the mortality
rate with different intensities are different, the number and density of landslides are relatively small in areas
below intensity VIIL In the area above intensity VIII, the number of landslides shows an obvious increasing
trend, and the density is relatively high since the number of earthquakes with an intensity above X is relatively
small. Based on the current results, the results in the intensity IX area are relatively representative, and both the
number and the density of landslides are much greater than other intensities.
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Fig. 3. The exponential fitting results of the mortality rate by intensity of the 13 earthquakes.

Figure 7 shows that, except for the Sichuan Lushan earthquake, the population density decreased with
increasing intensity. One of the main reasons for this trend is that the epicenter of the Lushan earthquake
was mainly an urban area, and the population density was relatively large. However, at the overall results of
individual earthquakes, the population density decreased with increasing intensity, which was also significantly
different from that of secondary landslides, while the population density distribution was affected by the size of
the regional population. In fact, the population density may also be affected by other factors, such as the location
of the earthquake, especially the distribution range of each intensity.

There is a certain correlation between the density of secondary landslides and the population density at each
intensity; the greater the density of secondary landslides is, the lower the corresponding population density is,
and there is a negative correlation. According to the correlation analysis with the intensity, the landslide density
and population density exhibit obvious intensity correlations, as shown in Fig. 8.

As shown in Fig. 9, we selected the number of landslides, landslide density, population density and intensity
area to carry out the fitting analysis of the mortality rate of each intensity; for the number of landslides, the
greater the number of earthquake landslides is, the greater the possibility of mortality, but not necessarily.
Similarly, for the landslide density, this relationship is obvious. The greater the landslide density is, the higher
the mortality rate, especially for high-intensity areas. For population density and intensity area, there is a certain
negative correlation to the mortality rate, and the area and population of high-intensity areas are relatively small,
but the corresponding mortality rate is larger. Similarly, the relationship between the intensity area and the
mortality rate is not obvious; the population density and the intensity area have difficulty reflecting the impact
of earthquake-induced landslides and other secondary disasters on the mortality rate, and the landslide density
can better reflect the relevant characteristics.

On this basis, parameters such as magnitude, intensity, and landslide density were selected for fitting analysis,
and a model for the mortality rate with different intensities based on magnitude, intensity and landslide density
was obtained. Based on the multiple relationships of the fitting curve of each earthquake obtained in this paper,
we calculated and obtained the mortality rate of each intensity corresponding to the corresponding secondary
landslide, as shown in Eq. 3.

R;=0.0024-0.0003Mw-0.00011+0.0185LD; (3)

Where R, is the mortality rate in the range of intensity i, M is the earthquake magnitude, I is the seismic intensity
(VIII-XT), and LD; is the earthquake secondary landslide density in intensity range i.
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Fig. 4. The segmented linear fitting results of the mortality rate of the 13 earthquakes. (Among them, for
comparative analysis, the fitting results below intensity VIII are represented by solid lines, and the fitting results
in the area above intensity VIII are represented by dashed lines. Similarly, the fitting results above intensity
VIII are also represented in the same way, and the points in the figure are mainly the mortality of intensities.).

The correlation coeflicient R of the fitting result is 0.8191, the R%is 0.6813, the chi-square coeflicient is 0.0016,
the F-statistic (F-statistic) is 48.93, the fitting result is relatively good, and it can reflect the relationship between
the intensity of the landslide density and the mortality rate.

As shown in Fig. 10, based on the validation results, the model is found to be effective. According to the
comparative analysis of the actual mortality rate and the predicted mortality rate, the correlation coefficient R
of the fitting results is 0.8423, the R? coefficient is 0.7095, the Adj R? coefficient is 0.6969, and the standard error
of the estimate is 0.0015.

