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Vulnerability to hazards includes not only components of a physical nature, but also those arising from social factors. In develop-
ing measures for disaster prevention or emergency response for disaster relief of big cities, an analysis of social vulnerability is 
very necessary but quite difficult. In order to address the problem, using Beijing as an example, we established a social vulnera-
bility index system including 26 factors and developed an improved analytic hierarchy process (AHP) method. The weight of each 
factor was evaluated using the improved AHP process that obviously increased the passing rate of consistency of the experts’ 
questionnaire. The population, career, economy, infrastructure and social vulnerability distribution maps of Beijing were obtained. 
From them, it’s easy to see the characteristics of various vulnerability distributions. Through sensitivity analysis, the influencing 
factors of each area were listed in order of importance. The approach are useful for assessing, reducing the social vulnerability of 
big cities in China.  
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Public safety is threatened by numerous disasters and acci-
dents which lead to tremendous losses including human life, 
damaged infrastructures and lifelines, collapsed buildings 
and houses, unstable society and other hazards. Generally, 
the losses vary geographically, over time and among dif-
ferent social groups. Researchers have gradually recognized 
that the vulnerability of a disaster acceptor is an important 
reason for the disaster occurring as well as for the difference 
in losses across different areas. Analyzing the vulnerability 
of a disaster acceptor so as to provide methods to reduce 
vulnerability is an effective way to increase the ability to 
prevent disaster, and an effective way to reduce loss. From 
this point of view, research into vulnerability is very im-
portant in the public safety science.  

The degree to which populations are vulnerable to haz-
ards is not only dependent upon the physical nature of the 
world, but also the social aspects. Social factors also play a 
significant role in determining vulnerability [1,2]. Therefore, 
the vulnerability to hazards includes two components: 

physical vulnerability and social vulnerability. Considerable 
researches have focused on the physical vulnerability com-
ponent, with the social vulnerability component being largely 
ignored. For example, during Hurricane Katrina, many of 
the poorer citizens of New Orleans could not evacuate for a 
lack of transportation [3]. It is estimated that some 250000 
poor residents in New Orleans had no access to personal 
vehicles [4]. The evacuation plan only considered the evac-
uees who could access to vehicles and was a devastating 
failure for the socially vulnerable population that was una-
ble to leave. These problems highlight the need to better 
integrate social science research concerning social vulnera-
bility into emergency and risk management decision-making. 
In recent years, there has been some research into social 
vulnerability. Cutter et al. [5] established the Social Vul-
nerability Index (SOVI) to examine the spatial patterns of 
social vulnerability to natural hazards at the county level in 
the United States. Burton [6] incorporated social vulnerabil-
ity into numerical hurricane impact modeling to improve 
loss prediction. Jose [7] constructed an index of social vul-
nerability to natural and technological hazards and to social 
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risks in the central region of Portugal, for all the municipali-
ties of the region. The social vulnerability index value based 
on mail delivery data for Orleans Parish was calculated [8]. 
Adger [9] illustrated the development of social vulnerability 
and noted that social vulnerability is related to economic 
factors. Fekete [10] obtained the social vulnerability index 
map and showed that social vulnerability is hard to validate. 
In China, relevant systematic research is still lacking 
[11–13].  

As the capital of China, research into Beijing’s social 
vulnerability should be given more attention. High popula-
tion density and numerous important facilities lead to a sig-
nificance of vulnerability analysis even though space is not 
very large. Analyzing the social vulnerability of all areas 
and doing relevant assessments focusing on Beijing’s char-
acteristics will contribute to implementing corresponding 
action on the social vulnerability situation for each area and 
to enable action according to circumstances. Thus when dis-
aster is approaching, we can draw up a more efficient and 
comprehensive emergency plan to rescue those in need as 
soon as possible. 

In this study, the social vulnerability index system based 
on an improved Analytic Hierarchy Process (AHP) method 
was established and the social vulnerability combining with 
the characteristics of 333 areas of Beijing were evaluated 
and analyzed. The main objective is to analyze the social 
vulnerability to hazards and the sensitivity of each influ-
encing factors, to achieve risk prevention and mitigation 
and to elaborate the plan of effective risk response strategies 
in Beijing.  

