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Abstract Disaster damage assessment is an important

basis for the objective assessment of the social impacts of

disasters and for the planning of recovery and reconstruc-

tion. It is also an important research field with regard to

disaster mitigation and risk management. Quantitative

assessment of physical damage refers to the determination

of the physical damage state of the exposed elements in a

disaster area, reflecting the aggregate quantities of dam-

ages. It plays a key role in the comprehensive damage

assessment of major natural hazard-induced disasters. The

National Disaster Reduction Center of China has estab-

lished a technical work flow for the quantitative assessment

of disaster physical damage using remote sensing data.

This article presents a quantitative assessment index sys-

tem and method that can be integrated with high-resolution

remote sensing data, basic geographical data, and field

survey data. Following the 2014 Ludian Earthquake in

Yunnan Province, China, this work flow was used to assess

the damage to buildings, roads, and agricultural and forest

resources, and the assessment results were incorporated

into the Disaster Damage Comprehensive Assessment

Report of the 2014 Ludian Earthquake for the State

Council of China. This article also outlines some possible

improvements that can be addressed in future work.

Keywords China � Disaster damage assessment � Ludian
Earthquake � Quantitative physical damage

assessment � Remote sensing in damage assessment

1 Introduction

Natural hazard-induced disasters are continually eroding

the achievements of human progress, with far-reaching

negative effects on people’s livelihoods, and they are

obstacles to sustainable social and economic development.

Disaster damage assessment plays an important role in

many areas. It helps to understand the characteristics of

disaster damage, provides an objective assessment of the

social impacts of disasters, helps to guide rescue and relief

operations, and forms the basis for the planning of recovery

and reconstruction in disaster regions, as well as for the

development of plans to prevent and mitigate future dis-

asters. Disaster damage assessment is thus a major research

topic in the study of natural hazards and disaster risk

management.

Remote sensing technology has a long history of

application in disaster damage assessment. There are many

satellites in orbit that are equipped with various remote

sensing payloads, and these are supplemented by the use of

airborne remote sensing and other unmanned aerial vehi-

cles (UAVs). As a result, there now exists a collaboratively

operated network involving multiple satellite observations,

airborne remote sensing, and ground observations. Hence,

there have been marked improvements in temporal and

spatial resolutions and in the quantifiable level of remote

sensing data, offering ample data sources for the assess-

ment of physical damage due to natural hazards and

disasters.
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In recent years, remote sensing technology has achieved

much progress in its application to research on seismic

disasters (Ehrlich et al. 2009; Wen, Xu et al. 2011; Yang

et al. 2011), flood disasters (Stramondo et al. 2006), geo-

logical disasters (Graciela et al. 2005; Wen, He et al. 2011),

droughts (Du et al. 2013), blizzards (Liang et al. 2008), and

fire disasters (Veraverbeke et al. 2010). There have been

continuous developments of the technology for assessing

disaster physical damage (Fan et al. 2008; Cao et al. 2015;

Nie et al. 2016), which have been applied to comprehen-

sive damage assessment for several major natural disasters.

During the 2003 Bam, Iran, Earthquake, data from IKO-

NOS (Chiroiu 2005), Quickbird (Yamazaki et al. 2005),

Terra-ASTER (Kohiyama and Yamazaki 2005), and

Envisat/ASAR (Matsuoka and Yamazaki 2005), together

with other remote sensing data, were used to assess

building damage. During the 2010 Haiti Earthquake, data

from the Worldview satellite, together with data from high-

resolution airborne and multi-angle oblique photography

remote sensing, were utilized in disaster damage assess-

ment (Corbane et al. 2011), providing quantitative results

on building damage. During the 2010 Chile Earthquake

(Maruyama et al. 2012) and the 2011 Japan Earthquake and

Tsunami (Liu et al. 2013), high-resolution remote sensing

data were also used for damage assessment.

However, most research has focused on buildings and

infrastructure, without moving toward the construction of

an index system that provides comprehensive assessment

of disaster damage in an area. Even when detailed attention

was paid to the development of algorithms for compre-

hensive damage assessment, there still has been a lack of

consideration of the overall implementation of a standard

work flow. This has led to uncertainties in the index system

for damage assessment and in the adoption of work flows

and methods. It is necessary to develop a complete index

system and systematic process for disaster damage

assessment.

In the past decade, China has faced a number of

extraordinarily serious natural hazard-induced disasters,

including the 2008 Wenchuan Earthquake, the 2010 Yushu

Earthquake, the 2010 Zhouqu Debris Flow, the 2013

Lushan Earthquake, and the 2014 Ludian Earthquake. The

National Commission for Disaster Reduction and the

Ministry of Civil Affairs have thus set up a systematic

program of comprehensive damage assessment for major

natural hazard-induced disasters and have gradually

developed and optimized a comprehensive approach to

damage assessment that involves disaster extent assess-

ment, quantitative assessment of physical damage, direct

economic loss assessment, the construction of an index

system, and the application of modeling algorithms.

