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Abstract Risk assessment and zoning are very important
to risk management. In this study, a land subsidence risk
assessment index was proposed based on the Disaster Risk
Index. The cumulative subsidence volume, the land subsidence velocity, and the groundwater exploitation intensity
were collected, analyzed, and put together to create a land
subsidence hazard evaluation map in Tianjin coastal area.
The population density, Gross Domestic Product per square
kilometer, and construction land proportion were adopted as
indexes to create the vulnerability map. In addition, the
capability of land subsidence prevention and reduction was
also assessed. Finally, the land subsidence risk map was
created by combing the hazard, vulnerability, and the
capability of land subsidence prevention and reduction map.
Specifically, the land subsidence risk was classified into five
levels, i.e., very high, high, medium, low, and very low. The
result of this research could provide a solid basis for the
sustainable development as well as disaster prevention
policy-making of Tianjin city.
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Introduction
Land subsidence is an environmental geological phenomenon that causes the slow lowering of ground-surface
elevation. It can induce serious problems such as the
damage of building and infrastructures, and in particular
the increase of inundation risk and sea water intrusion in
coastal zones, which have been documented in many places
around the world, including Tokyo, Japan (Yamaguchi
1969), Bangkok, Thailand (Bergado et al. 1987; Phien-wej
et al. 2006), Mexico (Adrian et al. 1999), Houston-Galveston Region, TX, USA (Gabrysch and Neighbors 2000),
Jakarta, Indonesia (Abidin et al. 2001), Ravenna, Italy
(Teatini et al. 2005), Pingtung Plain, Taiwan (Hu et al.
2006), and China (Xu et al. 2008).
Among all factors that can cause land subsidence,
human activities and geological actions are probably the
two most significant factors. Land subsidence caused by
human activities has been extensively investigated. Particularly, it has been found that excessive groundwater
exploitation can result in a slow but eventually significant
land subsidence (Abidin et al. 2001; Bell et al. 1986; Chen
et al. 2003; Ferronato et al. 2003; Finol and Sancevic 1995;
Geertsma 1973; Leake 2004; Lee et al. 2006; Lewis and
Schrefler 1978; Poland 1984; Poland and Davis 1969; Pratt
and Johnson 1926; Shi et al. 2007; Wahyudi 2000; Xue
et al. 2005). The occurrence and the development of the
land subsidence were closely related to the groundwater
pumping both temporally and spatially. In addition, the
shape of subsidence cone was basically identical to that of
groundwater depression cone.
During the past years, some governments and research
institutions have been attempting to assess the hazards and
risks of land subsidence as well as their spatial distribution.
Specifically, Expert Structural Damage Assessment System
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Fig. 1 Schematic map of the
study area and the precise
leveling points

(ESDAS), has been developed to evaluate the damages due
to mining subsidence in the form of risk and in all three
vital contributing components, i.e. mining factors, site
factors and structural factors (Reddish et al. 1995). In
addition, frequency ratio and logistic regression models
have been adopted to identify the hazardous areas of subsidence on GIS software platform. The logistic regression
model generated a better result than the frequency ratio
model (Kim et al. 2006).
Land subsidence caused significant economic losses in
China. The economic losses caused by the land subsidence
in Shanghai was estimated to be about 294.3 billion Yuan
during the period 1921–2000 (Zhang et al. 2003), and will
be about 24.57 billion Yuan from 2001 to 2020 (Zhang and
Wang 2005) based on the analysis by various methods,
including the future value method, the engineering cost
method, the shadow engineering method, the replacement
cost method, the disaster comparison method, the proportional method of indirect and direct comparison, and so on
(Zuo et al. 1993). In addition, in Tianjin, the economic
losses from land subsidence during the floodgate operation
was 0.345 billion Yuan (Jiang et al. 2008).
The Tianjin coastal area is located on Bohai Gulf,
including Hangu, Tanggu and Dagang districts of Tianjin
City. It is one of the most rapidly developing areas in
China. However, because it lies within the East Asia
monsoon region, it is short of surface and groundwater
resources. As a result of rapid economic development and
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population growth, groundwater in Tianjin coastal area has
been intensively exploited during the past decades, and
consequently, the rate of land subsidence in Tianjin coastal
area is the largest in China. The significant land subsidence
together with sea level rise may seriously damage the
economy and society.
In this paper, the risk assessment of land subsidence as
well as the corresponding zonation in Tianjin coastal area
was proposed by means of GIS techniques and disaster risk
index and Analytic Hierarchy Process (AHP) method. First,
the current situation of land subsidence in Tianjin coastal
area was surveyed. Then, the methods to assess the land
subsidence risk were presented; three factors as quantitative indices were identified, including the land subsidence
hazard, the vulnerability, and the capability of disaster
prevention and reduction. Finally, the maps of the hazard,
the vulnerability and the risk of land subsidence were
created.
The study area
Lying in the northeastern part of the North China Plain
(Fig. 1), Tianjin coastal area is located between Latitude
38°400 and 39°000 N and Longitude 117°200 and 118°000 E,
covering an area about 2414.33 km2 and with a total
population of about 1.1 million. It has a continental monsoon climate. Its average annual precipitation varies from
500 to 700 mm, being concentrated in the period from June
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Fig. 2 Land subsidence data of
Tianjin coastal area during the
period from 1985 to 2006