1  Social vulnerability index 

1.1  Concept of social vulnerability 

There is not an acceptable definition for social vulnerability 
which can satisfy the requirements of every research area. 
Adger [9] described social vulnerability to be the exposure 
of groups or individuals to stress as a result of social and 
environmental change, where stress refers to unexpected 
changes and disruption to livelihoods. Phillips et al. [3] 
showed that underlying each concept of social vulnerability 
is the recognition that some citizens face higher risk of in-
jury, death, or property loss because of their social and 
economic circumstances and because mainstream society 
marginalizes their cultural frameworks or situational loca-
tions. Schmidtlein et al. [4] defined social vulnerability to 
be the likelihood of sustaining losses from some actual or 
potential hazardous event, as well as the ability to recover 
from those losses. In ecology, vulnerability expresses the 
extent of damage of ecosystem [14]. Brooks [15] stated that 
the definition of vulnerability which is proposed by IPCC 
(Intergovernmental Panel on Climate Change) is a function 
of the character, magnitude, and rate of climate variation to 
which a system is exposed, its sensitivity, and its adaptive 

capacity [16]. It is a degree to which the coupled human- 
environment systems or some part of it is likely to experi-
ence harm due to exposure to a hazard [17]. 

In this study, the concept defined by Cutter et al. [1] was 
used. Social vulnerability is described using the individual 
characteristics of people (age, race, health, income, type of 
dwelling unit, employment) [4], and is partially the product 
of social inequality. Social vulnerability is a potential for 
loss. Since losses vary geographically, over time, and among 
different social groups, social vulnerability also varies over 
time and space. 

1.2  Influencing factors and the social vulnerability  
index system 

Social vulnerability to hazards is influenced by a great num-
ber of factors, such as population density, occupation kind, 
infrastructure conditions and other relevant factors. Gener-
ally, social vulnerability is divided into two parts: human 
vulnerability and the ability to access resources [1]. In this 
study, we separate each part into direct and indirect parts. 
For human vulnerability, the direct part is called population 
vulnerability which includes human characteristics such as 
gender, ethnicity, marital status etc. The indirect part is 
called career vulnerability that includes the occupation of 
the citizen since we consider that different occupations 
would greatly affect a person’s vulnerability. For resources, 
Chakraborty et al. [18] calculated the social vulnerability on 
the basis of differential access to resources. In this research, 
the direct part is called economic vulnerability which in-
cludes Engel coefficient, per capita income, etc. The per-
centage of old houses, number of fire stations per square 
kilometer and so on is called infrastructure vulnerability and 
is indirectly linked with resources. Therefore social vulner-
ability can be divided into four parts: population vulnerability, 
career vulnerability, economic vulnerability and infrastruc-
ture vulnerability. Also 26 secondary indices (including 
population density, percent of ethnic minorities, percent of 
illiterate, ratio of unemployment, percent of social welfare, 
per capita income etc.) were obtained according to the char-
acteristics of Beijing and some relevant studies [5,6,19,20]. 
Details are shown in Figure 1.  

2  Study area and data 

2.1  Application in Beijing 

As the capital of China, Beijing’s public safety is of great 
importance. Beijing has high building and population densi-
ties, a complicated component of people (including various 
residence characteristics, ethnicities, education levels etc.), 
which leads to the complexity of research into social vul-
nerability. In this study, the social vulnerability of Beijing is 
analyzed using the social vulnerability index system devel-
oped above.  
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Figure 1  Social vulnerability index system. 

Beijing occupies a total area of 16808 km2 covering 18 
districts. According to the census of 2000, Beijing had a 
resident population of 13.6 million inhabitants and a popu-
lation density of 658 inhabitants/km2 (the value for urban 
areas was 27332 inhabitants/km2). In this study, Beijing is 
divided into 333 areas according to the town and district 
distributions [21].  

As a modern metropolis, Beijing has a normal male-female 
ratio (from 48% to 51%) and age distribution. However, the 
vulnerability of Beijing is increasing because of a large 
transient population and numerous migrant workers. Espe-
cially in urban areas, there is high population density, seri-
ous traffic jams and many narrow roads called Hutongs 
built before 1949, which have some negative influence on 
the city’s vulnerability. In rural areas, worse infrastructure, 
inconvenient traffic and a high percentage of illiterate and 
ethnic minorities also increase the vulnerability. 

2.2  Data 

The social vulnerability index for Beijing was constructed 
using the 26 influencing factors based on the characteristics 

of the metropolis. The data of the 26 influencing factors can 
be obtained from the census information of Beijing. Be-
cause the newest census information (2010) will be pub-
lished in late 2012, the majority of data used in this study 
was published in 2000 (for example Haidian district [22], 
Changping district [23] etc.). 