Disaster extent assessment refers to the delineation of the

extent of a major natural hazard-induced disaster and the

determination of the damage state. Quantitative assessment

of physical damage refers to the determination of the

physical damage to the exposed elements within the dis-

aster extent, together with an assessment of the damage

state, to obtain quantitative damage assessment results that

reflect the aggregate quantities of damages for an exposure

unit. Direct economic loss assessment refers to the use of

the quantitative assessment results of physical damage as

the basis for calculating the value of economic losses, that

is the replacement cost. Among these aspects, the quanti-

tative assessment of physical damage plays a linking role.

It directly determines the precision of the overall damage

assessment and the quantifiable levels, making it both a

focus and a possible hurdle to be overcome in the com-

prehensive assessment of a disaster. Disaster damage

assessment includes exposed urban and rural buildings;

infrastructure; the agricultural, industrial, and public ser-

vice sectors; natural resources; household property; and

other assets. The measurement generally can be the number

of units, length, area, and damage state, depending on the

type of exposed elements and administrative units. In

recent practical applications of disaster loss assessment, the

Ministry of Civil Affairs of China has attempted to quan-

tify disaster damage using remote sensing data (Experts

Group for Earthquake Disaster Relief, National Disaster

Reduction Committee and Ministry of Science and Tech-

nology 2008; Fan 2014), which has dramatically reduced

the dependence on ground investigation work and has

allowed a more objective and comprehensive quantitative

assessment of losses.

Based on a summary of China’s practical experience

with comprehensive damage assessment work for major

natural hazard-induced disasters since 2008, and focusing

primarily on quantitative assessments of disaster physical

damage, this article presents a work flow including an

index system and method for damage assessment, while

also incorporating the relevant requirements of the Major

Natural Disaster Damage Statistics System promulgated by

the Ministry of Civil Affairs in 2014 (Ministry of Civil

Affairs and National Bureau of Statistics 2014). Taking the

2014 magnitude 6.5 Ludian Earthquake in Yunnan Pro-

vince as an example, the process and results of the

assessment are described in the case study section.

2 Natural Hazard-Induced Disasters: Physical
Damage Assessment Index System

In order to establish and standardize an statistical approach

and index system for the assessment of major natural

hazard-induced disaster damage and to provide a basis for

decision making with regard to disaster region recovery

and reconstruction plans for both the central and local
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governments, the China National Commission for Disaster

Reduction and the Ministry of Civil Affairs, with the

approval of the National Bureau of Statistics, released the

Major Natural Disaster Damage Statistics System in 2014

(Ministry of Civil Affairs and National Bureau of Statistics

2014). This system prescribes in detail the major aspects of

the statistical data required in the case of a natural hazard-

induced disaster, including personal damage; building

damage; household property damage; agricultural, indus-

trial, and service industry damage; infrastructure damage;

public service systems damage; and resources and envi-

ronmental damage, together with other indices. The

selected hazard-affected elements could be quantitatively

assessed using remote sensing data by means of visual

interpretation or automatic algorithm identification, and on

this basis the index system for quantitative assessment of

disaster physical damage using remote sensing data was

formulated. Of the aspects included in the statistical sys-

tem, some—the afflicted population, household property

damage, service industry (tertiary industry) damage, and

public service systems damage—are excluded from the

coverage of remote sensing assessment. Thus, the devel-

oped index system primarily focuses on buildings, the

agricultural and industrial sectors, infrastructure, and the

resources and environment systems (Table 1).

3 Assessment Method

This study presents the assessment method that can obtain

quantified assessment results of various hazard-affected

elements with different damage states within the whole

disaster region based on an index system. A wide range of

satellite remote sensing data, very high spatial resolution

remote sensing data of UAVs, and field survey data from

investigation sites can be incorporated into this method.

Pre-disaster background information from satellite remote

sensing may be obtained daily, and UAVs can start

immediately after a disaster. This method is especially

suitable for rapid disaster damage assessment.

First, pre-disaster background information of different

hazard-affected elements are prepared by using high reso-

lution remote sensing data, basic geographical data, and

statistical data. Second, UAV remote sensing data of

selected typical disaster-affected areas are acquired, and

damage proportion matrices of various hazard-affected

elements with different damage states are calculated

through image interpretation. Then, the proportion matrices

are calibrated by field survey data from investigation sites

by field survey experts. Finally, quantified physical damage

assessment results are obtained by using GIS analysis and

calculation. Figure 1 shows a schematic diagram of the

assessment method.

The calculation process can also be represented by

Eq. 1:
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where D is the total damage quantity matrix for a category

of hazard-affected element, dij denotes the quantity of the

jth subcategory of hazard-affected element with the ith

damage state,
Pm

i¼1 dij ¼
Pm

i¼1 rijbj ¼ bj. em is a m-di-

mensional column vector with all elements equal to 1. B ¼
b1; b2; . . .; bn½ � denotes the basic quantity of a category of

hazard-affected element, and bj denotes the total quantity

of a given subcategory of hazard-affected element.

Rsample ¼
r11 � � � r1n

..

. . .
. ..

