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Introduction: Buildings that collapse or are damaged by earthquakes are
responsible for the majority of earthquake-related casualties. High-precision
building data are the key to improving the accuracy of risk assessments of
earthquake disaster loss. Many countries and regions have also proposed varying
regional building exposure models, but most of these models are still based on
administrative-level (city or county) statistical data; furthermore, they cannot
accurately reflect the differences among buildings in different towns or villages.

Methods: Although field investigation-based “township to township” methods
can obtain more accurate building inventory data, considering costs and
timeliness, remote sensing and other diverse data should be combined to
acquire building data. Based on the field survey data of three cities in shanxi
Province, combined with Global Human Settlement Layer (GHSL) data, this study
is conducted on building inventory data. Data regarding the proportion of each
building type and corresponding lethality level in each township are obtained
based on the classification of building height, and the overall lethality level at
the building level and township level is calculated on this basis.

Results: The fitting results between the calculated results and the field survey
results are good, the error is within 0.15, and the fitting R? values of Xian, Baoji and
Ankang are 0.6552, 0.5788 and 0.5937, respectively. Therefore, an earthquake
disaster loss risk assessment is conducted based on the building level.

Discussion: The findings indicate that the risk of casualties caused by the same
building type can vary by city. Generally, the areas with high disaster loss risk
in the three cities are distributed mainly in urban areas; the disaster loss risk in
the newly built areas of each city is relatively low. According to the quantitative
assessment results for each city, Xi‘an has the highest loss risk, while Baoji and
Ankang have the same loss risk. Based on the method constructed in this paper,
we can realize the quantitative assessment of earthquake disaster loss risk at
the building level to better target pre-earthquake emergency preparation and
post-earthquake auxiliary decision-making.

field survey results, lethality level, GHSL building data, disaster loss risk, PGA
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1 Introduction

Rapid assessments of earthquake disaster losses are the basis
for postearthquake emergency work. Furthermore, assessment
methods based on various influencing factors are key to conducting
rapid postearthquake assessments. Among these factors, exposure
data include the elements at risk of potential losses (UNISDR,
2009),which include the following: personnel exposure data, which
refers to the number of people who may be injured or killed
during a disaster and may include residents, workers, tourists, rescue
workers, etc.; building exposure data, which refers to the number of
buildings that may be damaged or collapse during a disaster and may
include residential, commercial, and public buildings; infrastructure
exposure data, which refers to the number of infrastructures that
may be affected during a disaster and may include transportation,
communication, power, water supply, sanitation, etc.; economic
exposure data, which refers to the economic losses that may
be caused during a disaster and may include property damage,
production loss, trade loss, etc.; and social exposure data, which
refers to the impact that may be caused on social development
during a disaster and may include social order, public safety,
environmental protection, etc. For earthquake disasters, exposure
refers mainly to personnel exposure and building exposure.

The casualties and economic losses caused by earthquakes are
mainly due to the collapse and destruction of buildings, when a
building is damaged in an earthquake, its structure can change or
even collapse, causing injury or even death to the people inside
it, therefore, building data are the most commonly used factor
in various assessment methods, and the accuracy and detail of
building data are particularly important for the accuracy of the
final assessment results, for the assessment of earthquake disaster
losses, the destruction of buildings is indeed a key factor and a
major cause of casualties (Neumayer and Barthel, 2011; Yuan et al.,
2008; Xu et al., 2016a). Building data play a crucial role in relevant
assessment methods, these data include the structural type, material
type, construction year, and use of buildings, which are highly
important for assessing the impacts of earthquakes on buildings
and predicting possible casualties. In China, due to geographical
and climatic factors, earthquake disasters are relatively frequent,
and different regions not only have significant differences in natural
geographical environments, but also differ greatly in terms of
their geographical environments and economic development levels,
these factors can affect the construction of building assessment
methods, as inaccuracies or lack of detail in building data may
lead to inaccurate evaluation results, which may affect decision-
making and resource allocation. Therefore, a clear understanding
of the building stock is even more urgent for seismically active
and disaster-susceptible countries such as China (Allen et al., 2009),
where rapid urbanization has led to a massive increase in both the
asset value and population that are exposed to a potential seismic
hazard (Hu et al., 2010; Yang and Kohler, 2008; Ye et al., 2018).

The use of modern technology such as remote sensing and GIS
can improve the accuracy of obtaining and evaluating building data.
Generally, current assessment methods are based mainly on official
statistics organized by administrative units (e.g., country, province,
prefecture, county/district, etc.), which are more commonly used
to model building values exposed to future earthquakes; therefore,
to enhance the accuracy of seismic risk assessments, aggregated
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building statistical data need to be spatialized into high-resolution
grid levels. New developments in science and technology have
enabled researchers to propose and construct many databases for
buildings in different regions with different levels of accuracy, such
as the Prompt Assessment of Global Earthquake for Response
(PAGER) building inventory database (Jaiswal et al., 2010), fatality
assessment data is based on human occupancies in different
structure types; these data include housing/dwelling units rather
than the distribution of building types. The HAZUS building
database, which mainly focuses on the earthquake environment in
the United States, assigns structural classes to a grid representing
occupancy, and the structural classes are directly linked to damage
functions (Schneider and Schauer, 2006; De Bono and Mora, 2014).
The Global Exposure Database for the Global Earthquake Model
project (GED4GEM) dataset includes the country level, which is
classified by building type and residential/nonresidential, and the
local level, which is classified by single buildings/dwellings level
information (Gamba et al., 2012; Dell'Acqua et al., 2013; De Bono
and Mora, 2014), and the building stock data published in the United
Nations International Strategy for Disaster Reduction (UNISDR)
(Geneva and Switzerland, 2009).

Many scholars have carried out various studies on disaster risk
assessment. Among them, building vulnerability assessment is a
central component that includes hazard identification and accounts
for the impacts of social, cultural, economic, and built systems
(Aroquipa and Hurtado, 2022; Suwal and Uprety, 2023; Lu et al.,
2022). However, when using these data to carry out regional
earthquake disaster risk assessments in China, scholars found
that the current results and datasets of various buildings are
based on statistical data at the national, administrative unit, or
kilometer grid levels. Although these data can reflect the overall
situation of buildings in a certain region, they cannot provide
detailed information about individual buildings, and fine-grained
assessments and management for individual buildings are difficult
to undertake. There is relatively little data at the building level.
Therefore, to improve the accuracy of building data, relevant
research has also been carried out.

In recent years, research has been conducted to improve
the accuracy of building data. These studies usually focus on
building features, such as location, urban/rural classification, type
of occupancy, and building typology. A common approach is to
use remote sensing images and machine learning techniques to
extract building features. For example, the building inventory stock
model, which captures important attributes such as geographical
location, urban/rural classification, type of occupancy (e.g.,
residential and nonresidential), and building typology (e.g., wood,
concrete, masonry, etc.) (Gunasekera et al., 2015; Yang and Kohler,
2008; Luetal, 2013; Linetal, 2020; Xinetal., 2021; Gbémez
and Zapata et al., 2022; Chrysoulakis et al., 2014; Godefroid and
Koedam, 2007; He et al.,, 2018) and some datasets, such as the
Global Human Settlement Layer (GHSL) report by the Joint
Research Centre (JRC) and the European Commissions Science
and Knowledge Service, have also been developed to provide
more accurate building data. These datasets provide information
about the spatial extent of human settlements, building height, and
settlement characteristics (Pesaresi and Politis, 2022). Esch et al.
(2013); Eschetal. (2017) provides the Global Urban Footprint
(GUF) dataset, which is a unique information source for the
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identification of built-up areas with unique spatial details. The
results indicate that the TDM data and the proposed UFP have
much potential to provide highly accurate geodata for improved
global mapping of human settlements. Wangetal. (2017) based
on the Landsat dataset, used the hierarchical object-based texture
(HOTex) classification approach to produce a global map of human
built-up and settlement extent. Biljecki et al. (2023) considered the
state of building information in Open Street Map (OSM) and its
ability to serve as a reliable source of such data. They provided a
comprehensive study to assess the quality of attribute (descriptive)
data of globally mapped building stock, e.g., building function,
which are key to many analyses and simulations in the built
environment. We examined three aspects, namely, completeness,
consistency, and accuracy (Biljeckietal., 2023). Paprotny et al.
(2020) used building footprints (polygons) from the Open Street
Map as a starting point and utilized high-resolution elevation
models of 30 European capitals and pan-European raster datasets
to construct a Bayesian network-based model that can predict
building height. D'’Amato et al. (2020) used the data in the Da.D.O.
database to presented a seismic risk analysis of masonry buildings
based on damage data of UAquila 2009 earthquake, and the loss
curves proposed permits to economically assess the effectiveness
of some local and very frequent interventions (such as chains/ring
beams), and their consequent impact in seismic risk mitigation.
Laguardia et al. (2023) based on the buildings stock of 12,016
Reinforced Concrete (RC) buildings of Da.D. O. database to propose
vulnerability, fragility, and loss curves, as well as an Expected Annual
Loss (EAL) assessment. The obtained results highlight that the
completed database allows a more reliable seismic risk assessment,
even if resulting EAL is poorly influenced by reference municipality
assumed for undamaged buildings estimation (Laguardia et al.,
2023). Tatangelo et al. (2022) compare the damage of buildings
stocks archived after earthquakes survey activities based on the
data of L'Aquila 2009 and Emilia 2012 earthquakes, which are
available in the web-gis Da.D.O platform,the results show that, with
reference to the two masonry buildings stocks considered, the higher
contribution to the (EALtot) is given by the damage level D3, that
may be considered as the life safety limit state. In the case analyzed,
the corresponding EALD3 results almost equal to 1/3 of EAL,.
Among these models, the GHS-BUILT-C spatial raster datasets
delineate the boundaries of human settlements at 10 m resolution
and describe their inner characteristics in terms of the morphology
of the built environment and functional use (Schiavina et al., 2022).
Combined with building function and building height results, these
methods classify two building types, residential and nonresidential,
into 10 types. This method may also support earthquake disaster
risk assessments based on these data.