On the premise that the lethality level of each historical earthquake area is determined, we can update
and calculate the mortality rate of each intensity corresponding to each area, for example, the lethality level
of the Wenchuan earthquake is 60% (group G), that of the Ludian earthquake is 100% (group K), that of the
Jiuzhaigou earthquake is 40% (group E), that of the Luding earthquake is 75% (group I), and that of the Jishishan
earthquake is 65% (group H). According to the level of these historical earthquakes and the mortality rate of
each intensity, based on the multiple relationships of adjacent intensities, the corresponding lethality matrix is
constructed, as shown in Table 5. The secondary landslide lethality matrix is still divided into 11 levels from 0 to
100%, the mortality data of each intensity under different levels are obtained, and it mainly refers to the mortality
rate of secondary landslides; among them, the mortality rate of each grade VI-VII is basically the same as the
comprehensive lethality matrix, and the mortality rate of each intensity above VIII is obtained by calculation. In
this way, on the premise of determining the lethality level of a region, the corresponding evaluation calculation
can be carried out based on the matrix.

As shown in Table 6, combined with the population numbers of each intensity in historical earthquakes, we
verified the accuracy of the matrix. On the premise of determining the lethality level of each earthquake, the
error of the calculation results of the overall death data in each earthquake is within +50%. In particular, the
assessment results of casualties caused by secondary landslides are relatively good, and the general error is within
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No. | Earthquake Magnitude(Mw) | Intensity range | Slope of fitted curve | Multiple
VI-VII 0.0000147330

1 Tonghai, Yunnan 7.8 564.04
VIII-X 0.0083100000
VI-VII 0.0000567290

2 Daguan, Yunnan 7.1 42.48
VIII-IX 0.0024100000
VI-VII 0.0001428200

3 Mohei, Yunnan 6.8 32.56
VIII-IX 0.0046500000
VI-VII 0.0000022400

4 Lancang-Gengma, Yunnan | 7.6 412.69
VIII-IX 0.0009244410
VI-VII 0.0000241841

5 Gonghe, Qinghai 7.0 52.11
VIII-IX 0.0012600000
VI-VII 0.0000303890

6 Wuding, Yunnan 6.5 25.63
VIII-IX 0.0007788410
VI-VII 0.0000254582

7 Lijiang, Yunnan 7.0 79.74
VII-IX 0.0020300000
VI-VII 0.0000095412

8 Kashi, Xinjiang 6.8 115.29
VIII-IX 0.0011000000
VI-VII 0.0000062353

9 Wenchuan, Sichuan 8.0 1547.64
VIII-XI 0.0096500000
VI-VII 0.0000009165

10 | Wenchuan, Sichuan(Gansu) | 8.0 720.11
VIII-IX 0.0006599600
VI-VII 0.0000030510

11 | Lushan, Sichuan 7.0 350.71
VIII-IX 0.0010700000
VI-VII 0.0000159700

12 | Ludian, Yunnan 6.5 66.37
VIII-IX 0.0010600000
VI-VII 0.00000055

13 | Jiuzhaigou, Sichuan 7.0 1132.29
VIII-IX 0.00062276

Table 3. The slope multiplier relationship of the mortality rate fitting curve for different intensities of historical
earthquakes.

+30%; that is, the mortality rate with different levels of intensity obtained based on the density of secondary
landslides after the earthquake can be more accurate, as shown in Fig. 11.

Discussion

Based on the fitting analysis, the distribution of mortality by intensity has obvious characteristics: the difference
in the mortality rate between adjacent intensities is between 3 and 16, and the average is approximately 10.
For earthquakes located in different regions and with different magnitudes, the fitted curves show a positive
correlation with intensity, which also provides a basis for the assessment of the number of casualties based on
the mortality rate by intensity.

The reasons for the rapid changes in the mortality rate at different intensities may include many factors.
According to the analysis of historical earthquakes, the number of casualties caused by secondary geological
disasters induced by earthquakes is also relatively large, especially in areas above intensity VIII, and the number
and density of secondary landslides are much greater than those in areas below intensity VIII.

As shown in Table 7, the deaths caused by historical earthquakes were not only caused by the destruction of
buildings, for example, the large-scale landslide induced by the earthquake caused approximately 20,000 deaths
and missing persons. In the Yushu earthquake in 2010, the number of deaths caused by secondary geological
disasters was also more than 10%. In the Yiliang earthquake in 2012, the total number of deaths were 81, of
which 59 were caused by secondary geological disasters, accounting for more than 50% of the deaths. The Ludian
earthquake in 2014 caused 617 deaths, and the number of deaths caused by secondary geological disasters was
approximately 250, accounting for 40.52%. In the Jiuzhaigou earthquake in 2017 caused 29 deaths, of which only
4 were due to the destruction of buildings, and the remaining 25 were mainly due to the secondary geological
disasters caused by the earthquake, accounting for 80%. The proportion of the number of deaths caused by
secondary geological disasters is relatively high. In some earthquakes, the number of deaths is far greater than
the number of deaths caused by damage to buildings; however, if the calculation of the number of deaths is based
only on the proportion of building damage, it will inevitably cause a large error.