.

rm1 � � � rmn

2
64

3
75 denotes the calibrated damage

proportion matrix of hazard-affected elements within the

remote sensing sample observation area, rij denotes the cali-

brated damage proportion of the jth category, and the ith

damage state of a hazard-affected element,
Pm

i¼1 rij ¼ 1. And

� is the Hadamard operator over matrices.

3.1 Background Information Extraction

for Hazard-Affected Elements

Background information is mainly a database that contains

the vector spatial extent of hazard-affected elements in

areas of high vulnerability and risk with their essential

attributes for damage assessment. This database can be

prepared by extraction from pre-disaster raster remote

sensing images, collection of open geographical data,

online map data and navigational data, and vectorization of

statistical data. According to the index system, background

information preparation concerns mainly four categories of

disaster-affected elements: buildings, the agricultural and

industrial sectors, infrastructure, and resources. Although

different types of natural hazards inflict varying levels of

damage on the different elements in an exposed area, these

physical structures, activities, and resources concentrate

the majority of the material wealth and thus are the main

objects of damage assessment.

3.1.1 Buildings

Using earthquakes as an example, according to the

assessment results for the earthquake disasters in
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Wenchuan, Yushu, Lushan, and Ludian, direct economic

losses caused by building damage usually account for

approximately 50% of the total losses, and building dam-

age is an important aspect for assessment. The direct

economic loss caused by building damage can be calcu-

lated by multiplying the number of rooms of damaged

buildings with various structure types and damage states,

the loss rate, and construction cost. The calculation process

can also be represented by Eq. 2:

Lb ¼
Xn
i¼1

Xm
j¼1

dij�gij � Ci ð2Þ

where Lb denotes the direct economic loss that resulted

from building damage, dij denotes the number of rooms of

Table 1 The index system for quantitative assessment of disaster physical damage using remote sensing data developed in China

Category Subcategory Division Subdivision Quantifiable

index

State

Buildings Residential Rural Steel-concrete, brick-concrete,

brick-wood, other

Household,

room

Collapse, serious

damage, moderate

damage

Urban Steel-concrete, brick-concrete,

brick-wood, other

Household,

area

Collapse, serious

damage, moderate

damage

Non-residential Area Collapse, serious

damage, moderate

damage

Agricultural and

industrial

sectors

Agriculture Farming Crops Area Affected, moderate loss,

no harvest

Greenhouses Area Impaired

Forestry Forests, bushes, woodland, nursery

breeding

Area

Industry Factory/warehouse Area

Infrastructure Transportation Roads Various grades of road (road

foundations, road surfaces,

bridges)

Length Impaired

Rail Various types of rails (rail

foundations, bridges)

Length

Shipping Locks, harbors Number

Air Airports Number

Communications Communication

networks

Base stations Number

Energy Electricity Transformer equipment

Water

conservancy

Flood protection

infrastructure

Various sizes of reservoirs, dikes,

sluices, dams

Number

Levees Length

Drinking water

projects

Channels Length

Municipal

infrastructure

Municipal

transportation

infrastructure

Roads, bridges, rail transportation

lines

Length,

Number

Municipal greenery Rail transportation stations, nodes Area

Rural

infrastructure

Rural roads Length

Geological

disaster

prevention

Rock fall, landslide, mud flow,

subsidence, and fissure prevention

Number

Resources Resources and

environment

Land resources and

mining

Arable land, forest land, grassland Area Damage

Environmental

damage

Surface water
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the jth structure type of buildings with the ith damage state

and can be calculated by the number of rooms of each

storey multiplying the number of storeys, gij denotes the

loss rate, which is a coefficient percentage corresponding to

the damage state, and Ci denotes the construction cost of

buildings with the ith structure type.

Hence, besides the spatial extent of buildings, back-

ground information of a building always includes four

attributes: number of rooms, number of storeys, structure

type, and construction cost.

Spatial extent of buildings Using pre-disaster high-spa-

tial resolution satellite and airborne remote sensing data,

vector data of building spatial extent within high-risk areas

can be obtained by the semiautomatic interactive building

outline extraction method (Deng and Manjunath 2001) or

by visual interpretation with the aid of GIS software.

Number of rooms The number of rooms of each storey

can be inferred by dividing the area within the outline of a

building by the average area of rooms. The average area of

rooms within a certain region is generally acquired from

field survey or statistical data.

Number of storeys Building height can be estimated

through building shadow extraction from pre-disaster

remote sensing images in conjunction with an imaging

geometric model between building and shadow (Ye et al.

2008). On the assumption of 3 m height per storey, the

number of storeys of each building can be calculated from

the building height.

Structure type According to the Major Natural Disaster

Damage Statistics System (Ministry of Civil Affairs and

National Bureau of Statistics 2014), rural and urban

building structure types are divided into four categories in

China: steel-concrete, brick-concrete, brick-wood, and

others. This attribute can be determined through roof style

and storey height (Table 2) based on visual interpretation

of remote sensing images. At the same time, because

orthographic remote sensing imaging is unable to observe

the walls or the interiors of buildings, mistakes may always

exist in interpreting structure types. Therefore, it is nec-

essary to consult statistical data for the proportion of each

structure type within the area, and field survey data can

also be referred to for calibration.