For earthquake disaster risk assessments, detailed and accurate
basic data, such as building and population data, have a significant
impact on the final assessment results. Currently, an effective
method is to obtain more detailed and accurate assessment and
calculation results through field surveys. Although the results can
be more accurate, this method has significant limitations in time and
costs, resulting in a certain lag. Therefore, the use of relevant research
results for rapid and accurate disaster risk assessments is particularly
important. As the construction methods, construction dates, and
construction quality of each type of building vary significantly,
the actual mortality levels of different types of buildings also
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differ. Therefore, in this study, the traditional seismic disaster risk
assessment method is improved; a quantitative assessment method
is built based on the mortality rate of each intensity represented
by the lethality level; mortality levels are assigned to different types
of buildings based on GHSL building data and field survey results;
high-precision population data are combined; a high-precision
seismic disaster risk assessment method is constructed; and the
accuracy and applicability of the results are improved.

2 Method and data
2.1 Data

One type of data used in this study is field survey data
collected in Xian, Baoji, and Ankang cities in shanxi Province.
The survey used a “township-to-township” approach for which 2-3
representative administrative villages (the selection of sampling
survey points follows principles such as economic level, population
size, geographical environment, and location distribution, etc.) were
selected in each township. In total, 46 township units were surveyed
in Xian, 34 in Baoji, and 28 in Ankang, with 138, 101, and 84
village-level survey points, respectively. Based on field surveys,
the lethality levels and population proportion coefficients of each
survey point were obtained, which enabled calculations of the
overall lethality level of each township. The distribution of survey
points in each city is shown in Figure 1. For data collection, we
mainly adopt the method of field investigation, we conduct field
investigations on each village, with buildings as the main content of
the investigation. Firstly, based on the number, type, and proportion
of buildings in the village, we conduct actual surveys on each type
of building, including the construction year, construction materials,
construction quality, etc., the detailed investigation parameters
mainly include the type of building construction measures (with
or without ring beams and structural columns), foundation type,
roof type, building materials, wall bonding materials, building
height, construction year, building attachments, site conditions,
geographical and geomorphic environment, distance from fault
zones, and a series of other factors. We record and analyze detailed
information about each type of building, different construction years
and materials have an impact on the seismic resistance of buildings.
Similarly, the construction method will directly affect its ability level,
for example, for brick concrete structures, buildings with structural
measures such as ring beam structural columns have a lower lethality
level than those without ring beam structural columns. Similarly,
there are significant differences between prefabricated slab roofs
and cast-in-place roofs. Based on this situation, we need to divide
and record different types of buildings based on various factors
during the on-site investigation process, calculate the lethality level
of each type of building separately, and combine the proportion
data of each type of building to obtain the lethality level of each
type of building. This lethality level is a quantitative expression
of the seismic resistance of the building. The results indicate that
the selected survey points are relatively reasonably distributed and
generally cover the main distribution areas of faults. Although some
districts and counties were not surveyed, the current number of
surveys and their locations provide a good representation of the
basic characteristics of each city.
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FIGURE 1
Field survey points in Xi‘an, Baoji and Ankang.

As shown in Attach file 1, In fact, through field investigations in
three cities, it was found that there are certain patterns in the types
and regional distribution of buildings, and there are differences in
the types and quality of buildings between urban and rural areas.
In general, urban areas are mainly characterized by frame structures
and fortified brick and concrete structures, while buildings in rural
areas are mainly constructed with brick and concrete structures, and
are mainly composed of undefended brick and concrete structures.
At the same time, we also found that there are significant differences
in the height of buildings in different regions. For example, buildings
in urban areas generally have a height of over 6 m (such as reinforced
concrete structures), and frame structures are generally high-rise
buildings exceeding 30 m. In rural areas, due to the lack of reinforced
concrete structures, buildings are mostly single story buildings with
a height generally below 6 m. The detailed investigation results are
summarized in Appendix 1.

The other data are the building data of the GHSL, which are
the spatial raster dataset depicts the spatial distribution of the
building heights as extracted from the filtering of a composite
of global digital elevation models (DEM) and the filtering of
satellite imagery using linear regression techniques (Pesaresi and
Politis, 2023). The used input DEMs are the ALOS World 3D-30 m
(AW3D30, 2006-2011) and the Shuttle Radar Topography Mission
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30 m (SRTM30, 2000). The building heights extracted from these
sources are updated using the support of the shadow markers
extracted from the Sentinel2 image data composite of the year 2018
(GHS-composite-S2 R2020A). The morphological settlement zone
(MSZ) delineates the spatial domain of all the human settlements at
the neighboring scale. The objective is to fill the open spaces that are
surrounded by large patches of built space. The MSZ, open spaces,
and built spaces basic class abstractions are derived by mathematical
morphology spatial filtering (opening, closing, regional maxima)
via the BUFRAC function. The building height information is
downscaled to a 10 m resolution by using the connected components
of the BUMARKERS as spatial units. This approach enables the
different building heights in residential and nonresidential areas
to be obtained. The specific classification results are shown in
Table 1 (Pesaresi et al., 2021).

2.2 Calculating method of the regional
lethality level

Different building types have different probability levels of
causing casualties after an earthquake. Even for the same types of
buildings, due to the construction methods, construction materials,
and construction ages, the lethality levels are different. The factors
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TABLE 1 The GHSL building data classification results.

Code | Morphological Building type Parameter
settlement description
Zonhe
1 open spaces low vegetation NDVI<0.3
surfaces
2 open spaces medium vegetation 0.3<NDVI<0.5
surfaces
3 open spaces high vegetation NDVI > 0.5
surfaces
4 open spaces water surfaces LAND < 0.5
5 open spaces road surfaces
11 built spaces residential building
height <3 m
12 built spaces residential 3 m < building
height <6 m
13 built spaces residential 6 m < building
height < 15 m
14 built spaces residential 15 m < building
height < 30 m
15 built spaces residential building
height > 30 m
21 built spaces non-residential building
height <3 m
22 built spaces non-residential 3 m < building
height <6 m
23 built spaces non-residential 6 m < building
height <15 m
24 built spaces non-residential 15 m < building
height < 30 m
25 built spaces non-residential building
height > 30 m

causing death in earthquakes are complex, which may be caused
by building damage, secondary disasters, or damage to building
ancillary facilities. However, for a certain intensity, these complex
factors are reflected in the mortality rate. Fatality mainly refers to
the comprehensive possibility of causing death in a certain area after
an earthquake. In order to quantify this comprehensive possibility,
we use the comprehensive mortality rate under a certain intensity to
represent it, that is, different levels of lethality correspond to a set of
different sub intensity mortality rates.

The likelihood of casualties caused by buildings within the same
earthquake intensity varies due to the different seismic capabilities
of various types of structures, which means that buildings also
have differentlethality levels. If the lethality level of the area can
be obtained during field investigation, then after the earthquake,
the possible number of casualties can be calculated based on the
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intensity range of the area, combined with the mortality rate and
population data corresponding to its lethality level.