However, due to the limitations of historical conditions, the current statistics on earthquake deaths are only
comprehensive data within an intensity range, and there are no classification statistics based on the number
of deaths caused by building damage or secondary geological disasters. This may also cause large errors
due to the lack of consideration of geological hazards. This paper attempts to analyze historical earthquakes
comprehensively based on the segmental fitting results of the mortality rate of different intensities and combined
with secondary landslide data to construct a casualty assessment method considering secondary disasters.
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Fig. 5. The distribution of the relationship between the slope multiple of the fitted curve and the magnitude.

In fact, the number or density of secondary landslides with different intensities also has a greater impact on
the mortality rate, based on the relevant literature, it is found that the density changes of different earthquake
intensities are also quite different, such as the Wenchuan earthquake, due to its large magnitude and wide range
of influence, caused a relatively large number of earthquake disasters, and different scholars obtained different
results on the number of secondary geological disasters, for example, some scholars have found through remote
sensing interpretation of 39 counties (cities) of the Wenchuan earthquake that secondary geological disasters are
mainly concentrated in the area above the intensity VIII, that there were 5093 landslides and landslide clusters
caused by the earthquake, with a total area approximately 958 km?, the proportion of secondary landslides in
each intensity (VI-XI) is 0.81%, 15.94%, 23.09%, 24.9%, 21.36% and 13.9%, respectively’3~83, the area proportion
of the collapse in the VII-XI region are 0.7%, 13.1%, 13%, 30%, and 43.2%, respectively84, the surface damage
rate caused by the high seismic intensity area is much larger than that of the low intensity area®, and the density
of secondary geological hazards decreases as the intensity decreases, the law of its distribution has a good
correlation with the seismic intensity level®.

Although the results of earthquake secondary landslides obtained by different scholars may vary, in general,
the secondary landslides in the Wenchuan earthquake-stricken area are mainly distributed in intensity zones
VIII-XI, and the landslide density and volumes are basically consistent with the attenuation of seismic intensity.
The distribution of large and medium-sized landslides is related to the high-intensity areas in the meloseismic
region®’; therefore, as shown in Table 4, on the basis of related research, this paper combines the results of many
researchers to obtain the landslide densities of each intensity (VI-XI) of the Wenchuan earthquake, which are
distributed as 0.001 pcs/km?, 0.007 pcs/km?, 0.131 pes/km?, 0.13 pes/km?, 0.3 pes/km?, and 0.432 pes/km?. The
slope of the fitting curve for the mortality rate of the Wenchuan earthquake is 0.0000062353 for intensity VI-VII
and 0.00965 for above intensity VIII. The multiples of the slopes of the fitted curves differ by a factor of 1547,
which also shows similar variation characteristics to the landslide density.