Construction cost This attribute is related to structure

type. Buildings with the same structure type always have

the same average construction cost within a certain region.

The value is acquired from field survey or statistical data.

3.1.2 Agricultural and Industrial Sectors

In major natural hazard-induced disasters, direct economic

losses caused by agricultural and industrial sector damage

can account for approximately 10–20% of the total loss.

Categories that can be assessed using remote sensing

technology primarily include farming, forestry, factories,

and warehouses used in agriculture and industry.

Fig. 1 Schematic diagram of the quantitative assessment of disaster physical damage using remote sensing data method developed in China
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For farming and forestry, data from the Second National

Land Survey (Wang and Zhou 2009) can be used as the

primary reference. From 2007 to 2009, China implemented

the Second National Land Survey project using remote

sensing, GIS, and GPS technologies and field surveys, in

order to determine the land use status over the whole

country and to obtain basic data. The Second National

Land Survey data are the latest and most complete col-

lection of land use data in China, and include the boundary,

type, and distribution for each plot of rural and urban land.

Information on type, extent, area, and other attributes, can

be obtained for arable land, orchards, forests, and grass-

lands from the Second National Land Survey data, together

with information on crop and forest types from the clas-

sification of pre-disaster high-resolution remote sensing

images. Greenhouses in agriculture and warehouses and

factories in industry can be identified through visual

interpretation of high-resolution pre-disaster remote sens-

ing data, with methods similar to those used for buildings.

3.1.3 Infrastructure

In past major disasters, direct economic losses of infras-

tructure due to damage can account for between 20 and

35% of the total loss, which is a relatively large proportion.

Because infrastructure usually covers relatively large areas,

satellite remote sensing can observe infrastructure clearly.

Background information of transportation and municipal

infrastructure can be obtained from the national 1:25,000

basic geographical data, OpenStreetMap, and other open

geographical data. It is also possible to refer to online maps

and navigational data to interpret transportation infras-

tructures. There is usually a lack of data on rural roads in

the above data, but pre-disaster high-resolution remote

sensing data can be used to extract rural road vector data

and to label road levels (Zhang et al. 2011). Background

information of communication, energy, and hydro-infras-

tructure can be extracted from the Second National Land

Survey data and through visual interpretation of high-res-

olution remote sensing data.

3.1.4 Resources

Background information of resources can be obtained

directly from the Second National Land Survey data

according to the QADPDRSD index system. Environ-

mental and disaster reduction satellite data (Fan et al.

2012), GF-1 (Zhang et al. 2015), GF-4 (Wang and He

2017), and ZY-3 (Wang et al. 2015) satellite data can also

be used as base images to generate land cover datasets for

high-risk areas by using segmentation, classification, and

artificial revision methods, such as ChinaCover (Wu et al.

2013).

3.2 Post-Disaster Remote Sensing Monitoring

In a major natural hazard-induced disaster, hazard-affected

elements usually have roughly similar damage conditions

within a given disaster area with the same disaster inten-

sity. Therefore, when disasters occur, it is not necessary to

monitor the complete disaster affected region, so long as,

based on a preliminary assessment of the spatial extent of

impact, remote sensing platforms, such as satellite, air-

plane, UAV, fly over some selected typical areas to mon-

itor hazard-affected elements in various damage states.

Remote sensing monitoring of selected disaster-affected

areas involves four steps: remote sensing monitoring,

construction of interpretation keys, damage state assign-

ment, and damage proportion calculation. First, back-

ground information of hazard-affected elements provides

the overall quantity and spatial distribution of exposure.

When post-disaster remote sensing images of selected

typical areas are acquired, remote sensing interpretation

keys for various hazard-affected elements in various

damage states for the specific type of disasters are con-

structed to guide visual interpretation. Then, the damage

Table 2 Characteristics of various building structure types in China

Structure

type

Storeys Type of roof Region Usage

Steel-

concrete

Relatively high, more than 2 storeys Flat roof Urban

center

Urban residence, store/shopping center, office

building

Brick-

concrete

No higher than 3 storeys Flat roof Rural Rural residence, factory

Brick-wood Bungalow, 1–2 storeys A-frame slanted

roof

Rural Residence, auxiliary rooms

Other Relatively low, 1–1.5 storeys, half-storey

attics

A-frame slanted

roof

Remote

rural

Residence, livestock pens
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state attribute for each target within the monitored area is

labeled. Finally, the damage proportion matrix is obtained

using GIS tools. Figure 2 illustrates the process of post-

disaster remote sensing monitoring in selected areas.

3.2.1 Buildings

The important issues for post-disaster remote sensing

monitoring are choice of typical disaster area, spatial res-

olution, damage state determination, and damage propor-

tion calculation.

Typical disaster area Compact residential areas in rural

and urban districts are often selected as typical disaster

areas because they have buildings with relatively complete

structure types.

Spatial resolution As buildings are normally small in

size, post-disaster remote sensing images of approximately

0.1 m resolution from UAVs are usually used for

interpretation.