to September, and much less than the average annual
evaporation ranging from 1,800 to 2,000 mm.
The study area is a sloped plain oriented northwest–
southeast. Its elevation ranges from 1 to 3 m. It belongs to
the Neocathaysian tectonic systems. The Huanghua
depression, which was divided into two parts by the Haihe
River, the Hangu and the Cangdong fault systems, is a key
tertiary structure. There have been no major tectonic
movements in the subsidence zone of the Neocathaysian
systems since the Cenozoic era. As a result of different
rates and duration of subsidence, the sediments vary in
thickness: the thickness of the Paleozoic, Mesozoic and
Tertiary strata ranges from 1,000 to 8,000 m (Hu et al.
2002).
The Haihe River and Jiyun River run through the area
before pouring into the Bohai Gulf and form a deposition
of Quaternary sediments, which leads to the complex textures and a variety of hydrogeologic conditions in this area.
Particularly, there exist aquifers within the interbedded
Quaternary strata. Consequently, Tianjin coastal area
mainly stands on unconsolidated Quaternary and Upper
Neogene deposits. These deposits consist of a layered
sequence of marine sands and clays in which ten separate
aquifer units have been identified (Shearer 1998). In the
south, the deposits are mainly composed of fine silts and
sands and are characterized by a moderate permeability,
the slow runoff, and the poor recharge. The grain size and
deposit thickness decrease from north to south (Hu et al.
2002).
There are three subsidence centers in Tianjin coastal
area, specifically, in Tanggu, Hangu, and Dagang, respectively. The land subsidence in Tanggu started in 1959 and
its maximum accumulative subsidence was 3.25 m, while
in Hangu, the land subsidence started in 1957 and its
maximum accumulated subsidence was 3.11 m. In Dagang,
the land subsidence started in 1964 and its maximum
accumulative subsidence was only 1.01 m. In addition, in

the study area, there was about 17 km2 area below the sea
level. The government of Tianjin city has implemented
several measures to control land subsidence since 1986.
The land subsidence in most parts of the area has been
under control (Fig. 2). However, the subsidence area and
the accumulative subsidence still keep increasing.

Methods and materials
Based on the principles of disaster risk formation as well as
the natural and social characteristics of the study area, three
factors have been selected as indices for a quantitative
evaluation, including the hazard, the vulnerability, and the
capability of disaster prevention and reduction. The
disaster Risk Index method, ArcGIS Spatial Analyst, and
Analytic Hierarchy Process were adopted to assess the risk
of land subsidence in Tianjin coastal area.
Disaster risk index method
Risk is defined as the probability of harmful consequences,
or the expected loss (of lives, property, livelihoods, economic activity or environments) resulting from interactions
between natural or human induced hazards and vulnerable/
capable conditions (ISDR 2002). Risk assessment is a
process or application of a methodology for evaluating risk
as defined by probability and frequency of occurrence of a
hazardous event, exposure of people and property to the
hazard, and consequences of that exposure. The quantitative estimation of risk may be determined by using the
following relationship (Lirer and Vitelli 1998):
Dr ¼ f ðH; V; RÞ
where Dr is the disaster risk; H the hazard, i.e., the intensity
that disaster will occur in a given area within a given
period of time; V the vulnerability, a measure of the
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Based on the system approach and the natural disaster risk
index theory, a indicator framework for assessing the land
subsidence risk was designed, in which there were three
first level indicators (the hazard, the vulnerability, and the
capability of disaster prevention and reduction) and nine
second level indicators. Reclassification tool was used to
standardize the evaluating indicator (as Table 1). The data
of each indicator were classified into five classes. A
ranking number ranging from 1 to 5 was assigned to each
data based on its relative risk, in which five indicates the
highest risk. Each of these indicators was weighed by its

Factor level

Index system

Grade and value

There are several approaches to criteria weighting, one of
the most extensively used in the GIS spatial research is the
hierarchical analytical process (HAP) (Aceves-Quesada
et al. 2007). The AHP is a multi-criteria mathematical
evaluation method in the decision making process, in
which hierarchical structures are used to quantify relative
priorities for a given set of elements on a ratio scale based
on the discernment of the user.