The number of subway stations and fire stations per 
square kilometer is acquired from the metro route map and 
fire squadron of Beijing, 2010 respectively (because these 
two factors have changed greatly in recent years, all data 
were obtained from the information of 2010). The economic 
data of the 18 districts were obtained from “Beijing Area 
Statistical Yearbook” [24]. 

3  Methods 

3.1  Data processing 

Economic, demographic, and infrastructure data are re-
quired to analyze social vulnerability. Due to the different 
units involved, the data are normalized using a Z-score 
standardization method in this study. Z-score standardiza-
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tion is a standard deviation standardization, and the pro-
cessed data conforms to a normal distribution.  

3.2  Weight calculation 

The Analytic Hierarchy Process (AHP) method was widely 
used as a statistic analysis approach to calculate the weight 
of each influencing factor [25,26]. In the traditional AHP 
method, each influencing factor needs to be subjectively 
compared by experts. This has the shortcoming that a con-
sistency check cannot be easily satisfied if the number of 
comparisons is too large. In this study, the vulnerabilities of 
social, population, career, economic and infrastructure in-
cludes four, nine, eight, three and six influencing factors 
respectively. This means that the expert must make 88 
comparisons between each influencing factor. The judging 
ability of the people is influenced by numerous comparisons. 
It’s very difficult to ensure that each comparison is reasona-
ble and logical due to the large numbers. Since one of the 
objectives of a consistency check is to ensure that the peo-
ple who are comparing the factors are rigorous. In this study, 
we have developed an improved AHP method. 

To derive the weight within the index system, an im-
proved AHP method (expert’s direct-rating method), which 
instead of doing a comparison between each factor, was 
used. This method allows experts to rate the influencing 
factors between 0.1 and 9 (0.1: the least important factor; 1: 
the normal important; 9: the most important factor). Using 
this method, we can obtain a result through 30 comparisons 

which means the workload is one third that of the traditional 
AHP method. This enables experts to improve the efficiency 
and validity of comparisons, which turns qualitative com-
parison into quantitative comparison. Through the rating 
process, the comparison of importance of each influencing 
factor is easy to calculate. 

Using the expert’s direct-rating results, the corresponding 
weight of each level’s influencing factor can be calculated 
based on the traditional AHP process [27,28]. The final re-
sults of weights including four primary index are obtained 
and shown in Table 1 The weights of the four primary index 
are as follows: population vulnerability: 0.4484; career vul-
nerability: 0.0991; economic vulnerability: 0.1082; infra-
structure vulnerability: 0.3443.  

3.3  Calculating the integrated social vulnerability score 

(i) The classification of influencing factors. After the weight 
calculation, the population vulnerability, career vulnerabil-
ity, economic vulnerability, infrastructure vulnerability and 
integrated social vulnerability will be calculated. 

According to the function of influencing factors, 26 in-
fluencing factors are classified into two categories, one is 
negative(+) (the vulnerability will increases when the value 
of the influencing factor increases), the other is positive(). 
It is shown on Table 1.  

The influencing factors that increase social vulnerability 
includes: population density, percent of females, percent of 
ethnic minorities, percent of population under 5 years, percent 

Table 1  Social vulnerability index system and weight distribution 

Influencing factors Weights Influencing factors Weights 

Population vulnerability (negative(+), positive()) 0.4484   

Population density (+) 0.0748 Percent of household () 0.0274 

Percent of female (+) 0.0450 Percent of ethnic minorities (+) 0.0310 

Percent of population under 5 years (+) 0.0684 Percent of population over 65 years (+) 0.0730 

Percent of illiterate (+) 0.0491 Percent of divorcee (+) 0.0384 

Percent of temporary population (+) 0.0413   

Career vulnerability 0.0991   

Ratio of unemployment (+) 0.0198 Percent of primary industry (+) 0.0090 

Percent of mining (+) 0.0107 Percent of construction (+) 0.0130 

Percent of carrying trade (+) 0.0097 Percent of social services () 0.0099 

Percent of social welfare () 0.0094 Percent of sanitation () 0.0176 

Economic vulnerability 0.1082   

Per capita income () 0.0469 Ratio of income and pay () 0.0495 

Engel coefficient (+) 0.0288   

Infrastructure vulnerability 0.3443   

Percent of old houses (+) 0.0380 Number of fire stations per square kilometer () 0.0654 

Number of subway stations per square kilometer () 0.0417 Number of hospital beds per 1000 inhabitants () 0.0730 

Number of doctors and nurses per 1000 inhabitants () 0.0767 Infrastructure investment () 0.0495 
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of population over 65 years, percent of illiterate people, 
percent of divorcees, percent of temporary population, rate 
of unemployment, percent of farming, forestry, animal hus-
bandry and fisheries, percent of mining, percent of con-
struction, percent of carrying trade, Engel coefficient and 
percent of old houses. Other influencing factors will de-
crease the social vulnerability. 