Damage state Building damage has different forms in

remote sensing images from different disasters. For earth-

quakes, by referring to the criteria of the European

Macroseismic Scale 1998 (Grünthal 1998) and considering

actual earthquake experiences in China, building damage

condition in the quantitative assessment index system is

divided into four states: totally collapsed, seriously dam-

aged, moderately damaged, and undamaged. Table 3 lists

buildings with different structure types and in different

damage states in remote sensing images after an earthquake

disaster. For geological disasters such as landslides and

mud slides, it is possible to assign damage state based on

whether the building structure has been damaged, the

position relative to the geological disaster area, and the

degree of burial. Remote sensing interpretation keys are

produced according to the damage description. Comparing

pre-disaster and post-disaster remote sensing data, the

damage state attribute can be assigned by using the auto-

matic change detection method (Liu et al. 2010) or visual

interpretation.

Damage proportion For different hazard intensities,

buildings of different structure types always have different

damage proportions for each damage state. For earth-

quakes, seismic intensity can represent hazard intensity;

buildings of the same structure type within areas with the

same seismic intensity degree are regarded as having the

same damage proportion. For geological disasters, there is

usually one kind of damage condition within a specific

disaster intensity, so the damage proportion is 100% for

this damage state, but zero for others.

A two-dimensional damage proportion matrix is calcu-

lated by considering the proportions of various damage

states for different structure types using GIS software,

which has the same table structure as Table 3. This matrix

from selected disaster areas represents the damage condi-

tion of the whole disaster-affected region.

3.2.2 Other Hazard-Affected Elements

Both cropland damage and yield reduction caused by nat-

ural hazard-induced disasters lead to agriculture production

losses (Li et al. 2009). The damage state for farming is

divided into four categories: no harvest, moderate loss,

affected, and undamaged. By extraction of coverage of

geological disasters, barrier lakes, and floods from post-

disaster airborne remote sensing images and overlaying

pre-disaster background data, the damage area and damage

proportion matrix of a farming area can be obtained. Yields

of various crops within selected remote sensing monitoring

areas are estimated using crop growth trend models and

yield estimation models. Combined with data on crop

damage areas and yield information, damaged output can

be estimated. Figure 3 illustrates the process of farmland

damage assessment. Forest stock volume damage can be

estimated using a similar process as for farmland, and,

using Thematic Mapper (TM) and other satellite data, the

forest stock volume of selected monitoring areas can be

estimated (Tomppo et al. 2002) and the damage propor-

tions then can be obtained (Wang et al. 2010; Zhao et al.

2014).

Primary infrastructure is mainly distributed in populated

urban and rural areas, and thus typical built-up areas are

often monitored. For factories and warehouses of primary

and secondary industries, infrastructure, and other normally

relatively large objects, high-resolution satellite remote

sensing data (WorldView, Quickbird, Terrasar-X, and

others) and airborne remote sensing data (0.4–0.5 m) are

used. For large hazard-affected elements such as those

related to resources and the general environment, forFig. 2 Diagram of a post-disaster remote sensing monitoring process
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example, arable land, forest land, grassland, and surface

water bodies, relatively high-resolution satellite remote

sensing data such as GF-1/GF-2 and ZY-3 images are used.

These hazard-affected elements are only divided into two

damage states: damaged (destroyed) and undamaged. The

damage condition can be judged through change detection

algorithms (Thunig et al. 2011; Tadono et al. 2012) by

comparing pre-disaster and post-disaster remote sensing

images. Finally, the damage proportion matrix of these

hazard-affected elements within selected monitoring areas

can be calculated.

3.3 Field Survey and Calibration of the Results

from Remote Sensing Assessment

Information from high-resolution remote sensing data

obtained by existing Earth observation platforms still

possesses blind spots, and, consequently, damage assess-

ment results do not necessarily reflect actual disaster losses.

For example, during the Haiti Earthquake, building damage

assessment results from high-resolution airborne remote

sensing and multi-angle oblique photography gave lower

values than the actual damage conditions (Booth et al.

2011). The reason is that remote sensing technology is

unable to observe the damage condition of closely grouped

building walls. Therefore, a field survey at the time, when

the remote sensing monitoring of selected areas is carried

out, to obtain more precise and correct field assessment

results becomes necessary for calibrating and adjusting the

remote sensing assessment results so as to obtain damage

proportion matrices that better match actual conditions.

3.3.1 Collection of Disaster Information from Field Survey

A field survey mainly covers a limited number of typical

sites, which is usually a subarea of the selected remote

sensing monitoring areas, to obtain ground truths through

household surveys and field interviews. Field survey per-

sonnel carry smart mobile terminals (mobile phones and

tablet PCs) equipped with background spatial vector data

of hazard-affected elements within the survey area and

post-disaster remote sensing images. They use a field dis-

aster information collection system with client/server

architecture to collect disaster information in the form of

text tables, lists, photographs, audio recordings, and videos,

and then transmit these data through GPRS or 3G networks

to a remote backstage management system located at the

National Disaster Reduction Center of China. Personnel in

the back office summarize and process the collected data to

Fig. 3 Diagram of farmland damage assessment

Table 3 Description of building damage states in remote sensing images (0.1 m resolution) after an earthquake disaster