A region possesses a definitive level of lethality, primarily
ascertained through quantitative assessments that encompass
buildings, geographical environment, and other pertinent factors.
Our previous research endeavors were grounded in a vast array of
data and intricate calculations, enabling us to determine the lethality
levels of various building types and establish the respective ranges
within which these levels fluctuate. For example, the lethality level of
brick-concrete structures is consistently found to lie within a range
of 0.3-0.67. Consequently, during field investigations, if a building
is identified as a brick-concrete structure, its lethality level can be
expected to fall within this predetermined range. To pinpoint the
exact lethality level, we have devised a comprehensive model that
incorporates multiple influencing factors, including construction
techniques, building materials, age, roof type, and so on. It is
important to note that even among buildings of the same type, the
lethality level can vary due to differences in materials and other
sources. The specific methodology employed for calculating these
variations is outlined in the subsequent formula. The lethality level
range of different types of buildings is mainly based on the author’s
previous research results (Xia et al., 2020; Xia et al., 2021; Xia et al.,
2022a; Xia et al., 2022b; Xia et al., 2023a; Xia et al., 2023b).

Based on the interval range of each type of building and
the influence weight ratio coefficient of each influencing factor, a
calculation method is constructed, as shown in Equation 1:

n

LLgpuar = LL oy = Z (LLmax - LLmin) Wit Wi
i=1

1

Among them, LL, ., is the actual lethality level of a certain
type of building, LL_ .. is the upper limit of the lethality level
interval for a certain type of building, LL,;, is the lower limit of
the lethality level interval of a certain type of building, and n is the
type of factor affecting the lethality level of a certain type of building,
which is selected according to the actual conditions of different types
of buildings. w; is the weight ratio coefficient of the ith type of
influencing factor in the building, and the selection is based on the
actual situation of the building. wj is the weight ratio coefficient of
the jth building structure among the ith type of influencing factor
in the building, and it is selected based on the actual situation of
the building.

Based on the lethality level of various types of buildings and
the proportional data of each type of building, a calculation model
for the overall lethality level of the survey area is established,
as shown in Equation 2:

n
LLall = ZLLactuul—i ! Pi (2

i=1
where LL,; is the lethality level of the region based on buildings,
LL is the actual lethality level of the ith type of building in the
region, and P; is the proportion of the ith type of building.

actual-i

The lethality level of the town-level calculation method
is constructed based on the population proportion coeflicient,
as shown in Equation 3:

LLijyn = a- LLtownship +p- ZLLcountryside—i Vi 3)

where LL is the overall lethality level of the township
administrative unit, LL is the lethality level in the township

town

township
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area, LL is the lethality level of the ith administrative

countryside-i
village in the administrative unit of the township, a is the ratio
coeflicient of the population of the town to the population of the
whole township, B is the ratio coefficient of the population of the
administrative village to the population of the whole town, and a
+ B = 1. The parameter y; is the ratio coefficient of the population
of the ith administrative village to the total population of the
administrative village.

Based on previous research results, the range of lethality levels
for various types of buildings has been defined, and the weight
ratios of various influencing factors on lethality levels have been
quantified. Therefore, in the process of field investigation, based on
the survey results of various influencing factors, we used Equation 1
to calculate the actual lethality level of a certain type of building at
the survey site. Based on this method, we calculated the lethality
level of various types of buildings at the survey site. Using the
proportion data of various types of buildings obtained from the
survey, we calculated the lethality level of the survey site based on
Equation 2. Since each township is sampled from 3 to 4 villages, the
overall lethality level of the township is calculated using Equation 3
on the basis of obtaining the overall lethality level of each
survey site.

2.3 Method for assigning the lethality level
of the GHSL building data

The GHSL supports housing and urban development,
poverty reduction, sustainable development, climate change, crisis
management, global disaster risk reduction initiatives (DRRs)
and regional analysis (Pesaresi et al., 2015; Schiavina et al., 2022).
The accuracy, drivers, dynamics, and impacts of the human
settlement layer are essential. A key component in this context is
the availability of an up-to-date and spatially consistent map of
the location and distribution of human settlements. Among them,
global remote sensing technology and the application of big data
provide powerful support for urban research. The use of high-
resolution satellite images and advanced data processing techniques
enables urban features such as buildings, roads, and green spaces
to be accurately extracted and analyzed. These data can be used
to study issues such as urban expansion, land use changes, and
population distribution, helping us better understand the driving
factors and dynamics of urban development (Martino Pesaresi,
2016). We can assign a lethality level to each type of building
based on the actual survey results and information such as the
building type and height in each township. On this basis, the
overall lethality level of the township is calculated by combining
the proportional data of various types of buildings, as shown
in Equation 4:

i=10

LLy= Y LLxP; (4)
i

where LL,; is the overall lethality level of a town, LL; is the actual
lethality level of the ith type of building (code 11-25) within
the town, and P; is the proportion of the ith type of building
within the town.
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3 Results

Based on the data, a total of 15 types of areas were classified, of
which codes 1-5 were open spaces, mainly referring to nonbuilding
information such as vegetation, water bodies, and roads. Codes
11-15 and 21-25 were building spaces, divided into residential
and nonresidential areas and according to five levels of building
height. By analyzing the distribution of buildings, we could conduct
a statistical analysis and classification of buildings in various
townships. Based on the area of each building type, the proportion
of each building type within the scope of each township can
be calculated, and the corresponding regional lethality level can
be obtained.

As shown in Figure 2, the distributions of buildings in the
three cities have relatively distinct characteristics, which are closely
related to geographical features and the level of economic and
social development. Among them, the main landform of Xian
(area A in Figure 2) is composed of the Qinling Mountains and
Weihe Plain, which have very clear boundaries. The differences in
landforms in Xi’an have led to an uneven distribution of buildings.
The buildings in Xian are mainly concentrated in the northern
plains, such as the Lianhu district, Beilin district, and Xincheng
district within the urban area, while the number of buildings in the
southern region of Xi’an is relatively small and also dominated by
hills and mountains. From the perspective of building types, those
in the urban area of Xian are complex, regardless of whether they
are in residential or nonresidential areas. These buildings mainly
have heights less than 30 m, especially those within the urban area,
where building heights are less than 15 m. The areas with heights
above 30 m in Xian are mainly concentrated in the peripheral
areas of Xian city, such as Weiyang district, Yanta district, and
Changan district. This distribution is also in line with the urban
development law. Among these areas, residential areas are widely
distributed and account for a large proportion, mainly in the urban
center and surrounding areas. The buildings in nonresidential areas
are concentrated mainly in the city’s main transportation hubs,
commercial centers, and some important administrative areas. In
addition, some buildings are quite tall, which may be related to the
acceleration of urbanization in recent years.

Baoji city (area B in Figure 2) is surrounded by mountains to
the south, west, and north and expands eastward in an open-angle
trough shape with the Weihe River as the central axis. Thus, it
is defined by its terrain and landforms. In terms of distribution,
buildings in Baoji city are mainly concentrated in flat areas along
the Weihe River in the districts of Weibin, Jintai, Qishan, and
Fufeng, while buildings in other areas, such as Qianyang and Linyou
counties, are primarily concentrated in township areas, though
these buildings are relatively few in number. In terms of building
type distribution, residential buildings are relatively scattered and
are mainly concentrated in city centers and surrounding areas,
while nonresidential buildings are mainly concentrated in important
administrative areas, industrial parks, and transportation hubs. In
addition, some buildings show a height trend, which may be related
to the accelerated urbanization process in Baoji city in recent years.
The buildings are mainly below 15 m, with relatively few buildings
above 15m. The distribution is also relatively scattered, with a
concentrated distribution in the peripheral areas of the Weibin and
Chencang districts.
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FIGURE 2

Distribution of different types of buildings in Xi‘an, Baoji and Ankang [(A): Xian city; (B) Baoji city; (C) Ankang city].
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The landform of Ankang city (area Cin Figure 2) is characterized
by high mountains in the south and north, and the city has a river
valley basin in its center. The terrain and landforms are complex
and diverse, leading to significant regional differences in building
distribution. In the plains and river valleys, the building distribution
is relatively dense, as is the case in the urban areas of the Hanbin
district and Hanyin district; among them, residential buildings
are relatively concentrated in the city center and surrounding
areas, and nonresidential buildings are mainly found in important
administrative areas, commercial centers, and transportation hubs.
In mountainous areas, the building distribution is relatively sparse,
the buildings heights are typically below 15m, with relatively
few buildings above 15 m, and the distribution is also relatively
scattered and concentrated mainly in the peripheral areas of the
Hanbin district.

As shown in Figure 3, a statistical analysis was conducted on
the proportions of buildings of different heights in each township.
An analysis of the building data of each township in the three
cities indicated that there are relatively obvious characteristics in
the building types and proportions of each township, especially
in the distribution of buildings of different heights. In Xi'an city,
the proportion of each building height is relatively even, and the
city mainly consists of buildings below 30 m. Each township has
buildings of each height, but the proportions may vary, and the
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number of townships with buildings above 30 m is relatively high.
In Baoji city, the distribution of building heights in each township
shows a decreasing trend as the building height increases; compared
to that in Xian city, the number of buildings above 15 m in each
township is relatively small. In contrast, most of the buildings in
Ankang’s townships are below 6 m, though some are above 15 m;
very few of these townships have buildings above 30 m, which is
distinct from both Xi’an and Baoji.