For the Yushu earthquake, the number of earthquake-induced landslides, collapses, and debris flows were
mainly distributed in the intensity areas above VII, and the number of geological disasters increased sharply
near the high-intensity areas. Among them, there were 161 areas with intensity IX, accounting for 47%, and
there were 76 and 58 geological disasters in regions VII and VIII, accounting for 22% and 17%, respectively, and
the degree of landslide and collapse damage was not as obvious as that in high-intensity areas®*-%%; therefore, as
shown in Table 4, based on the results of many researchers, the degree of landslide density of each intensity (VI-
IX) of the Yushu earthquake was 0.05 pcs/km?, 0.1 pcs/km?, 0.68 pcs/km?, 1.23 pcs/km?. An overall feature of
the Yushu earthquake landslide distribution is that it is relatively concentrated in the IX intensity, which is much
greater than other intensity areas, and the average landslide density in the area above the intensity VIII is also
larger than that in the area below the intensity VIIL
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Earthquake Attributes Intensity
VI VII VIII IX X XI
Number of landslides (pieces) 29 571 827 892 765 498
Landslide density (pieces/km?) 0.001 0.007 0.131 0.13 0.3 0.432
‘Wenchuan, Sichuan Population (person) 76,688,578 | 26,888,769 | 4,227,933 | 1,118,141 | 139,371 | 167,259
Intensity area (km?) 314,906 84,449 27,786 7738 3144 2419
Population density (person/km?) | 243.5285 | 318.4025 | 152.1605 | 144.5 44.3292 | 69.14386
Number of landslides (pieces) 48 76 58 161
Landslide density (pieces/km?) 0.05 0.1 0.68 1.23
Yushu, Qinghai Population (person) 78,504 34,150 27,575 11,143
Intensity area (km?) 22,423 7030 992
Population density (person/km?) | 5.024038 3.922475 | 11.23286
Number of landslides (pieces) 33 63 57
Landslide density (pieces/km?) 0.02 0.09 0.22
Yiliang, Yunnan Population (person) 948,797 197,557 32,919
Intensity area (km?) 2642 792 263
Population density (person/km?) | 359.1207 | 249.4407 | 125.1673
Number of landslides (pieces) 273 365 384 151
Landslide density (pieces/km?) 0.021 0.091 0.271 0.726
Lushan, Sichuan Population (person) 1,711,672 | 596,746 383,779 53,196
Intensity area (km?) 13,059 4078 1424 211
Population density (person/km?) | 131.0722 | 146.333 269.5077 | 252.1137
Number of landslides (pieces) 60 90 154
Landslide density (pieces/km?) 0.004964 0.024725 0.21813
Minxian-Zhangxian, Gansu | Population (person) 1,112,831 | 414,151 66,422
Intensity area (km?) 12,086 3640 706
Population density (person/km?) | 92.07604 | 113.7777 | 94.08215
Number of landslides (pieces) 235 197 192 99
Landslide density (pieces km?) | 0.04 0.12 0.66 1.1
Ludian, Yunnan Population (person) 1,407,063 | 234,576 27,872 7737
Intensity area (km?) 8390 1580 290 90
Population density (person/km?) | 167.7072 | 148.4658 | 96.11034 | 85.96667
Number of landslides (pieces) 20 69 138 45
Landslide density (pieces/km?) 0.011 0.027 0.18 0.306
Jiuzhaigou, Sichuan Population (person) 1,513,854 | 142,169 23,362 4006
Intensity area (km?) 14,006 3372 778 139
Population density (person/km?) | 108.0861 | 42.16163 | 30.02828 | 28.82014

Table 4. The number and density of secondary landslides associated with historical earthquakes.

The magnitudes of the 5.7 and 5.6 earthquakes in Yiliang, Yunnan were relatively small; however, due to the
influence of geological and geomorphological conditions, secondary landslides are relatively common. Among
these events, the number of secondary landslides caused by earthquakes is 15,357 in the area of intensity VIII,
accounting for 37.3%, 63 in the area of intensity VII, accounting for 41.2%, and 33 in the area of intensity VI,
accounting for 21.6%. The number of secondary landslides of each intensity is concentrated in the area above
intensity VII. Due to the large difference in the area of different intensities, the density of secondary landslides
of each intensity is quite different, as shown in Table 4. Among them, the intensity VIII area is 0.22 pcs/km?,
the intensity VII is 0.09 pcs/km?, the intensity VI is 0.02 pcs/km?, and the density of secondary landslides
above intensity VIII is quite different from that in the area below VIII®*~°. This finding is consistent with the
distribution characteristics of casualties, which are actually concentrated in the area of intensity VIIIL.

As shown in Table 4, the distribution of this density shows similar characteristics; the greater the intensity
is, the greater the density of secondary landslides, and the slope of the fitting curve for the mortality rate of the
Lushan earthquake is 0.000003051 for intensity VI-VII, the distribution characteristics of the various intensities
oflandslides during the 2013 Lushan earthquake were similar to those during the Wenchuan earthquake. Among
them, there are 2227 landslides in the area of intensity IX, 4695 in the area of intensity VIII, 6848 in the area of
intensity VII, and 1754 in the area of intensity VI; if the statistics are only based on the number, the number of
the range below the VIII is greater than the number of the range above, among which the number of new disaster
points of IX is 151, the number of VIII is 384, the number of VII is 365, the number of VI is 273, and the number
of new disaster sites in the area below the VIII is also greater than that in the area above VIII?~!%, Regardless of
the number of landslides of each intensity or the number of new additions of each intensity, the landslides in the
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Fig. 6. Distribution relationship of landslide density with different intensities.
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Fig. 7. Distribution relationship of landslide density with different intensities.
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Lethality Level Mortality rate by intensity