Structure

type

Undamaged Moderately damaged Seriously damaged Totally collapsed

Steel-

concrete

Building outline intact, clear roof edges, even roof with uniform

color, occasionally dispersed rubble around

Building outline relatively intact, smashed roof with ununiform

colors, some dispersed rubble around

Brick-

concrete

Building outline intact, clear

roof edges, flat and even roof

with uniform color

Building outline intact, clear

roof edges, roof damage

resulting in ununiform

color and texture

asymmetry

Building outline relatively

intact, damaged roof edges,

seriously damaged roof,

mixed coloring and texture

disorder

Building outline broken,

damaged roof edges,

seriously damaged roof,

exhibiting collapse, large

amount of rubble

Brick-

wood

Building outline intact, clear

roof edges, wooden roof racks

are invisible, no signs of holes

in black blotch

Building outline intact, clear

roof edges, tiles fallen,

signs of holes in black

blotch

Damaged roof edges, tiles

fallen, partly collapsed roof

Building outline broken,

damaged roof edges, tiles

fallen, collapsed roof,

interior building walls are

visible

Other Building outline intact, clear

roof edges, tiles fallen,

wooden roof racks are often

visible, no signs of holes in

black blotch

Building outline intact, clear

roof edges, tiles fallen,

signs of holes in black

blotch

Roof outline intact, damaged

roof edges, tiles fallen,

collapsed roof

Building outline broken,

damaged roof edges, tiles

fallen, collapsed roof,

interior building walls are

visible
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formulate field survey damage proportion matrices for

hazard-affected elements.

3.3.2 Calibration of the Results from Remote Sensing

Assessment

Field survey damage proportion matrices can be used to

calibrate damage proportion matrices derived from remote

sensing assessment results based on Bayesian principles

(Booth et al. 2011). Damage proportions of buildings with

various structure types within areas with different disaster

damage states obtained from remote sensing assessment

are fitted by earthquake vulnerability probability density

distribution functions as prior probability density functions.

Field survey results are also fitted correspondingly as

likelihood functions. Then, a posterior probability function,

which is updated under the Bayesian framework, can be

used to represent the calibrated results. Based on estab-

lished results of the probability distribution of earthquake

vulnerability, it is assumed that the prior function has the

form of a beta-distribution (Spence et al. 2008), and the

likelihood function, which is fitted using field surveys as

observational data, also follows a beta-distribution, and

therefore the posterior distribution also has a beta-distri-

bution. By taking the expected value of various posterior

beta-distributions as the damage proportion of buildings

with various structure types in different disaster-affected

areas, a new and calibrated damage proportion matrix is

obtained.

For other hazard-affected elements, a vulnerability

curve based on previous research results can be used to

construct new prior and observational probability distri-

bution functions for calibration.

3.4 Disaster Index Calculation by GIS

Combined with background data of various hazard-affected

elements, the calibrated damage proportion matrix is used

as the overall damage proportion matrix to carry out GIS

spatial analysis, and quantified damage indices of the

quantitative assessment index system in different disaster

areas can be estimated, such as the number of damaged

rooms with different structure types and different damage

states. Quantitative assessment results of physical damage

using remote sensing data can be obtained.

4 A Case Study of the 2014 Ludian Earthquake

At 16:30 on 3 August 2014, a magnitude 6.5 earthquake

occurred in Ludian County, Zhaotong City, Yunnan Pro-

vince, which caused serious casualties and property dam-

age. According to the survey results on the seismic

intensity in the disaster area, provided by the China

Earthquake Administration, there were 16 seriously dam-

aged towns (Table 4) within the three counties of Ludian,

Qiaojia, and Huize that are encircled by the VII-degree

seismic intensity line (Fig. 4). The State Council of China

authorized the Ministry of Civil Affairs and the

Table 4 Number of buildings with different structure types in the 16 seriously damaged towns within the VII-degree seismic intensity line of the

2014 Ludian Earthquake, Yunnan Province, China

County Town Number of buildings

Steel-concrete Brick-concrete Brick-wood Other Subtotal

Ludian Longtoushan 158 3696 904 13,735 18,493

Huodehong 162 718 36 4242 5158

Shuimo 333 1948 1846 5130 9257

Lehong 137 578 202 6433 7350

Xiaozhai 121 163 459 3988 4731

Wenping 34 1478 232 2449 4193

Jiangdi 32 506 222 1795 2555

Suoshan 30 498 237 1833 2598

Longshu 0 53 10 121 184

Qiaojia Xindian 46 655 103 9488 10,292

Xiaohe 59 274 579 4693 5605

Laodian 207 1853 375 16,060 18,495

Yaoshan 3 113 68 1183 1367

Baogu’nao 109 1306 435 5647 7497

Huize Zhichang 160 783 63 5250 6256

Yiche 131 473 345 2294 3243
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Government of Yunnan Province to organize a group of

experts to implement a comprehensive assessment of

earthquake damage. The National Disaster Reduction

Center of China urgently initiated a National Major Natural

Disaster UAV Emergency Response Cooperation Mecha-

nism, the International Charter ‘‘Space and Major Disas-

ters,’’ and other mechanisms to coordinate relevant Chinese

and international organization in acquiring satellite, air-

borne, and UAV remote sensing data of the disaster region.