So considering the height characteristics of buildings, we
conducted corresponding statistical analysis on the height data
of buildings in each township of the three cities. As a result, it
can be found that although the number of townships varies in
the three cities, the proportion of buildings at different heights
shows a relatively consistent pattern. There are a large number of
townships in Xian (Figures 3A-E), and the proportion of buildings
with a height of over 15m is relatively small. The height of
buildings in Xi’an is concentrated between 6 and 15 m (as shown in
Figures 3B, C), while the height of buildings in Baoji is concentrated
between 3 and 15m (as shown in Figures 3al, bl). On the other
hand, the height of buildings in Ankang City is generally below
15m, and the number of townships with a height above 15m
is relatively small, with only a few townships having this type
of building. (Including Xian City, Baoji City, and Ankang City,
Figures 3A-E; Figures 3al-e; Figures 3a2—e2, with the horizontal

frontiersin.org


https://doi.org/10.3389/feart.2024.1424382
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wenhua et al.

10.3389/feart.2024.1424382

Y@ N EERR w{©), s @ s 06{ @2 . .
s Aa - :“‘ ! N N 064 aa ““‘ Fy A‘A‘ al 09, a s N a
LN B S o5& 4ed aah Ada 4 Iy 4
06 N S PO " AA ab Ll i ‘A":‘ A, “‘i‘h““ 0o £ ““ o A da %‘
ah s P S o S PR U W S PSRN Ny 03 sttt g
04 sa Au‘g 02 Aa,  apfa| 0 W2 A% 4T A | o04d A K %4 A N =
N A ag At af A uta “ LA AN Y 02 # A a =
R B .“g‘n‘ N A AT a0 R “.‘“‘A‘ I " @ N s Ak <
21 . Ay 4 - r A A A < A 0.1 ad
A i’ A o3 A‘.‘ A A A ol 4 A“A‘A‘A 'y Vs iu‘ " A‘: ‘AAA‘A “ A “‘ ‘AA
00 4 I xS 00 { #& A A il A 0.0 Afaa, 4 A 0.0 ‘lJtAl ‘ o Mt A 004 asl DY SEN
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
1.0 08 . ° °
N B R ° ) 061 @D bl @D
S oos °® ° " o 030 . o
o e® o.°% o 035 061 2o 054 . ° 04
'E 06{ oo '.'.' Se o N ,‘".: °° ..a. . o ° o ° ol ] ..'. ° ) . %\
o . o0 0.20 ° 0 oo o ° % 03 .
Q So> o o S J0e o S0 © 0410 ’ S °° o03q * =
Q04 %  O0° o o0 o8 '."..P"’ ° % o of o ° ) . g
] ‘.' d :. . ., °° ol o] ® R f“;"‘-’ 0 '.:,. o",‘ opn | 02 ° e ° e, 0 . M
2 °
‘5.40'2 0o oo o | s{®e g °B° *Cad, ...'. °, 8 e “| w ° . " o R LY
o o
0wl ° oo S| onle 2 SRy 00 . wt ‘e wie% oo o o° 0{% o°¢ o L
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100 25 50 7 100 20 40 60 80 100 120
07
107 (a2Pag 5 JFup W, ] 62) = 074(c2) = d) = (e2) =
=a i -"H"-"'..'. 06 we 06 041 0035
081 "ma ,™a " wmUa am . ’ %‘
= = 03 " 05 0030 o
w6dm L LI & o . [ 03 ) on
Y .. fa . " X . o 04 . . . " - 0025 g
" "po a® 03 e - M 03 L 02 .
“1a T, o_z“l-\"""- "".'__ I et * |oooq® E
" .- a's - .‘;ﬁ Ssg = = @ " e g LI - 014 L] -
- o1l ® R | T TR S F e m = L - 0015
- LI ‘r“b . g " L 13 . .
00 = 00 o =% @ L aid BEIE AL ans  o"Samaed o 004 = 0010 =
R ) o 3 % 510 0 2 @ @ L 10 0 0 0 ©  ®
Number of town
FIGURE 3
The proportions of buildings of different heights in various towns in Xi‘an, Baoji and Ankang [(a,al,a2): building height < 3 m, (b,b1,b2): 3 m < building
height < 6 m, (c,c1,c2): 6 m < building height < 15 m, (d,d1,d2):15 m < building height < 30 m, (e,el,e2): building height >30 m].

axis representing the number of townships in each city and the
vertical axis representing the proportion of buildings of different
heights in each township).

As shown in Figure 4, the trend of the proportion of buildings
of different heights in the three cities becomes even more evident.
For example, the proportions of buildings below 3 m in Xian,
Baoji, and Ankang are 29.63%, 55.34%, and 71.71%, respectively,
showing a clear upward trend; moreover, the distributions of other
types of buildings generally follow a downward trend. In fact, the
distribution characteristics of buildings in each city reflect certain
real-world situations; the building heights in Xian are mainly
between 6 and 15 m, while buildings below 3 m are also present
in large numbers and are located mainly in older urban areas and
remote rural regions. In Baoji, buildings under 3 m are dominant,
but buildings between 6 and 15m account for 22.86%. On the
other hand, in Ankang, buildings below 3 m are the most common,
and the proportion decreases as the building height increases. The
proportion of buildings below 3 m is much greater than that at other
building heights.

Based on the proportion data of buildings of different heights,
we obtained the basic distribution characteristics of buildings in
each city. Basically, buildings in urban areas are mainly taller than
6 m, while buildings in rural areas are mainly shorter than 6 m.
The proportion of buildings below 6 m in urban areas is relatively
small, and they are mainly distributed in old urban areas. This
distribution characteristic is also in line with the basic characteristics
of urban development. To achieve a subdivision of buildings based
on residential and nonresidential areas and on building height
and other information, we can calculate the mortality level of
buildings based on the results, especially field survey results. Thus,
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determining the mortality level assignment of GHSL data is the key
to carrying out building-level risk assessment.

3.1 Lethality level assignment of GHSL data

Based on the results of field surveys, we found that the same
building types can have different lethality levels in different cities
and even in different districts and towns in the same city; therefore,
based on the results of field surveys, we combined two types of data
and calculated the lethality levels of each type of building at the
township level. Specifically, we evaluated and assigned lethality levels
to different building types based on information such as building
height, usage, and structural type. Table 2 shows the lethality levels
of buildings of different heights in various towns. These data can
help us better understand and assess the risk status of buildings in
different regions, providing a basis for formulating more scientific
and reasonable disaster prevention and mitigation measures. Due
to the influence of different building types, materials, service lives,
and other factors, the assignment of lethal levels is subjective
and uncertain. Therefore, when conducting risk assessments, it is
necessary to consider a variety of factors, including field survey data,
building types, geographical environments, and historical disaster
data, to ensure the accuracy and reliability of the assessment results.

For the assignment intervals of lethality levels for buildings of
different heights in different cities in Table 2, we mainly evaluated
and calculated based on two types of data. Firstly, during the field
investigation process, we calculated the lethality level for each type
of building and also obtained the height range of different types
of buildings. Based on the height range data of the two types of
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FIGURE 4
The proportions of buildings of different heights in the three cities of Xi‘an, Baoji and Ankang.

TABLE 2 Assignment range of lethality level for different height buildings in different regions of Xi'an, Baoji and Ankang.

City Building height (m) Main building type Range of lethality level
Urban area Rural area

1 >30 Frame structure 0.1-0.2

2 15-30 Frame structure, Brick-concrete structure 0.2-0.4

3 ) 6-15 Brick-concrete structure 0.3-0.5 0.4-0.6
Xian

4 3-6 Brick-concrete structure 0.5-0.65 0.55-0.75

5 <3 Brick-wood structure, Brick-concrete structure, Civil 0.6-0.8 0.7-0.9

structure

6 >30 Frame structure 0.1-0.25

7 15-30 Brick-concrete structure, Frame structure 0.25-0.35

8 . 6-15 Brick-concrete structure 0.35-0.5 0.4-0.65
Baoji

9 3-6 Brick-concrete structure, Brick-wood structure, Civil 0.5-0.65 0.65-0.75

structure

10 <3 Brick-concrete structure 0.65-0.8 0.75-0.9

11 >30 Frame structure 0.1-0.2

12 15-30 Frame structure, Brick-concrete structure 0.2-0.35 0.2-0.4

13 6-15 Brick-concrete structure 0.35-0.5 0.4-0.5

Ankang
14 3-6 Brick-concrete structure 0.5-0.65 0.5-0.7
15 <3 Brick-concrete structure, Brick-wood structure, Civil 0.65-0.75 0.7-0.9
structure, Stone-wood structure
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data, we can determine the building type of different building height
data, and thus determine the lethality level of different building
heights, due to the lethality level of buildings surveyed in the field
is a definite value, while GHSL data only contains information on
building height, based on building height, it can only be determined
that it belongs to a certain type of building (such as frame structures
with a height of over 30 m). However, based on the results of the
field survey, it can be found that different buildings, even if they are
all frame structures, are affected by building materials, age, etc., and
their specific lethality level levels vary. Therefore, based on the results
of the field survey and height data, we have provided an interval
range for each type of building. In the specific calculation process,
we will combine the results of the field survey for specific analysis.