Because the two functions play a contrary part in vul-
nerability, the data’s polarity must be transformed. Thus, all 
influencing factors will have the same correlation with vul-
nerability. 

(ii) Calculating the vulnerability scores. After all data is 
normalized using the Z-score method, the data for the in-
fluencing factors which increase the vulnerability should be 
multiplied by 1.0. Through normalization and polarity 
transformation 26 final data points will be obtained. In this 
study, the linear weighted integrated function method to 
calculate the SOVI because the index are independent each 
other based on correlative analysis. The formula [12] is be-
low: 

  
26

1

SOVI ,i i
i

w x


   (1) 

where SOVI is a relative value in this method and can be 
used to compare the vulnerability between different areas, i 
(1,2,…,26) is the sequence number of influencing factors, wi 
is the weight of each influencing factor, xi is the processed 
final normalized data of each area. 

The SOVI of integrated social vulnerability is the sum-
mation of the SOVI of population vulnerability, career vul-
nerability, economic vulnerability and infrastructure vul-
nerability according to the weight of each factor. 

4  Results 

4.1  The spatial distribution of Beijing’s social  
vulnerability 

The spatial distributions of Beijing’s population vulnerability, 
career vulnerability, economic vulnerability and infrastruc-
ture vulnerability are shown in Figure 2. Figure 3 shows the 
integrated social vulnerability. Blue indicates the lowest 
vulnerability and red indicates the highest vulnerability, 
with the intermediate stages being shown in the gradual 
shading from blue to red.  

From Figure 3, it can easily be seen that the vulnerability 
of rural areas is higher than that of central urban areas. 
North Beijing in particular has the highest social vulnerabil-
ity scores. Moderate vulnerability is found in suburban are-
as, whereas the lowest vulnerability is obtained in central 
urban areas.  

Considering the characteristics of Beijing, the central ur-
ban areas with large number of population is very important. 
Therefore, the distribution map of social vulnerability score 
for the central urban areas of Beijing is drawn in Figure 4 
and detailed information is shown clearly. The mapping of  

 
Figure 2  The spatial distribution sketch of different vulnerability scores for Beijing. (a) Population vulneratility; (b) career vulnerability; (c) economic 
vulnerability; (d) infrastructure vulnerability. 
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Figure 3  The spatial distribution sketch of social vulnerability score of 
Beijing. 

 

Figure 4  Distribution sketch of social vulnerability score for the central 
urban areas of Beijing. 

these all data shows geographic pattern of social vulnerabil-
ity to disaster that can be used in prevention, reduction and 
recover of disaster. 

4.2  Sensitivity analysis 

Sensitivity analysis for each influencing factor was performed, 
which plays an important role in vulnerability analysis 
[29,30]. The process is as follows: 

(i) Firstly, the target influencing factor’s weight is multi-
plied by a coefficient which should be larger than 1.0. The 
coefficient in this case is set to be 5.0 (any value is okay, 
the selection of 5.0 is just for convenient treatment). Thus, 
the target influencing factor’s weight is multiplied by 5.0 in 
the condition that the other influencing factors’ relative 
weights are constant. 

(ii) To assure that the proportion of the other 25 influ-
encing factors’ weights are constant, we adjust the other 25 
influencing factors’ weights and let the sum of these 26 in-
fluencing factors’ weights equal 1.0. The equation is: 
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 , [1,26]p q , p and q are integers, 

(2) 

where Xnp is the new influencing factor’s weight of one of 
the 25 influencing factors after calculating, Xmp is the origi-
nal weight of one of the 25 influencing factors, Xmq is the 
original weight of the target influencing factor, C is the co-
efficient (in this study, 5.0 is used). 

(iii) The new SOVI (SOVInew) can be obtained by eq. (1) 
using the new influencing factor’s weights. Then the sensi-
tivity score (SENS) is 

 SENS=SOVInewSOVIold,  (3) 

where SOVIold is the SOVI value before sensitivity analysis. 
The higher the sensitivity score, the greater the influence of 
this target influencing factor.  

Then, the 26 new influencing factors’ weights were cal-
culated, and a 26×26 data array was obtained. The maxi-
mum sensitivity score of the 26 factors of each area can be 
found and this influencing factor is the most disadvanta-
geous of all factors. The vulnerability level [31] can be im-
proved efficiently by improving this influencing factor.  