By using remote sensing data, a quantitative assessment of

physical damage of buildings, transportation lines, farming

and forestry, and secondary geological disasters was

implemented.

4.1 Building Damage Assessment

According to the quantitative assessment method, building

damage assessment mainly includes four steps: pre-disaster

background information extraction, post-disaster remote

sensing damage assessment of selected areas, field survey

and calibration, and disaster index calculation by GIS.

4.1.1 Pre-Disaster Background Information Extraction

Wide-range WorldView-2 satellite images (approximately

0.5 m spatial resolution) from 2012 and 2013 were used to

extract building background spatial information within the

VII-degree seismic intensity line, to derive building outli-

nes through visual interpretation, and to infer the storeys

and structure types of buildings from their shadows and

roof patterns. The number of buildings with different

structure types in each of the 16 seriously damaged towns

was counted. The results are shown in Fig. 5 and Table 4.

4.1.2 Post-Disaster Remote Sensing Damage Assessment

Remote sensing monitoring was implemented for selected

typical disaster-affected towns within the VII, VIII, and

IX-degree seismic intensity zones according to reported

disaster information from local governments using 0.1 m

resolution UAV remote sensing images. According to the

damage condition, building damage interpretation keys

were established from UAV images (Fig. 6) and the

Fig. 4 Disaster extent of the 2014 Ludian Earthquake, Yunnan Province, China
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damage states of buildings within these towns were

assigned (Fig. 7). The damage proportion matrix of

buildings with various structure types within the VII-

degree seismic intensity line was then obtained, as shown

in Table 5.

4.1.3 Field Survey and Calibration

An experts group for field investigation surveyed the post-

disaster remote sensing monitoring area at representative

disaster-affected locations within the VII, VIII, IX-degree

seismic intensity zones, and calibrated the damage

Fig. 5 Building distribution within the VII-degree seismic intensity line of the 2014 Ludian Earthquake, Yunnan Province, China

Fig. 6 Building damage interpretation keys (UAV images): Totally collapsed (a), Seriously damaged (b), Moderately damaged (c), Undamaged

(d)
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proportion matrix using Bayesian principles. A calibrated

damage proportion matrix was then obtained, as shown in

Table 6.

4.1.4 Disaster Index Calculation by GIS

The areas of buildings with various damage states and

various structure types within different seismic intensity

Table 5 Building damage proportion matrix from remote sensing analysis of selected typical areas within the VII-degree seismic intensity line

of the 2014 Ludian Earthquake, Yunnan Province, China

Intensity degree Structure type Totally collapsed (%) Seriously damaged (%) Moderately damaged (%) Undamaged (%)

IX Steel-concrete 0 13.13 52.09 34.78

Brick-concrete 20.83 33.74 44.30 1.12

Brick-wood 50.38 24.24 24.26 1.12

Other 39.36 32.23 27.21 1.20

VIII Steel-concrete 0.00 39.97 28.65 31.39

Brick-concrete 8.96 23.58 36.63 30.83

Brick-wood 15.72 29.55 39.98 14.75

Other 20.64 29.85 36.95 12.56

VII Steel-concrete 0.00 8.20 62.30 27.05

Brick-concrete 5.39 31.42 36.30 26.88

Brick-wood 1.20 13.92 30.12 54.76

Other 3.62 12.87 39.35 44.16

Fig. 7 Assessment result of building damage caused by the 2014 Ludian Earthquake in Yunnan Province, using UAV remote sensing images
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regions was calculated by conducting a GIS spatial analysis

using the calibrated building damage proportion matrix in

conjunction with background spatial data within the VII-

degree seismic intensity line. An average area of 25 m2 per

room was determined according to field survey and inter-

view results, and the quantitative assessment results of

physical damage of buildings using remote sensing data in

the 16 seriously damaged towns within the VII-degree

seismic intensity line were obtained as shown in Table 7.

4.2 Secondary Geological Disaster Monitoring

According to the disaster conditions reported by the local

governments, the damage to infrastructure such as roads,

farmland, and forest resources from the 2014 Ludian

Earthquake was mainly caused by landslides and other

secondary geological hazards. The coverage of secondary

geological hazards was first interpreted and assessed using

UAV images and SS-9 satellite data, and the numbers,

categories, areas, and distributions of landslides and rock

slides were extracted (Fig. 8).

A total of 604 landslides and rock slides were inter-

preted, covering an area of 8.83 million m2 and mainly

distributed along the rivers and roads within the IX and

VIII-degree seismic intensity zones. Among these, there

were 149 moderate landslides (area of slide larger than

100 m 9 100 m), which covered an area of 7.8 million m2,

and 455 minor landslides (area of slide smaller than

100 m 9 100 m), which covered an area of 1.03 million

m2.

4.3 Road Damage Assessment

Pre-disaster background vector data on various grades of

roads within the VII-degree seismic intensity line were

prepared based on road data from China’s 1:25,000 basic

geographical data, OpenStreetMap public data, and basic

data of provincial and county roads of Yunnan Province.