Grade Interval range | VI viI VIII X X XI

A | 0% 0-5% 0.000000100 | 0.000002000 | 0.000053150 | 0.000013548 | 0.001433088 | 0.012932110
B |10% |5-15% 0.000000150 | 0.000003500 | 0.000063230 | 0.000024702 | 0.003578106 | 0.017478230
C |20% | 15-25% 0.000000250 | 0.000006000 | 0.000074512 | 0.000031106 | 0.007716837 | 0.023622463
D |30% |25-35% 0.000000600 | 0.000009000 | 0.000091151 | 0.001194447 | 0.010300801 | 0.031926623
E | 40% | 35-45% 0.000000800 | 0.000016000 | 0.000179300 | 0.001290100 | 0.013750000 | 0.043150000
F | 50% |45-55% 0.000001200 | 0.000020000 | 0.000204598 | 0.001393413 | 0.018354155 | 0.058318805
G | 60% | 55-65% 0.000006000 | 0.000040000 | 0.000313500 | 0.001505000 | 0.024500000 | 0.068820000
H |70% | 65-75% 0.000007800 | 0.000080000 | 0.000566039 | 0.001843924 | 0.029492270 | 0.078872967
I |80% |75-85% 0.000010000 | 0.000150000 | 0.000892798 | 0.003953407 | 0.049855040 | 0.091002081
J 190% | 85-95% 0.000012000 | 0.000170000 | 0.001029890 | 0.006407506 | 0.071118168 | 0.099129890
K | 100% | 95-100% 0.000014950 | 0.000220000 | 0.001310000 | 0.009000000 | 0.095014500 | 0.117400000

Table 5. Lethality matrix considering the secondary landslides resulting from earthquakes.

Actual number of deaths Secondary landslide deaths
Earthquake Lethality Level(%) | Actual death (person) | Calculation result (person) | Error (%) | Actual death (person) | Calculation result (person) | Error (%)
Sichuan, wenchuan | 60 69,227 63444.04 8.35 20,000 21141.9 =571
Qinghai, yushu 70 2698 1405.81 47.89 270 234.28 13.23
Yunnan, yiliang 80 81 73.72 8.98 60 57.03 4.95
Gansu, minxian 10 95 99.31 —4.54 15 12.49 16.77
Yunnan, ludian 100 617 321.49 47.89 250 201.83 19.27
Sichuan, jiuzhaigou | 40 29 26.84 7.43 20 15.74 21.29
Sichuan, luding 75 93 68.758 -26.07 51 35.94 -29.53
Gansu, jishishan 65 151 112.56 —25.46 35 25.52 -27.09

Table 6. The results of the number and density of secondary landslides in historical earthquakes.
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Fig. 11. Error analysis of actual death and assessment results.

areas below the VIII may be more serious than those in the above areas. However, through comparative analysis,
itis found that the intensities of IX-VI are quite different; the intensities of IX-VI are 208, 1418, 6848, and 13,027,
respectively; the disaster point densities of IX-VI are 10.7 pcs/km?, 3.31 pcs/km?, 1.7 pcs/km?, and 0.135 pcs/
km?, respectively; and the densities of the newly added disaster points of each intensity (IX-VI) are 0.726 pcs/
km?, 0.271 pcs/km?, 0.091 pcs/km?, and 0.021 pcs/km?101-107,

Overall, the Minxian-Zhangxian earthquake in 2013 triggered at least 2330 landslides, with an overall
landslide density of 7.06 km?!%-110_ Overall, the landslides were mainly concentrated in area VIII; therefore, as
shown in Table 4, through statistical analysis, the landslide densities of each intensity (VI-VIII) were 0.004964
pes/km?, 0.024725 pes/km?, and 0.21813 pes/km?, respectively. Additionally, the density difference of different
intensities was greater, the average landslide density in the area above intensity VIII was 0.0148 pcs/km?, that
below intensity VIII was 0.218 pcs/km?, the multiple differences were approximately 15, and the landslide
density and mortality rate showed relatively obvious correlations.