Due to the large number of data, only five areas that have 
high sensitivity scores are shown in Figure 5 as an example. 
At the same time, only five influencing factors are shown in 
the analysis because these factors have the highest weight 
and sensitivity scores. Figure 5 reflects the sensitivities of 
influencing factors for each area, and it is easy to get the 
characteristics of changes in sensitivity. To explore the sen-
sitivity of each area, we can then understand how to im-
prove an area’s vulnerability level through this sensitivity 
analysis, which in turn can be used in planning development 
for Beijing. Taking Yongding street for example (Figure 5), 
we can easily understand that the highest sensitivity scores 
of these five factors is about 2.0 and then we can obtain the 
most sensible factor which is population density. Thus for 
Yongding street, population density is the most disadvanta-
geous factor, and should be the first factor addressed. It also 
shows that the percentage of households has the lowest sen-
sitivity score in Liyuan street and thus improvement of this 
factor is not urgent.  

The scores for all areas were obtained and an integral 
sensitivity distribution map is shown in Figure 6. It is shown 
that sensitivity score at the suburban areas seem fairly low, 
while high sensitivity score areas composed of central and 
rural areas. The results can provide disaster management of 
each area and contribute to decrease the social vulnerability 
before, during and after a disaster. 

5  Discussion 

In this study, taking Beijing as an example, the social vul-
nerability index system was established and an improved 
Analytic Hierarchy Process method was developed to assess 
social vulnerability. The distribution of the social vulnera-
bility of Beijing is obtained and improved directions for the 
development of each area are provided. We divided the  
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Figure 5  Sensitivity scores of five typical areas.  

 

Figure 6  Distribution sketch of sensitivity score.  

whole area into three parts including rural, central urban and 
suburban areas. The distribution map of social vulnerability 
of Beijing shows that the SOVI is very high in north Beijing. 
For these areas, the high social vulnerability is a conse-
quence of population vulnerability, career vulnerability and 
higher infrastructure vulnerability. Within these areas, roughly 
the high percentage of illiterate people, children, temporary 
population (the lower housing price attracts more migrant 
workers) and extremely high percentage of the elderly all 
lead to the high population vulnerability there. The weight 
of percent of unemployment is the most important contrib-
utor to career vulnerability. In these areas, a high percentage 
of unemployment and high-risk careers (mining, construc-
tion, carrying trade etc.) are the most important reason for 

high career vulnerability. As for infrastructure vulnerability, 
the development of subway stations, fire stations, hospitals 
and so on in these areas is far lower than in central urban 
areas. Also, there are many old dilapidated houses that are 
too dangerous to live in. Through the sensitivity analysis 
and for the above-mentioned reasons, we should find that 
the direction to reduce the vulnerability of these areas to 
decrease social vulnerability. 

On the other hand, it is found that central urban areas 
have low social vulnerability. However, the population vul-
nerability of these areas is high although there is lower per-
centage of ethnic minorities and illiterate people and a nor-
mal percentage of females, children and the elderly, because 
there are too many people living there (population density: 
about 23000/km2). Population vulnerability plays an im-
portant role when a disaster strikes. Therefore, in these areas, 
the population vulnerability must be addressed when mak-
ing disaster prevention plan. From another point of view, 
the better career distribution, better economic and infra-
structure conditions lead to lower vulnerabilities of career, 
economic and infrastructure. Also, it is easy seen that cen-
tral urban areas have low vulnerability score but have high 
sensitivity score. This result shows that we should focus on 
the disaster prevention of central urban areas although the 
low vulnerability. In suburban areas the level of social vul-
nerability is medium. The social factors of the areas be-
tween the rural and central urban areas should be improved 
in balance to decrease the social vulnerability. 

According to the analysis above, social vulnerability can 
be improved in different factors. Through this study, we can 
provide development plans for each area, and act according 
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to circumstances. Combining with the sensitivity analysis, 
we can determine the questions to be asked. And in an-
swering these questions, the vulnerability can be greatly 
decreased. Without a doubt, this method could be used to 
analyze the vulnerability of other metropolises. 

The next phase of this research will be to study the social 
vulnerability over time which will enable us to understand 
the dynamic evolution mechanism of social vulnerability. 
The results will help us adjust development plans so as to 
decrease vulnerability and enhance resilience. 

This work was supported by the National Natural Science Foundation of 
China (71173128) and Ministry of Science and Technology of China 
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