The damage condition of the roads was determined by

overlaying the secondary geological hazard vector obtained

through image interpretation and the road vector file

(Fig. 8).

A total of 31,197 m of damaged roads suffered from

secondary geological disasters such as landslides and rock

slides, and these were mainly distributed in Ludian County

and Qiaojia County in Zhaotong City, including 5373 m of

seriously damaged and unusable roads, 7540 m of moder-

ately damaged and slightly affected roads, and 18,284 m of

slightly damaged roads with normal passing capabilities.

4.4 Land Resource Damage Assessment

Pre-disaster background spatial vector data of farmland and

forest resources within the VII-degree seismic intensity

line were prepared based on the Second National Land

Survey data. The damage condition of farmland and forest

was then assessed by overlaying and analyzing the cover-

age range of secondary geological hazard areas (Fig. 8).

A total area of 1226.4 hectares was affected by sec-

ondary geological disasters such as landslides, damaged

farmland, and forests, including 199.5 hectares of forest

land, 402.5 hectares of shrub land, 280.2 hectares of other

forest land, 2.3 hectares of paddy fields, and 341.9 hectares

of dry land.

5 Discussion

The developed index system and assessment method con-

stitute a relatively complete and rigorous framework for

disaster damage assessment that can take full advantage of

various sources of data. However, despite its practical

Table 6 Calibrated building damage proportion matrix for the 2014 Ludian Earthquake, Yunnan Province, China

Intensity degree Structure type Totally collapsed (%) Seriously damaged (%) Moderately damaged (%) Undamaged (%)

IX Steel-concrete 0 31.41 42.53 26.06

Brick-concrete 21.87 30.63 45.43 2.06

Brick-wood 49.65 28.84 17.56 3.94

Other 47.93 27.36 23.65 1.06

VIII Steel-concrete 0.00 32.81 26.79 40.40

Brick-concrete 9.46 25.73 33.50 31.31

Brick-wood 25.38 26.94 37.30 10.38

Other 17.28 28.41 42.69 11.62

VII Steel-concrete 0.00 21.13 23.30 55.57

Brick-concrete 5.79 35.11 35.97 23.12

Brick-wood 2.03 12.22 42.38 43.37

Other 2.98 11.45 44.56 41.01
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Fig. 8 Secondary geological hazards caused by the 2014 Ludian Earthquake, Yunnan Province, and road and land resource damages induced by

secondary hazards
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value, there are some issues with the method that still need

to be addressed:

1. The preparation of background information of hazard-

affected elements included in the quantitative assess-

ment index system by visual interpretation from

remote sensing data often requires the participation

of relatively large numbers of personnel. Though some

semiautomatic algorithms have been developed to aid

visual interpretation, to vectorize physical objects from

a huge amount of remote sensing data is still very

time-consuming and expensive work. The latest pro-

gress in artificial intelligence such as the Convolution

Neural Network (CNN) has brought computer vision

technology into practice. CNN-based image classifi-

cation algorithms, object identification algorithms, and

image segmentation algorithms can also be adapted for

remote sensing images to improve fully automatic

information extraction so that efficiency will be

increased and cost will be decreased.

2. Existing high-resolution remote sensing data cannot

yet provide sufficiently accurate information to deter-

mine structure type with the desired precision. Even on

site, structure types of some buildings, especially for

brick-concrete and brick-wood buildings, cannot be

distinguished from outer walls and roofs. New kinds of

higher-resolution remote sensing satellites are

required, for example, satellites carrying high-spatial

resolution thermal infrared cameras have the potential

to provide accurate spectrum information for structure

type identification over a wide range.

3. Post-disaster remote sensing surveys mainly use UAVs

equipped with optical sensors to acquire orthographic

images. However, there exist blind spots in building

damage survey, such as an inability to observe damage

information on side walls and interior structures. It is

necessary to develop specialized sensors (for example,

multi-angle oblique photography and thermal infrared

cameras) mounted on UAVs to monitor building

damage, thereby improving the precision of the

building damage proportion matrix.

4. The results of Earth observation and field survey data

integration can provide calibration of remote sensing

assessment results. In addition to the development of

more easily operable disaster information collection

systems, further standardization should be pursued in

field surveys, and existing national and industry

standards should be strictly followed in practice in

order to obtain more reliable survey results. Methods

of calibration of remote sensing assessment results

using field survey data need to be further investigated

with the development of targeted calibration methods

for various hazard-affected elements, and more accu-

rate vulnerability curves need to be introduced.

6 Conclusion

Disaster damage assessment results are the foundation of

disaster relief, recovery, and reconstruction planning.

Owing to its characteristics of rapid response and wide

coverage, remote sensing technology can provide effective

information for disaster damage assessment. The index

system and method for quantitative remote sensing

assessment that incorporate satellite and UAV remote

sensing data and field survey data have been applied to the

damage assessment work of several major natural hazard-

induced disasters in China. The case of the 2014 magnitude

6.5 Ludian Earthquake demonstrates that the developed

index system and method can significantly improve the

effectiveness, applicability, and scientific validity of dis-

aster damage assessment.
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