Index

Analytic hierarchy process

Table 1 The index system, weight, and grade of land subsidence risk assessment indexes of Tianjin coastal area

ArcGIS spatial analyst provides powerful tools for comprehensive, raster-based spatial modeling and analysis. It
has been widely utilized in disaster risk assessment (Chen
and Blong 2003; Gambolati and Teatini 2002; He et al.
2003; Kim et al. 2006; Zerger and Wealands 2004; Zhou
et al. 2003). In this article, the Spline Interpolation, the
Reclassification, and the Raster Calculator tool were used
to analyze the data.
The spline interpolation method (SIM) is an interpolation method that estimates values using a mathematical
function that minimizes overall surface curvature, resulting in a smooth surface that passes exactly through the
input points. In this study, the Spline Interpolation was
used to create the raster surface based on accumulative
subsidence volume or land subsidence velocity. Similar
criteria were adopted to assign values to raster surfaces
when they were reclassified. By this way, several different raster surfaces can be created with the same values at
vertices. Reclassification tool was used to deal with the
different dimensions of evaluation indices, while Raster
Calculator provides a powerful tool for performing multiple tasks. In this article, weighted comprehensive
analysis was used.

High

ArcGIS spatial analyst
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importance in determining the land subsidence risk as
evaluated by AHP.
Different from sudden disasters, land subsidence is a
slow-onset geohazard and accumulated over years.
Therefore, the accumulative subsidence volume is the key
indicator in evaluating the land subsidence hazard (Wang
2006; Wei 2006). In addition, the land subsidence
velocity in recent 20 years was adopted as a hazard
evaluating indicator to reflect the trend of land subsidence. Specifically, the land subsidence velocity data
were divided into four time groups, i.e., from 1985 to
1990, 1991 to 1995, 1996 to 2000 and 2001 to 2005,
respectively. The average velocity was calculated for each
group. The weight of land subsidence velocity of each
group was determined by Delphi technique, that is, 0.1,
0.2, 0.3, and 0.4, respectively. In addition, because the
groundwater exploitation is the primary factor for the land
subsidence in the study area, the intensity of groundwater
exploitation was used as an important indicator in evaluating land subsidence hazard.
Generally, the level of socioeconomic development is an
important factor affecting the vulnerability, for the casualty
and economic losses from land subsidence could be very
seriously in a developed economy as well as densely
populated areas. Particularly, buildings, lifeline engineering, surface elevation, etc. can be significantly affected by
the land subsidence. Therefore, in this paper, the population density, GDP per square kilometers, and Construction
Land proportion were all selected as vulnerability indicators (Zhou et al. 2000).
In order to control the land subsidence, Tianjin Land
Subsidence Control Office started a real-time monitoring of
land subsidence in 1986 and began to restrict the groundwater exploitation. Since then, the measures as well as
managements of disaster prevention and mitigation and the
legislative regulation have been improved significantly
along with the urbanization, the population quality, and the
degree of civil development. Therefore, the length of level
survey per square kilometers, the reduction in the volume
of groundwater exploitation as well as pumped groundwater, and the Urbanization level were selected to evaluate
the capability of disaster prevention and reduction.
Data
An elaborate monitor network has been established in
Tianjin coastal area. By the end of 2006, there have been
575 precise leveling points in this area (Fig. 1). The
accumulative subsidence volume and land subsidence
velocity at every monitor point was calculated using precise leveling data from 1985 to 2006; a surface was then
created by the spline interpolation with the output cell
size 200 m 9 200 m. The population, economic data,
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Fig. 3 Land subsidence hazard zonation of Tianjin coastal area

construction land proportion, and urbanization level were
obtained from 2007 Tanggu Statistical Yearbook, 2007
Hangu Statistical Yearbook, and 2007 Dagang Statistical
Yearbook. The length of level survey per square kilometers
and groundwater exploitation data were obtained from
Tianjin Water Resource Bureau. In addition, all of these
data were plotted in maps that were digitized based on the
topographic map to obtain a good spatial coincidence as
well as a unified coordinate system and projection system.
ArcGIS spatial analyst toolbar was used to convert data
from features to raster.