Based on the results of field investigations, we found that the
quality of buildings in the urban area of Xian is greater than
that in other regions or cities, so the corresponding lethality
level is relatively low. Generally, in urban areas, buildings with
heights less than 6 m are brick-wood structures or unfortified
brick-concrete structures, buildings with heights of 6-30 m are
fortified brick-concrete structures, and buildings with heights
greater than 30 m are steel-concrete structures or frame structures.
In rural areas, buildings with heights less than 6 m are mainly
brick-concrete structures, brick-wood structures, civil structures,
and stone-wood structures, and buildings with heights of 3-6 m
are generally brick-concrete structures, which are divided into
fortified brick-concrete and unfortified brick-concrete structures.
Building quality also differs by region. Single-story buildings
in rural areas of Xian, including brick-wood structures, brick-
wood structures, and civil structures, are generally unfortified
brick-concrete structures. In the rural areas of Baoji city, single-
story buildings are mainly nonfortified brick-concrete and brick-
wood structures, while buildings below 6 m in Ankang city
include brick-concrete, brick-wood, and civil structures, with brick-
wood and nonfortified brick-concrete structures predominating,
as shown in Table 2 (Among them, Brick concrete structure refers
to the use of bricks or blocks for the vertical load-bearing walls
in buildings, and reinforced concrete structures for the structural
columns and horizontal load-bearing beams, floor slabs, roof panels,
etc. That is to say, brick concrete structure is a structure that is
supported by a small amount of reinforced concrete and most of
the brick walls, Frame structure is a structure composed of many
beams and columns to bear the entire load of a building. For high-
rise civil buildings and multi story industrial factories, the load-
bearing capacity of brick walls can no longer meet the requirements
of heavy loads, and frames are often used as load-bearing structures,
Brick wood structure refers to a building structure in which the
walls, columns, etc. of the vertical load-bearing structure are built
with bricks or blocks, and the floor slabs, roof trusses, etc. are built
with wooden structures, Civil structures mainly refer to various
building forms in which bamboo strips are used instead of steel bars,
clay (sometimes mixed with straw) is used instead of concrete to
compact the walls of houses, wood beams are used as beams, and
tiles or hay are used as covers. The main construction materials
include bamboo, wood, rammed earth, straw, hay, adobe bricks, and
tiles, which are commonly used structural forms for rural residential
houses in China.).

In the three cities, most buildings above 15 m are concentrated
in urban areas, and these buildings account for a relatively large
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proportion, generally in residential areas. Buildings between 6-15 m
are mainly 3-5 stories, while those between 3-6 m are mainly two
stories and found in residential areas. The building types are mainly
brick-concrete structures with various structural forms. Based on
field survey results, brick-concrete structures in the urban areas of
Xian are defined by girders and bracket columns; the proportion
of such structures is relatively large, especially in urban and rural
areas. Although the buildings in rural areas are also brick-concrete
structures, most of these are unfortified, i.e., they do not have bracket
columns or girders; however, some structures do have girders but not
bracket columns. This situation creates significant differences among
buildings of the same type in urban and rural areas. For buildings
less than 3 m in height, the corresponding building types are more
complex. The single-story buildings in urban areas are mainly
unfortified brick-concrete structures without floor beams, while the
single-story buildings in rural areas comprise three types, including
unfortified brick-concrete structures, brick-wood structures, and
civil structures. Therefore, based on the classification results of the
building height and field survey results, the lethality level range of
each building type was determined, and the overall lethality level of
each region was calculated based on the mid-range. We used field
surveys to obtain the lethality levels of 108 townships in three cities,
as shown in Table 3. The lethality level results of the urban and rural
areas in each township were combined with the population ratio
coefficients of the two areas to calculate the overall lethality level of
each township. Generally, the lethality level of urban areas is lower
than that of rural areas, and the population ratio coefficient of urban
areas is greater than that of rural areas. Furthermore, based on the
building ratio data of each township and the lethality level of each
type of building, we used GHSL data to obtain the overall lethality
level of each township. Based on these two results, we conducted a
trend analysis on the lethality level of each township.

As shown in Figure 5, the distribution characteristics of the
lethality level of buildings in the three cities are similar to the
results of field surveys. The lethality level in urban areas is relatively
low. Furthermore, for townships, the lethality level in town areas is
lower than that in rural areas. Generally, the lethality level of urban
areas is less than 0.4, while the rural areas is concentrated in the
range of 0.5 and above. Moreover, we analyzed the distribution of
lethality levels in areas adjacent to the three participating cities, these
areas included Zhouzhi County in Xian city, Mei County in Baoji
city, and Ningshan County in Ankang city, although the types and
proportions of buildings in these counties are not exactly the same,
the lethality levels of buildings in adjacent areas are in the same
range; these findings can be used to prevent errors in adjacent areas
that occur due to simple administrative divisions.

As shown in Figure 6, the R* values between the calculated
results and the field survey results are good, and the R? values are
all above 0.5. The R* values of the field survey and the calculations
for 46 towns in Xi'an city are shown in Figure 6A, the R* values
are not significantly different from those of the field survey results,
and the overall fitting result R? is 0.6552; as shown in Figure 6B, the
R? value of the fitting results for 34 towns in Baoji city is 0.5788,
except for some towns with significant differences, and the difference
between the calculation results and the field survey results is within
an acceptable range; as shown in Figure 6C, the R? values of 28 towns
in Ankang city are relatively concentrated, and the R? value is 0.5937.
We can also find that for field investigation results, if calculations
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TABLE 3 Lethality levels of 108 townships in Xi'an, Baoji and Ankang.

District/ Town/ Urban Urban Rural Rural Lethality
county Subdistrict | lethality coeffcient lethality coeffcient level
level level
Investigation Calculation
results results
1 Baqiao 0.61 0.8 0.6175 0.2 0.6115 0.5655
subdistrict
2 Dizhai Town 0.44 0.8 0.55 0.2 0.4620 0.4855
Bagiao district .
3 Fangzhicheng 0.44 0.8 0.609 0.2 0.4738 0.4305
subdistrict
4 Xinhe 0.575 0.8 0.608 0.2 0.5816 0.5151
subdistrict
5 Dongguannanjie 0.425 0.8 0.375 0.2 0.4150 0.3537
Street
6 Nanyuanmen 0.485 0.8 0.5 0.2 0.4880 0.4032
subdistrict
Beilin district
7 Wenyi Road 0.365 0.8 0.4 0.2 0.3720 0.3135
subdistrict
8 Zhangjiacun 0.425 0.8 0.375 0.2 0.4150 0.3459
subdistrict
9 Chonghuang 0.55 0.15 0.45 0.85 0.4650 0.3963
subdistrict
10 Jingwei 0.2 0.76 0.606 0.24 0.2974 0.3595
subdistrict
Gaoling
district
11 Tongyuan 0.53 0.15 0.65 0.85 0.6320 0.5770
Xian subdistrict
12 Zhangbu 0.46 0.11 0.646 0.89 0.6255 0.5930
subdistrict
13 Caotang 0.67 0.4425 0.33 0.597 0.4935 0.5293
subdistrict
14 o Dawang 0.648 0.8 0.604 0.2 0.6392 0.4739
Huyi district L
subdistrict
15 Pangguang 0.47 0.45 0.455 0.55 0.4618 0.5391
subdistrict
16 Jiaodai Town 0.44 0.8 0.48 0.2 0.4480 0.5663
17 Jiujianfang 0.475 0.15 0.3815 0.85 0.3955 0.4258
Town
Lantian
18 Languan 0.56 0.8 0.545 0.2 0.5570 0.5503
county o
subdistrict
19 Langiao Town 0.575 0.73 0.616 0.27 0.5861 0.5515
20 Xielu Town 0.595 0.8 0.655 0.2 0.6070 0.5413
21 Renzong 0.66 0.8 0.724 0.2 0.6728 0.6675
. subdistrict
Lintong
district Lo
22 Xiaojin 0.6775 0.38 0.686 0.62 0.6828 0.6879
subdistrict
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TABLE 3 (Continued) Lethality levels of 108 townships in Xi'an, Baoji and Ankang.