For example, for the magnitude 6.5 earthquake in Ludian, Yunnan on August 3, 2014, the highest intensity
is IX, and landslides occur at each intensity. The distribution characteristics are very obvious. The density of
secondary landslides is positively correlated with the seismic intensity'!!~!!5. The intensity increases, the density
increases. The area of intensity IX is 90 km? and the number of geological disaster points is 99, including 3
superlarge and 6 large-scale disaster points, such as the Hongshiyan dammed lake, Ganjiazhai landslide, and
Wangjiapo landslide. The area of intensity VIII is 290 km?, and the number of geological disaster points is 192,
including 6 large-scale disaster points. The area of intensity VII is 1580 km? and the number of geological
disaster points is 197, including 1 large disaster point. The area of intensity VI is 6548 km?, and the number of
geological disaster points is 235. The density of geological disasters of each intensity of VI-IX is 0.04 pcs/km?,
0.12 pcs/km?, 0.66 pcs/km?, and 1.1 pcs/km?, as shown in Table 4.

The highest intensity of the Jiuzhaigou earthquake is IX. Based on the comparison of remote sensing images
before and after the 1883 landslides were visually interpreted, the interpretation results showed that the types
of earthquake disasters were mainly small and medium-sized shallow landslides and collapses!!®. Among them,
the number of newly added disaster points with an intensity of VI is 20, the intensity of VII is 69, the intensity
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Number | Deaths caused
Magnitude of deaths | by landslides | Proportion
No. | Location (Mw) Time (person) | (person) (%) Description
Yunnan More than 30 landslides occurred in the extreme earthquake area,
1 Tgn ha{ 7.8 19,700,115 | 15,621 most of which were located in the north of the Qujiang River
8 (Accurate and detailed data are not given yet)
Yunnan Earthquake-induced landslides and other disasters caused the
2 Daguan, 7.1 19,740,511 | 1423 73(part) 5.13 whole village to be buried in Shoupayan Village, and none of the
§ residents were spared
Yunann, The phenomenon of landslides is sporadically distributed, mainly
3 Mohei 6.8 13,790,315 1 2 18.18 with intensity VIII-IX, such as the landslide near Menjing, etc.
In areas with intensity above VIII, secondary disasters such as
4 Yunan, 76 19.881,106 748 landslides are more common, and they are mostly distributed in
Lancang-Gengma bands
(Accurate and detailed data are not given yet)
. . Landslides occur around Longyangxia Reservoir (Accurate and
> Qinghai, Gonghe 7 19,900,426 19 detailed data are not given yet) (Liu et al., 1990)
. 52 dead, 808 seriously injured, 13,007 slightly injured in earthquake
6 Yunnan, Wuding 6.5 19,951,024 52 (Accurate and detailed data are not given yet)
Disasters such as landslides are mainly concentrated in the yulong
7 Yunnan, Lijiang 7 19,960,203 300 snow mountain and its eastern slqpe. The landslides buried some
roads and caused traffic interruptions, etc.
(Accurate and detailed data are not given yet)
8 20,060,722 ili i i
Yunnan, Yanjin 51 2 20 9091 From Jili to nyusha in Daguan County, rolhpg stones, collapses
9 20,060,825 and landslides are common, 20 killed by rolling stones or collapse
10 Sichuan, 3 20.080.512 | 69.227 Approximately 28.89 Approximately 20,000 people dead and missing in earthquake-
Wenchuan e ? 20,000 ’ induced massive landslide
The total death toll exceeded 3000, of which many landslides
11 Qinghai, Yushu 7.1 20,100,414 2698 270 10.01 occurred after the earthquake, which directly impacted residential
areas
12 | Yunnan, Yiliang 57 20,120,907 1 59 72.84 The tqtal death toll was 81, mostly from rolling stones and
landslides
13 | Sichuan, Lushan 7 20,130,420 196 24 12.24 ﬁﬁgr the ea{thqua.ke, some landslides occurred in the mountains,
itting the villages
14 | Gansu, Minxian-Zhangxian | 6.6 20130722 95 15 15.79 ?/eiﬁoag;iary disasters such as landslides occurred in Yongguang
15 | Yunnan, Ludian 6.5 20,140,803 617 250 40.52 Many landslides oc':curred, apd some villages bu;lt on the hillside
fell with the landslide, resulting in many casualties
16 | Sichuan, Jiuzhaigou 7 20,170,808 25 Approximately 30 There are few death§ due 'Fo building damage, most of them are due
20 to secondary geological disasters

