Int. J. Environ. Res. Public Health 2011, 8, 1368-1387; doi:10.3390/ijerph8051368

International Journal of
Environmental Research and
Public Health

ISSN 1660-4601
www.mdpi.com/journal/ijerph

Article

Spatial Multicriteria Decision Analysis of Flood Risks in
Aging-Dam Management in China: A Framework and
Case Study

Meng Yang ', Xin Qian “*, Yuchao Zhang ""*, Jinbao Sheng *, Dengle Shen * and Yi Ge

! State Key Laboratory of Pollution Control and Resource Reuse, School of the Environment,

Nanjing University, Nanjing 210046, China; E-Mails: yngjyangmeng@gmail.com (M.Y.);
ge.ellie@gmail.com (Y.G.)

Dam Safety Management Department, the Ministry of Water Resources of China,

Nanjing 210029, China; E-Mail: jbsheng@nhri.cn

Hydraulic Investigations and Design Institute of Chuzhou, Chuzhou 239000, China;
E-Mail: sdl0308@sohu.com

* Author to whom correspondence should be addressed; E-Mails: xgian@nju.edu.cn (X.Q.);
zhangych@nju.edu.cn (Y.Z.); Tel.: +86-25-89680527; Fax: +86-25-89680527.

Received: 8 March 2011; in revised form: 15 April 2011 / Accepted: 16 April 2011/
Published: 4 May 2011

Abstract: Approximately 30,000 dams in China are aging and are considered to be
high-level risks. Developing a framework for analyzing spatial multicriteria flood risk is
crucial to ranking management scenarios for these dams, especially in densely populated
areas. Based on the theories of spatial multicriteria decision analysis, this report generalizes
a framework consisting of scenario definition, problem structuring, criteria construction,
spatial quantification of criteria, criteria weighting, decision rules, sensitivity analyses, and
scenario appraisal. The framework is presented in detail by using a case study to rank dam
rehabilitation, decommissioning and existing-condition scenarios. The results show that
there was a serious inundation, and that a dam rehabilitation scenario could reduce the
multicriteria flood risk by 0.25 in the most affected areas; this indicates a mean risk
decrease of less than 23%. Although increased risk (<0.20) was found for some residential
and commercial buildings, if the dam were to be decommissioned, the mean risk would not
be greater than the current existing risk, indicating that the dam rehabilitation scenario had a
higher rank for decreasing the flood risk than the decommissioning scenario, but that dam
rehabilitation alone might be of little help in abating flood risk. With adjustments and
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improvement to the specific methods (according to the circumstances and available data)
this framework may be applied to other sites.

Keywords: aging dams; flood-risk analysis; dam removal; dam decommissioning

1. Introduction

There are more than 85,000 dams in China. Most were built during the period between the 1950s
and the 1970s, and an increasing proportion are approaching or exceeding their designed lifespans [1].
Approximately 30,000 of them (36%) are considered to be of high-level risk because of structural
obsolescence and/or lack of proper maintenance [2]. Those aging dams that do not satisfy current flood
or other loading criteria and do not adhere to current state-of-the-art practices pose significant risks
(e.q., risks of property damage and loss of life if the dam fails) to downstream regions, especially in
highly populated areas.

Dam rehabilitation is the predominant scenario for resolving this problem in China [3]. However, it
Is impossible to reinforce all dams in China within a short time under the current economic conditions.
In addition, as societal values change, some dams become undesirable from an economic,
environmental, public interest, or political point of view. When any dam becomes a hazard that is
uneconomical to repair or is deemed undesirable, treatment alternatives may include decommissioning.
Internationally, dam decommissioning is being increasingly considered and this reflects a growing
concern over dams’ adverse ecological, social, and economic impacts [4,5]. While there were more
than 1,600 dams that were decommissioned before the end of 2002 in China [1], increased attention
has been paid to decommissioning since The Management Regulations of Dam Degrading and
Decommissioning (Trial) was promulgated by the Ministry of Water Resources of China (MWR)
in 2003.

In fact, decommissioning is not widely accepted by water resource managers in China who worry
about the potential increase in flood risk after a structure is decommissioned. In addition, there is no
formal framework or guidelines for analyzing the changes of flood risks in that occur during
aging-dam management. As a result, the progress of implementation of aging-dam management
(especially for small and medium-sized dams) in China is slow. Furthermore, the effects of
decommissioning on flood risk have not been adequately considered. Only a few examples that
evaluated the impacts of dam removal on hydrology (rather than flood risk) can be found in the
literature [6-9]. Developing a framework for flood-risk analysis is crucial for decision making in the
management of aging dams. In the domain of dam safety management, risk mainly refers to the
probability of dam failure (such as in the studies of Kuo et al. [10] and Kwon et al. [11]). However,
flood-risk analyses encompass the hazard flood event and its possible consequences. This report
attempts to address this gap by a using spatial multiple-criteria framework for flood-risk analysis.