District/ Town/ Urban Urban Rural Rural Lethality
county Subdistrict | lethality coeffcient lethality coeffcient level
level level
Investigation Calculation
results results

23 Xinfeng Town 0.74 0.8 0.69 0.2 0.7300 0.4967

24 Youhuai 0.56 0.8 0.674 0.2 0.5828 0.5765
subdistrict

25 Yujin 0.44 0.8 0.65 0.2 0.4820 0.5064
subdistrict

26 Jianzhanglu 0.35 0.3 0.625 0.7 0.5425 0.4014
subdistrict

27 Weiyang Tanjia 03125 1 03125 03098
district subdistrict

28 Weiyanghu 0.317 1 0.3170 0.3189
subdistrict

29 Fenghuanglu 0.26 0.8 0.513 0.2 0.3106 0.3177
subdistrict

30 Wutun 0.62 0.4 0.5205 0.6 0.5603 0.5624
. subdistrict

Yanliang
district o

31 Xinxing 0.57 0.27 0.43 0.73 0.4678 0.4762
subdistrict

32 Zhenxing 0.475 0.2 0.5395 0.8 0.5266 0.4472
subdistrict

33 Qujiang 03 1 0.3000 0.2946
subdistrict

34 Xiaozhailu 0.432 0.97 0.5485 0.03 0.4355 0.1863
subdistrict

Yanta district

35 Yuhuacun 0.41 1 0.4100 0.3086
subdistrict

36 Zhangba 0.265 1 0.2650 0.2254
subdistrict

37 Luanzhen 0.575 0.8 0.62 0.2 0.5840 0.4399
subdistrict

38 ‘Wangmang 0.575 0.8 0.638 0.2 0.5876 0.5081
subdistrict

39 Changan Wangqu 0.575 0.8 0.63 0.2 0.5860 0.4864
district subdistrict

40 ‘Wangsi 0.325 0.8 0.46 0.2 0.3520 0.3799
subdistrict

41 Xiliu 0.585 0.8 0.56 0.2 0.5800 0.4541
subdistrict

42 X Chenhe Town 0.71 0.8 0.725 0.2 0.7130 0.7000

Zhouzhi
county X
43 Cuifeng Town 0.47 0.42 0.463 0.58 0.4659 0.4802

(Continued on the following page)
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TABLE 3 (Continued) Lethality levels of 108 townships in Xi'an, Baoji and Ankang.

No. City District/ Town/ Urban Urban Rural Rural Lethality
county Subdistrict | lethality coeffcient lethality coeffcient level
level level
Investigation Calculation
results results
44 Erqu 0.3125 0.55 0.475 0.45 0.3856 0.4126
subdistrict

45 Wangjiahe 0.65 0.8 0.64 0.2 0.6480 0.6427
Town

46 Zhongnan 0.57 0.275 0.5475 0.725 0.5537 0.5242
Town

47 Chengguan 0.55 0.8 0.655 0.2 0.5710 0.4793
Town

48 Fanjiazhai 0.64 0.8 0.66 0.2 0.6440 0.6497
Town

49 Fengxiang Hengshui 0.67 0.8 0.659 0.2 0.6678 0.6541
district Town

50 Nanzhihui 0.625 0.8 0.667 0.2 0.6334 0.5751
Town

51 Changqing 0.61 0.8 0.6617 0.2 0.6203 0.4741
Town

52 Jiangzhang 0.482 0.089 0.5435 0.911 0.5380 0.5497
Town

53 Tiandu Town 0.66 0.8 0.68 0.2 0.6640 0.6230

Fufeng county

54 Wujing Town 0.584 0.1258 0.636 0.8742 0.6295 0.6144

55 Zhaogong 0.61 0.8 0.63 0.2 0.6140 0.6295
Town

56 | Beolt Badu Town 0.675 0.8 0.687 02 0.6774 0.6687

57 Chengguan 0.585 0.8 0.597 0.2 0.5874 0.5956
Town

58 Dongnan 0.66 0.8 0.66 0.2 0.6600 0.5137

Long county

Town

59 Tiancheng 0.655 0.8 0.647 0.2 0.6534 0.6143
Town

60 Wenshui Town 0.5075 0.8 0.5667 0.2 0.5193 0.5384

61 Changxing 0.604 0.0738 0.5675 0.9262 0.5702 0.5530
Town

62 . Hengqu Town 0.58 0.12 0.5675 0.88 0.5690 0.5735

Mei county

63 Huaiya Town 0.5385 0.44 0.5408 0.56 0.5398 0.5488

64 Tangyu Town 0.46 0.16 0.471 0.84 0.4692 0.4660

65 Caijiapo Town 0.533 0.5156 0.558 0.4844 0.5451 0.5537

Qishan county
66 Gujun Town 0.63 0.1519 0.602 0.8481 0.6063 0.5940

(Continued on the following page)
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TABLE 3 (Continued) Lethality levels of 108 townships in Xi'an, Baoji and Ankang.

District/ Town/ Urban Urban Rural Rural Lethality
county Subdistrict  lethality coeffcient | lethality coeffcient level
level level
Investigation| Calculation
results results
67 Yidian Town 0.5765 0.2814 0.5955 0.7186 0.5902 0.5911
68 Yongchuan 0.621 0.2353 0.6 0.7647 0.6049 0.5919
Town
69 Caobi Town 0.6275 0.238 0.6525 0.762 0.6466 0.5718
70 Chengguan 0.5275 0.2136 0.6415 0.7864 0.6171 0.6358
Qianyang Town
county
71 Nanzhai Town 0.645 0.0737 0.65 0.9263 0.6496 0.6546
72 Shuigou Town 0.665 0.1412 0.65875 0.8588 0.6596 0.6475
73 Taibaihe Town 0.4075 1 0.4075 0.3970
74 Taochuan 0.525 0.19 0.535 0.81 0.5331 0.5500
Town
Taibai county
75 Wangjialeng 0.671 1 0.6710 0.6750
Town
76 Yingge Town 0.58 0.1 0.5125 0.9 0.5193 0.5250
77 Gaojia Town 0.585 0.15 0.59 0.85 0.5893 0.6631
78 Jiangtanlu 0.437 1 0.4370 0.3126
subdistrict
Weibin county
79 Qiaonan 0.503 1 0.5030 0.2158
subdistrict
80 Shigu Town 0.48 0.4 0.51375 0.6 0.5003 0.4335
81 Chengguan 0.548 0.8 0.582 0.2 0.5548 0.5576
Town
82 Mahu Town 0.6675 0.8 0.678,933 0.2 0.6698 0.6668
83 . Maoping 0.4915 0.8 0.565 0.2 0.5062 0.5095
Baihe county
Town
84 Shuangfeng 0.6265 0.8 0.664 0.2 0.6340 0.5486
Town
85 Songjia Town 0.55 0.8 0.5875 0.2 0.5575 0.5750
Ankang
86 Cigou Town 0.586 0.81 0.59725 0.19 0.5881 0.5900
87 Dazhuyuan 0.568 0.17 0.576 0.83 0.5746 0.5751
Town
88 Hanbin Jiangbei 0.5437 0.6 0.607,375 0.4 0.5692 0.5137
county subdistrict
89 Yinghu Town 0.5545 0.12 0.60175 0.88 0.5961 0.6559
90 Zaoyang 0.478 0.12 0.5397 0.88 0.5323 0.4910
Town
(Continued on the following page)
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TABLE 3 (Continued) Lethality levels of 108 townships in Xi'an, Baoji and Ankang.

District/ Town/ Urban Urban Rural Rural Lethality
county Subdistrict | lethality coeffcient lethality coeffcient level
level level
Investigation Calculation
results results

91 Chengguan 0.59575 0.1649 0.62375 0.8351 0.6191 0.5460
Town

92 Guanyuan 0.601 0.337 0.6374 0.663 0.6251 0.6121
Town

Langao county

93 Linhe Town 0.66225 0.222 0.67114 0.778 0.6692 0.6286

94 Minzhu Town 0.56 03719 0.637,575 0.6281 0.6087 0.5702

95 Siji Town 0.5304 0.1435 0.6521 0.8565 0.6346 0.6231

96 Chengguan 0.66025 0.44 0.6265 0.56 0.6414 0.6405
Town

97 Guanghuojie 0.5504 0.22 0.559 0.78 0.5571 0.5774
Town

Ningshan
county . .