Table 7. Statistics of deaths caused by secondary landslides in historical earthquakes.

of VIII is 138, the intensity of IX is 45, and the newly added geological disaster points are mainly concentrated
in the area above intensity VIII, with a total of 183 points, accounting for 67.28% of all earthquake areas. With
increasing earthquake intensity, the density of newly added disaster points also gradually increases, especially
in the areas above and below intensity VIII. The density of newly added disaster points is obviously different,
and there is an order of magnitude difference!!”. As shown in Table 4, based on the results of many researchers,
the secondary landslide density of each intensity (VI-IX) is 0.011 pcs/km?, 0.027 pcs/km?, 0.18 pes/km?, 0.306
pes/km?, through the analysis of historical earthquakes, it is found that for earthquakes of different magnitudes
in different regions, the distribution characteristics of secondary landslides are relatively obvious; for areas with
intensities of VI-VII, the landslide density is relatively small; for areas with intensities above VIII, the density of
secondary landslides significantly increases, and the difference between the multiples of the average density in
the two regions is generally greater than 10. This characteristic of change is highly consistent with the increase
in the mortality rate.

Through the analysis of the secondary landslide data of historical earthquakes, it is found that the number of
earthquakes in different regions and of different magnitudes exhibit similar trends. As the intensity increases, the
number of secondary landslides does not necessarily increase, but rather the density increases. According to the
comparative analysis of the mortality rate with different intensities, the two areas above and below intensity VIII
exhibit multiple obvious relationships, and this change is closely related to the density of secondary landslides.
Secondary landslides exhibit a very obvious increase in the mortality rate. Based on the fitting results of VI-VII,
the mortality rate with different intensities above VIII is obtained. Combined with the difference between this
mortality rate and the comprehensive mortality rate, the secondary landslides mortality rate of each intensity
level is obtained, and based on these results, it is possible to carry out a fitting analysis and obtain mortality data
with different intensities based on landslide densities.

On the basis of the mortality data of different intensities combined with the lethality levels of historical
earthquake regions, we constructed a lethality matrix of secondary landslides, with which each lethality level
corresponds to the mortality data of a group of intensities. This mortality rate represents the probability of death
caused by secondary landslides and can also achieve rapid assessment of casualties from secondary disasters.
Based on the verification of historical seismic data, the error of the evaluation results can generally be guaranteed
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to be within +50%. Among them, the Wenchuan earthquake, the Ludian earthquake and the Jiuzhaigou
earthquake are the basic data for constructing the matrix, and the verification results based on the 3 earthquakes
are not representative; however, according to the calculation results of the Yushu earthquake, Yiliang earthquake
and Minxian earthquake, the error is still very small, within +30%, which can further verify the validity of the
matrix. At the same time, in order to further verify the effectiveness of the secondary landslide lethality matrix,
we also selected the Luding earthquake in 2022 and the Jishishan earthquake in 2023 for verification, and the
error between the calculated results and the actual results was within +30%.

This mortality rate is significantly different from the overall mortality rate of the region, and the mortality
rate caused by building damage can provide a feasible idea for carrying out casualty assessment of secondary
landslides. The lethality matrix of landslides constructed based on this can better reflect the mortality rate of
different levels in different regions. Based on historical seismic data, we verified the matrix. On the premise of
determining the lethality level of each historical earthquake area, the error between the calculated result and
the actual number of deaths can be guaranteed to be within +50%, which also provides a more feasible idea for
the rapid assessment of casualties of earthquake secondary landslides. Although the calculation results of each
earthquake are basically smaller than the actual number of deaths, one of the main reasons is that the mortality
rate of each lethality level in the matrix is a calculation result, and there may still be a difference in the actual
mortality rate; therefore, the mortality data in the matrix also need to be adjusted and updated based on new
data and methods in future work.