Decision making for water-management scenarios regarding flood risk involves multiple criteria,
including economic, social and environmental criteria [12,13]. Decision makers must also locate
information about changes in spatial flood risk for identifying local hotspots and for developing local
immigration measures [14]. Spatial multicriteria decision analysis (MCDA) is useful for managing
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flood risk. MCDA is defined as a collection of techniques for analyzing geographic events for which
the results of the analysis depend on the spatial arrangement of events [15]. There are few studies that
have used spatial MCDA in the field of flood-risk management and analysis. These studies were not
completely consistent with MCDA theory, or they had objectives different from aging-dam
management. For example, Kubal et al. [16] assigned a weight of 0.9 out of 1 to environmental criteria
without explaining why they chose such an extreme value, whereas Meyer et al. [17] gave weight to
indicators that only considered the decision-makers’ objectives. Raaijmakers [18] evaluated land-use
alternatives based on their suitability as flood-risk management alternatives for coastal zones where
the flood-management objectives are different from those for areas downstream of the dam sites.
Based on spatial MCDA theory, the research discussed here first introduces a general framework for
the spatial analysis of changes in the multicriteria flood risk of aging-dam-management scenarios; the
framework is then applied to a case study.

2. The General Framework

Based on spatial MCDA theory [15], the major components of the framework are generalized in
Figure 1. The framework mainly consists of the following eight steps: scenario definition, problem
structuring, criteria construction, spatial quantification of criteria, criteria weighting, decision rules,
sensitivity analyses, and scenario appraisal.

Figure 1. The general procedure of spatial multicriteria flood-risk analysis in the
management of aging dams.
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In the context of aging dam management, there are three scenario categories: dam rehabilitation,
demotion, and decommissioning. Dam rehabilitation refers to repairing or strengthening of the dam
and appurtenant structures to reach an acceptable level of safety and function while not significantly
lowering the original design rank [3]. Demotion means reduction in the design rank of the dam so that
it still retains some economic benefits (on the premise that an acceptable safety level is achieved).
Decommissioning is defined as the full or partial removal of an existing dam and its associated
facilities or significant changes to the operations thereof.

The problem of flood-risk analysis is defined as using the existing condition as the benchmark to
identify how the multicriteria flood risk of each decision scenario might be changed. It can be
structured into two steps. The first step is a multicriteria flood-risk analysis, which is an important
prerequisite of step 2 [19]. Associated with operating an existing system, the problem is to identify the
magnitude and spatial distribution of flood risk and to determine areas where the risk is high and
vulnerable to system changes. When an existing system can no longer adequately meet the needs of the
community because of dam aging, new requirements for the dam, changes in land use, or an increase
in public safety perceptions, then the next set of actions begins: planning for a revised or rehabilitated
system that is adapted to the altered conditions. The second step is a multicriteria scenario appraisal to
identify the scenario that is best adapted to the new condition. If this scenario cannot reduce the flood
risk, at least it does not increase it.

The appraisal criteria are the changes in flood risks, and they include economic, social and
environmental dimensions. The relevant literature is examined to obtain an overview of what criteria
should be used to analyze the multicriteria flood risk. The indicators are then constructed following the
five desirable properties of criteria, namely criteria that are unambiguous, comprehensive, direct,
operational, and understandable [20].

The spatial quantification of each criterion consists of the mapping of its flood risk. Flood risk is
defined as a function of the probabilities and spatial consequences of flood events [21]; these events
consist of dam failure and a spectrum of general flood events. Spatial consequences are the combined
results of the spatial distribution of the physical characteristics of flood inundation (i.e., depth, velocity,
and duration) and damage functions. After quantification of the criteria, criteria weights are obtained
by considering the opinions of decision makers and relevant stakeholders. Using specific decision
rules, the geographical data and criteria weights are combined and transformed into a map of
multicriteria flood risk.

A sensitivity analysis is carried out to identify the effects of changes in the input (geographical data
and stakeholders’ preferences) on the outputs (ranking of scenarios). The last step of the framework is
apprising scenarios for providing recommendations for aging-dam management.