98 Jiangkou Hui 0.6319 0.34 0.7102 0.66 0.6836 0.6388
Town

99 Longwang 0.7717 1 0.7717 0.6335
Town

100 Baxian Town 0.6283 0.159 0.69325 0.841 0.6829 0.6486

101 Chengguan 0.59744 0.2054 0.7116 0.7946 0.6882 0.6367
Town

Pingli county

102 Daguizhen 0.64375 0.1355 0.5955 0.8645 0.6020 0.5616

103 Zhengyang 0.63005 0.3273 0.69125 0.6727 0.6712 0.6876
Town

104 Chengguan 0.451 0.8 0.6175 0.2 0.4843 0.5079
Town

105 Lvhe Town 0.5095 0.8 0.551,125 0.2 0.5178 0.5522

X
106 Hmyang Shimen Town 0.69175 0.8 0.699.625 0.2 0.6933 0.7086
county

107 Shuanghe 0.58 0.8 0.6 0.2 0.5840 0.6192
Town

108 Xiaohe Town 0.575 0.8 0.567,917 0.2 0.5736 0.5888

can be made based on remote sensing data on the basis of field
investigation results, it can to some extent ensure the accuracy of
the results, and the error is relatively small.

As shown in Figure 7, a comparison of the calculated results
for the three cities with the field survey results. Figure 7A shows a
comparison of 46 towns in Xian city, the calculated results for 24
towns are generally lower than the survey results. Figure 7B shows
a comparison of 34 towns in Baoji city, the calculated results is also
generally lower than the survey results, 16 towns have a calculated
result lower than the survey result. Figure 7C shows a comparison
of 28 towns in Ankang city, the calculated result is generally lower
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than the survey results; nine towns have a calculated result lower
than the survey result. Thus, based on building information alone,
for towns, the calculated lethality level is generally lower than the
survey result lethality level. Although in some cases the calculated
result is higher than the survey result, for each town, the error
of the calculated result higher than the survey result is relatively
large, mainly concentrated in the range of 0.15, while the error of
the calculated result lower than the survey result is relatively small,
mainly concentrated in the range of 0.05. As shown in Figure 7D, the
calculated results are almost always greater than the survey results,
and the error rates are within 15%, though most are actually within
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Results of the distribution of lethal levels of different types of buildings in three cities [(A): Xian city; (B) Baoji city; (C) Ankang cityl.
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10%. However, when the calculated results are lower than the survey
results, their maximum error rate can reach approximately 50%,
though most are actually within 10%-15%.

As shown in Figure 8, the distribution of lethality levels in
three cities was obtained based on GHSL data and field survey
methods. Among the three cities, the areas with high lethality
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levels are mainly distributed in the northern region of Baoji city,
the southern region of Ankang city, and the junction area of
the three cities, including Zhouzhi County, Taibai County, and
Ningshan County. The lethality levels in the junction area of the
three cities are similar, and the distribution is not significantly
affected by administrative boundaries. As shown in Figure 8A,
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based on the field survey results, the areas with low lethality
levels are mainly distributed in urban areas, and these levels are
much lower than those in rural areas, especially for Xian city
and Baoji city. Along the east edge of the Qinling-Huaihe fault,
the lethality levels are low. As shown in Figure 8B, based on the
calculated results of the GHSL data, the overall distribution areas,
especially for Xi'an city and Baoji city, are basically the same,
and the overall lethality level is lower than the field survey result.
However, in Ankang city, based on the calculated results, the overall
lethality level and distribution areas are greater than those in the
field survey. In summary, based on each townships calculated
results, an overall distribution pattern similar to that of the field
survey results was obtained. However, due to differences in data
sources and methods, some discrepancies may occur. Therefore,
further research is needed to verify and improve the accuracy of
these methods.

Therefore, based on the lethality level results obtained
from GHSL data,
As shown in Figure 9, the distribution of population in the three
cities parallels that of buildings, with the majority of the population
concentrated in the central areas of each city. The population
data for urban areas are much greater than those for rural areas.

risk assessments can be conducted.

Another feature is the significant clustering of the population.
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In the southern regions of Xian city and Baoji city, which are
mainly mountainous areas, the population distribution is relatively
sparse, while in Ankang city, which is also mainly mountainous, the
population distribution is scattered, and the population distribution
is relatively small.

As shown in Figure 10, based on the peak ground acceleration
(PGA) results of the three cities, we can obtain the seismic
hazard analysis results,the zoning map in the form of seismic
parameters adopts a standard (PGA) of 10% probability of
exceedance over 50 years (earthquake recurrence period of 475
years). The seismic hazard distribution has obvious characteristics,
the PGA in the central areas of Xian city and Baoji city is
high; and it decreases from north to south. Based on relevant
methods, we can convert the PGA parameters into earthquake
intensity and then calculate the intensity range of different
towns. In this way, the corresponding mortality rate can be
determined based on the intensity range and lethality level of
each township.

Based on the lethality level, population distribution results,
and intensity distribution, the mortality rate of each building
under different intensities can be determined, enabling quantitative
calculations of earthquake disaster risks. Although data of different
resolutions can be used to obtain different assessment results,
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FIGURE 10
Distribution of PGA parameters in three cities.

consistent results are essential; therefore, data integration is
necessary to ensure consistency, and calculations are conducted
using consistent grid data precision to obtain building-level
casualty risk assessment results. Due to our field investigation,
we obtained the lethality levels of various types of buildings and
the number of permanent residents. Based on the distribution
results of PGA parameters, we can obtain the intensity range
of each building. Therefore, based on the lethality level results
of each building, we can obtain the corresponding personnel
mortality rate for each building. Combined with the population
size, we can obtain the possible personnel mortality results for each
building. This type of casualty risk mainly refers to the possible
number of personnel casualties that exceed the currently given PGA
parameters.

As shown in Figure 11, each city has different earthquake
disaster risk characteristics. Figure 11A shows that high risk areas
in Xian city are mainly concentrated in urban areas, the areas
mainly in old urban areas such as Lianhu District and Yanta
District. Overall, there is a decreasing trend from the city center
to the outer areas, especially in rural areas where the risks
are relatively low. Figure 11B shows that the risk distribution
results in Baoji city are mainly concentrated in central areas,
such as the Jintai District to Mei County, while mountainous
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areas have relatively low risks, especially in southern areas
such as Feng County and Taibai County. Figure 11C shows that
areas with high risks in Ankang city are mainly concentrated
in urban areas, such as Hanbin District, Xunyang District,
and Pingli County, while the other areas have relatively low
risk levels.

Based on the analysis of the subdistrict level assessment results,
at the town level, the calculated results based on buildings are
more accurate than those based on grid calculations. Based on the
GHSL data, the building-level personnel casualty risk calculation
results can be obtained; different adjacent buildings have different
risk results. However, the distributions of different risk levels
actually have relatively consistent distribution characteristics. As
shown in Figure 12, the building distribution in Wenqu subdistrict,
Xian city, is relatively dense, and the earthquake disaster risk
distribution is similar throughout it. The risk is relatively high in
the northwestern part, while the southeastern part has a relatively
low risk; furthermore, the distribution of different risk grades is
also scattered. As shown in Figure 13, in Jiangtan subdistrict, Baoji
city, buildings are mostly concentrated in the eastern area and are
relatively sparse in the western area; however, the risk distribution
shows the opposite trend, with higher risks concentrated mainly in
the western area. Similarly, as shown in Figure 14, in Xincheng
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FIGURE 11
Quantitative evaluation of earthquake casualty risk in three cities. (A): Xian city, (B): Baoji city, (C): Ankang city.

subdistrict, Ankang city, buildings are mostly concentrated  center, the risk is relatively high, while the urban area has a
in the northern area, and the overall risk in this area is  relatively low risk and a relatively concentrated distribution
relatively low. In the urban-rural fringe areas far from the city  feature.
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FIGURE 12
Earthquake casualty risk assessment results for Weiqu Subdistrict, Xi‘an city.
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4 Discussion

Based on field surveys, the lethality levels of Xian, Baoji,
and Ankang were determined to be at generally at a medium-
high level. Overall, the lethality level of urban areas is lower
than that of other areas, such as the Yanta district of Xian,
the Weibin district of Baoji, and the city of Xingyang of
Ankang, which has a much lower lethality level than the
other districts and counties. These findings indicate an obvious
the
development levels and geographical landscapes of the three

regional distribution pattern that parallels economic
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cities. These results can support subsequent earthquake disaster
risk assessments.

However, the regional lethality level relies mainly upon sampling
surveys to obtain the overall level of the region and may have
some errors. In addition, the field survey approach has relatively
large errors; therefore, remote sensing data must be used to obtain
the lethality level of a region on the basis of field investigations.
Thus, converting the results of field investigations based on current
surveys and other relevant data (mainly building data) obtained
by remote sensing is the key to carrying out efficient and accurate
earthquake disaster risk assessments. The building data provided by
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FIGURE 13

Earthquake casualty risk assessment results for Weibin subdistrict, Baoji city.

the GHSL are classified according to residential and nonresidential
areas and are based on building height; different buildings heights
and proportions of different building heights are found in each
township. However, these results are not classified according to
building styles, so how to classify different building heights based
on field survey results and obtain the lethality level of buildings of
different heights is also important.