In fact, this landslide density is a probability of earthquake-induced secondary landslides; to a certain extent,
the matrix effectively links the occurrence probability of landslides with the earthquake intensity and mortality
rate. Thus, in follow-up research, how to establish the relationship between this probability and the lethality level
is the main direction and focus of the research. Therefore, we imagine whether it is possible to determine the
mortality rate of different causes of death by intensity, and construct a single-factor lethality matrix based on
building damage and secondary landslides, etc., or based on this comprehensive matrix, find the change law of
secondary landslide mortality relative to comprehensive mortality. This pattern points to changes in the level of
regional lethality levels; that is, if an area is at a certain lethality level, then its mortality rate of each intensity is
determined. If there is the possibility of secondary geological disasters in this area, it will increase the mortality
rate of different intensities in this area, and the increased mortality actually corresponds to other lethality levels.
This will also cause a change in the lethality level of area, and since the current matrix describes overall mortality,
therefore, how to analyze the mortality rate caused by secondary landslides, the effect of secondary landslides
on the mortality rate is the key to constructing a single-factor lethality matrix, which is also the key to rapid
assessment of casualties caused by secondary landslides.

Conclusion

The statistics and fitting analysis of the mortality rate in historical earthquakes revealed that with increasing
intensity, the mortality rate showed an increasing trend, and the fitting curve of the mortality rate by intensity
showed similar variation characteristics. With increasing intensity, the mortality rate rapidly increased,
especially in the range above intensity VIIIL. The change characteristics were obvious. Through the linear fitting
of the mortality rate with adjacent intensity, it was found that the distribution characteristics were also obvious
in the area above intensity VIIL The slope of the fitting curve could be used for the analysis of the distribution
characteristics of the mortality rate.

Based on this, we carried out a group fitting analysis of the historical earthquake mortality data and
performed linear fitting on the mortality below and above intensity VIII. The results showed different intensities
for different areas and different magnitudes. The fitting curves of different groups showed similar distribution
characteristics, and the slopes above intensity VIII were much greater than those below intensity VIII; that is,
secondary landslides had a very obvious expansion effect on the mortality rate.

According to the relevant statistics of historical earthquake data collected in this paper, secondary landslides
are one of the main reasons for the large difference in mortality. The number of deaths caused by secondary
landslides during earthquakes was large, secondary landslides were also concentrated mainly in the range above
intensity VIII, the density and intensity showed a positive correlation, and with increasing intensity, the density
showed an obvious increasing trend.

Through the quantitative calculation of the mortality rate with different intensities, multiple quantification
results of the slope of the fitting curve were obtained, which also provides a basis for the assessment method
considering secondary landslides, combined with the landslide density, magnitude, and intensity. The model was
constructed, the model fitting result was relatively good, the R2 coefficient was 0.6813, the deviation between the
predicted value and the actual number of deaths was small, and the R2 coefficient of the fitting result was 0.7095,
which further verifies the validity of the model and provides a scientific basis for the casualty assessment method
that considers secondary landslides.

Based on the lethality level of each historical earthquake area, we constructed a matrix for secondary
landslides and obtained the mortality rate of each intensity corresponding to different lethality levels. Through
the verification of historical earthquakes, it was found that the error between the assessment results of death
caused by secondary landslides and the actual death can be guaranteed to be within +50%. This mortality rate
is actually directly related to the probability of earthquake-induced secondary landslides; therefore, to obtain
more accurate evaluation results, how to obtain the relationship model between the probability of secondary
landslides and the lethality level of an area is important. Therefore, in future work, we will select nine influencing
factors for landslides (land use, aspect, engineering rock group (ERG), slope, distance to river (DTR), relative
relief, normalized difference water index (NDWI), normalized difference vegetation index (NDVI) and annual
cumulative rainfall (ACR)) and, based on the Newmark model, construct a fitting model between the probability
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of landslide occurrence and mortality rate (or lethality level) to improve the accuracy of earthquake secondary
landslide hazard assessment results.

Data availability
Data is provided within the manuscript.The data that support the findings of this study are available from the
corresponding author upon reasonable request.the corresponding author: xiachaoxu@ies.ac.cn.
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