Results and discussion
Land subsidence hazard
As shown in Fig. 3, the High hazard and Very high
hazard regions accounted for about 50% of the total study
area. Specifically, the Very high hazard regions were
mainly in Yang Jiabo Town, Yingcheng Town, part of the
Hangu downtown, Zhongtang Town, Xiao Wangzhuang
Town, and Hu Jiayuan Sub-district. Particularly, the
accumulated subsidence in these regions was above
1,000 mm during the period from 1985 to 2006. On the
contrary, the Very low hazard regions were mainly in
Taiping Town, Gulin Sub-district, Haibin Sub-district,
Dagu and Xingang Sub-district, where the accumulated
subsidence was less than 400 mm during the period from
1985 to 2006. Moreover, there was an obvious correlation
between the accumulated groundwater extraction and the
accumulated subsidence (Hu et al. 2002; Shearer 1998;
Shen et al. 2004).
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Land subsidence vulnerability
As shown in Fig. 4, the very high vulnerability areas were
mainly in Hang Zhoudao Sub-district, Bohai Shiyou Subdistrict, and the downtown of Hangu, while the High vulnerability areas were around Hu Jiayuan, Xiangyang and
Xingang Sub-district. All of these regions were highly
developed economically and had a high population density.
Specifically, Hang Zhoudao Sub-district has the highest
population density in the study area, with 13,161 people in
every square kilometer. In addition, there were many petrochemical companies in Binhai Shiyou Sub-district.
Moreover, Tianjin Economic-Technological Development
Area (TEDA) located at Xiangyang Sub-district was the
most developed area in economy and advanced technology
in Tianjin coastal area. The GDP per square kilometers of
TEDA in 2006 was as high as 23.65 9 108 Yuan. Finally,
Tianjin Port and Tianjin Free Trade Zone are situated at
Xingang Sub-district. Therefore, the disaster losses in these
areas are expected to be large (Chen and Niu 2002; Zhou
et al. 2000). In contrast, the very low vulnerability areas
were mainly in Yang Jiabo Town, Yingcheng Town, Gulin
Sub-district, Taiping and Xiao Wangzhuang Sub-district,
among which Yingcheng Town has the lowest population
density, with about 41 people in every square kilometer. It
is also the most undeveloped region in the study area with a
GDP per square kilometers 431.14 9 104 Yuan.
Capability of land subsidence prevention and reduction
Tianjin Land Subsidence Control Office started a realtime monitoring of land subsidence and groundwater
level in 1986. During the period from 2004 to 2006, some
effective actions have been taken to close 16 groundwater-

Fig. 5 Effectives of land subsidence reduction measures in Tianjin
coastal area

mining wells and reduce the groundwater exploitation
by 772.76 9 104 m3. The capability of land subsidence
prevention and reduction has also been improved.
Specifically, as shown in Fig. 5, the capability of land
subsidence prevention and reduction was high in Hangu,
while low and medium in Tanggu and Dagang, respectively. However, there were still many regions undergoing
land subsidence, and meanwhile, the subsidence area kept
expanding (He et al. 2005; Hu et al. 2004; Xu et al. 2008).
Therefore, more work and efforts are needed to improve
the capability of land subsidence prevention and reduction
in the future.
Land subsidence risk

Fig. 4 Land subsidence vulnerability zonation of Tianjin coastal area
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The land subsidence risk map of Tianjin coastal area was
constructed from the Land subsidence hazard map, the
vulnerability map, and the capability of disaster prevention
and reduction map using GIS (Gambolati and Teatini 2002;
Zerger and Wealands 2004). The high risk and very high
risk areas were mainly in the part of the Hangu downtown,
the northwest of Yang Jiabo Town, the northeast of
Yingcheng Town, Hu Jiayuan Sub-district, Hang Zhoudao
Sub-district, Zhongtang Town, and Xiao Wangzhuang
Town, while Low risk and Very low risk areas were mainly
around the south of Chadian Town, the south of Yingcheng
Town, Beitang Sub-district, Xinhe Sub-district, Dagu Subdistrict, Haibin Sub-district, Gangxi Sub-district, Taiping
Sub-district, and Gulin Sub-district (Fig. 6).
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Fig. 6 Land subsidence risk zonation of Tianjin coastal area

Conclusions
Here a method to assess land subsidence risk as well as
zoning in Tianjin coastal area was proposed based on GIS
and natural disaster risk assessment techniques. The high
risk areas were defined as the region with high hazard and
vulnerability. The major contribution of this study is the
creation of the map of land subsidence hazard/risk of
Tianjin coastal area. Specifically, very high hazard regions
were mainly located at Yang Jiabo Town, Yingcheng
Town, part of the Hangu downtown, Zhongtang Town,
Xiao Wangzhuang Town, and Hu Jiayuan Sub-district,
while very high vulnerability regions were at Hangzhou
Sub-district, Bohai Shiyou Sub-district, and downtown of
Hangu. The capability of land subsidence prevention and
reduction was found at the high level in Hangu, whereas at
the intermediate and low level in Dagang and Tanggu,
respectively. In addition, the very high risk regions were
mainly in part of the Hanggu downtown, Hu Jiayuan Subdistrict, Hang Zhoudao Sub-district, Zhongtang Town, and
Xiao Wangzhuang Town.
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