In fact, the types of buildings corresponding to different heights
are relatively uniform. For example, according to the results of field
surveys, buildings with heights less than 3 m generally correspond
to civil structures, brick-wood structures, and unprotected brick-
concrete structures, and buildings with heights of 3-6 m generally
correspond to brick-concrete structures. However, brick-concrete
structures differ among cities or regions. Buildings with heights of
15-30 m are generally located in urban areas and are mainly fortified
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brick-concrete structures; buildings with heights greater than 30 m
are also mostly located in urban areas, and their building structures
are mainly frame structures. Based on these basic characteristics, we
combined the results of field surveys in each town and used them to
convert the building structure results. Then, we calculated the actual
lethality level of each type of building. These results indicated that
even adjacent buildings could have different lethality levels.

GHSL building data, which subdivide buildings by area
(residential and nonresidential) and height, are used in this
study. These subdivisions and field survey results are used to
calculate the lethality level of buildings. However, this direct
classification method, which divides buildings by height, still
has large errors in calculating the overall level of the region,
especially for brick-concrete structures. Based on field survey
data, brick-concrete structures are affected by various factors, such
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Earthquake casualty risk assessment results for Xincheng subdistrict, Ankang city.

as construction methods, materials, quality, and time; therefore,
even for buildings of the same height and type, their actual
lethality level can vary significantly. This variance is one of the
main reasons for errors in the regional lethality level based
on GHSL data.

Based on the proportion of each type of building and its lethality
level in each township, the overall lethality level of each town can
be obtained. A comparative analysis with the field survey results
indicated that the fitting results for each city are relatively good,
with an R? value ranging from 0.57 to 0.66. The calculation results
and survey results for each investigated town have relatively small
errors, generally concentrated at 0.1 or lower. Moreover, the errors
in the three cities are mainly negatively correlated, meaning that the
calculated results are generally smaller than the field survey results.
One of the main reasons for this difference is that the calculated
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results are mainly based on building data, while the field survey
results account for comprehensive factors such as the geographical
environment and secondary disasters. Additionally, we analyzed
towns where the calculated results are greater than the field survey
results and found that the current building data mainly come from
2018 fitting results, while the field survey results are from 2023. In
the past 5 years, some towns have experienced significant changes in
building types and proportions, which may have led to a decrease in
actual lethality levels.

That is to say, both methods can obtain the basic data of the
research area, and the error between the accuracy of the data
results is within an acceptable range. Firstly, if the results obtained
through on-site investigation are accurate and realistic, it can ensure
the accuracy and timeliness of the data. However, this method
requires a large amount of on-site work, which incurs significant

frontiersin.org


https://doi.org/10.3389/feart.2024.1424382
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wenhua et al.

time and economic costs, making it difficult to conduct large-
scale investigations, Although there are errors between the results
obtained based on GHSL building data and field investigations, these
errors are within an acceptable range. This method can quickly
obtain results in a large area, with fast speed and guaranteed
accuracy. However, there are differences between the data obtained
by this method and the actual data. Currently, the data results are
generally 2-3 years earlier than the actual data, and the data updates
are slower. Moreover, this method also requires data based on field
investigation results. Therefore, the best way is to combine two
methods for evaluation and calculation, based on GHSL building
data, conduct targeted field investigations, and then evaluate and
calculate based on the results of the field investigations. This can
reduce the workload of on-site investigations while ensuring the
accuracy of the results.

Based on the analysis of these results, this method of combining
field surveys with remote sensing data provides a way to assess
and calculate the overall lethality level of a region. On the one
hand, this approach can reduce the time and personnel required for
conducting extensive field surveys, further improving the timeliness
of the evaluation and calculation; on the other hand, based on the
results of field sampling surveys, calculating the remote sensing data
can maintain the relative consistency of the data and avoid errors in
the actual lethality level of the same building type associated with
different survey personnel, thus ensuring the accuracy of the results.

Earthquake disaster risk analysis can be conducted by
combining the distribution of earthquake risk with analyses of the
lethality level of buildings, thus enabling quantitative assessments
of disaster losses at the building level. The earthquake risk level
and population distribution in the three cities mostly overlap; thus,
the calculated human casualty risk based on these factors have
obvious regional characteristics. Furthermore, the calculated results
and the distribution of buildings in the three cities are strongly
correlated; for example, for the same area, different building types
yield different levels of casualties. Thus, this casualty risk assessment
result is more targeted.

Based on such building data, quantitative risk assessments of
casualties at the building level can be obtained. Due to the different
types and proportions of buildings in each city, the corresponding
assessment results are also different. The human casualty risk at
the building level in Xian is greater than that in the other two
cities. This difference is the comprehensive result of multiple factors,
including the lethality level of the different buildings, population
level, and PGA distribution. Therefore, under the premise that
other influencing factors remain basically unchanged, it is crucial
to quickly and accurately obtain the lethality level of each building
type (or individual building) to carry out a precise quantitative
assessment of earthquake-induced human casualty risks.

According to the results of the earthquake disaster risk analysis
in three cities and our field results, the overall distribution
characteristics are relatively similar, with relatively high risks in
urban areas and relatively low risks in rural areas. The possible
reasons for these findings are as follows: first, during the rapid
urbanization process, some old buildings in urban areas were not
been extensively updated, while rural areas underwent building
updates and reinforcement due to economic development and other
factors, which led to higher lethality levels in some urban areas than
in rural areas; second, population distribution also directly affected
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the final assessment. The field survey process determined that the
population in each city is mainly concentrated in urban areas, while
rural areas have fewer permanent residents; even if the lethality level
is high due to the high number of buildings, the low population in
rural areas leads to lower risk analysis results.

5 Conclusion

The on-site investigation results show that the types of buildings
in different cities are basically similar, with undefended brick
concrete structures and brick wood structures being the main ones
in rural areas. Generally, the number of floors for brick concrete
structures is 2, and for brick wood structures it is 1. Through the
analysis of GHSL data, it was found that the height of buildings in
rural areas of three cities is mainly less than 3 m and 3-6 m. So,
based on the results of building height data and field investigations,
a rapid assessment and calculation of regional lethality level can be
carried out.

Based on detailed field investigations of buildings in the research
area, we can obtain the lethality levels of different types of buildings
in different regions, which can better reflect the seismic resistance of
the area. However, considering factors such as time and workload,
this article conducted a study on the calculation method of regional
lethality level based on GHSL data, based on the results of field
investigations and the different characteristics of buildings. This
approach provides a way to convert the results of field surveys
and remote sensing data in the future. The regional lethality level
obtained based on this method can reflect the actual situation
of the area, and the remote sensing data are generally consistent
with the field survey results, with an error rate of £15% for each
town. However, because the calculated results based on GHSL
data consider only the lethality level of buildings, they are lower
than the field survey results because the field survey results are
comprehensive calculations that consider the influence of regional
geographical and traffic conditions.

Based on building data calculations, the lethality level of
each building type can be obtained, as can the lethality level
distribution for different administrative levels, such as townships
and districts. These results can also better reflect the distribution
characteristics and the lethality level of buildings in a region;
compared with traditional calculations based on administrative
levels, these results reflect the distribution of lethality levels within
different administrative units and further quantify the lethality levels
at the township level. The distribution of building lethality levels
is relatively accurate, especially for adjacent administrative regions.
Furthermore, the lethality levels of buildings of the same type are not
significantly different; in contrast, different types of buildings within
the same area exhibit significant differences in their lethality levels.

After obtaining the lethality level at the building level, we can
combine data such as the resident population and PGA to evaluate
the risk of personnel injury. The results show that the overall trend
of personnel injury risk in the three cities is relatively consistent,
showing a decreasing trend from the city center to rural areas.
However, there are significant differences in the evaluation results
based on the township level, especially in urban areas where the
high-risk areas are mainly old residential areas or urban villages,
and there is no clear distribution pattern of risk. Therefore, based
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on field investigation results data, we can use GHSL data to achieve
risk assessment at the township or building level, which is more
directional.

Based on the distribution results of building lethality levels,
combined with earthquake hazard results and population data,
corresponding quantitative calculations of human casualty risks
can be carried out, and building-level results can be obtained. On
the one hand, these results can provide the potential number of
human casualties caused by different types of buildings after an
earthquake, achieving a quantitative calculation of casualties. On
the other hand, based on the results of the building risk evaluations
and comparative analyses of various building vulnerabilities, high-
precision assessments and calculations of people buried by location
may be possible; such information could help to further evaluate,
classify, and identify key disaster areas. This process can also provide
accurate data support for pre-earthquake disaster risk prevention
and post-earthquake emergency rescue work.
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