3. Case Study
3.1. The Study Area and Scenario Definition

The study area was the southwest region of Chuzhou City, which is situated at 32.3° N, 118.5° E in
Anhui Province, China. The area slopes from Langya Mountain in the southwest to the Qingliu River
(Figure 2), and changes topographically from mountainous terrain to flat land. It is located in the East
Asian monsoon zone and has an annual average temperature of 15.2 °C and an annual average
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precipitation of 1,034 mm (57% of which occurs between June and August). There was a small
channel that drained water from the upper mountain area to the Qingliu River. During the progress of
city expansion, the natural channel was mostly encroached upon, thus compounding flooding problems.
The Heiwa Dam, located at the foot of Langya Mountain (Figure 2), is an earthen dam built in 1950
for irrigation and mountain flood control. Owing to the poor construction quality and management, the
dam has aged and deteriorated over the past 60 years. It is no longer operated for its original purpose
because the surrounding farmlands have been largely converted to urban areas. The dam site
and its surrounding areas have been allocated to the construction of a new campus of Chuzhou
Normal University.

Figure 2. Study area and locations of important elements vulnerable to flood damage.
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Two management scenarios were proposed for the case study of the Heiwa Dam (Table 1). The first
one is a dam-decommissioning scenario that would partially remove the dam and retain only a small
portion of the reservoir storage capacity for recreational purposes.

Table 1. Summary of the key physical characteristics of the management scenarios.

. Max. dam Norm.al Storage capacity/10*m®
Scenario height/m operating Normal Flood Total
depth/m depth control
Existing-condition 12.2 10 44.5 115 56
Decommissioning 4 2 9 0 9
Rehabilitation 12.2 8.8 35.3 16.7 52

Through decreasing the dam height to 4 m, this scenario is expected to significantly decrease the
probability of dam failure. There will however be no storage capacity for future flood control if this
scenario is adopted, so there is concern that the flood risk may increase under this scenario. The
second scenario is dam rehabilitation, which refers to repairing the dam and its associated structures to
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achieve an acceptable level of safety. In addition, through decreasing the normal operating depth by
1.2 m, part of the storage capacity would be adjusted for flood control. As a result, the storage capacity
for flood control would be increased by 45%.

3.2. Criteria Construction

The study area is densely populated. The criteria were constructed according to a similar study [16]
and are listed in Table 2. The direct economic loss to assets and inventories of residential, industrial
and commercial buildings was used as an indicator of economic loss. The asset values that are at risk
were estimated based on official statistics [22]. The value of a unit area was 652 yuan/m? for
residential buildings and 640 yuan/m? for industrial and commercial buildings. Depth-damage curves
were used to calculate the damaged share of these values. The depth-damage curves in this study
(Figure 3) were extrapolated from other sites in China [23,24] and attention was paid to the similarity
in building type and contents during the extrapolation [25].

Table 2. Indictor sets for multicriteria flood-risk analyses in the case study.

Criteria Indicator Indicator description Damage unit (.../cell)
Economic Economic loss Loss to assets and inventories of residential, Yuan
industrial, and commercial buildings
Economic risk of Affected public infrastructure such as railways,
infrastructure telephones and electricity Binary:
Environmental  Erosion Affected non-sealed areas and major urban roads inundated = 1;
Social Social hot spots Affected social infrastructure such as schools, un-inundated =0
kindergartens, retirement homes, and hospitals
Population Affected population per residential building Number of people

Figure 3. Depth-damage curves of residential, industrial and commercial buildings.
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Another economic indicator was aggregated economic risk, which was based on the types of
infrastructure (including railways, telephones and electricity; see Table 2). A binary approach [16] was
applied that calculated damage using simple Boolean 0 and 1 values to spatially allocate the elements
of risk,. If a risk cell was inundated, the damage was set to 1, which indicates that the presence of the
element in the flood zone increased the flood risk; otherwise, the damage was set to 0. Although this
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approach has a higher uncertainty and does not account for the inundation depth, it can simplify the
process of locating elements at risk in a complex system with limited available data [16].

The environmental damage caused by flood events should not be ignored, especially in developing
countries that are in the process of urbanization and have large areas of construction sites. These sites
are non-sealed, bare lands that have unit-soil loss rates that are much higher than comparable rates for
undisturbed areas [26,27]. The urban road network is also a major source of sediments in urbanized
river basins [28]. The binary approach was also applied to assess the environmental risk of erosion
(Table 2).

If a building were affected, the residents might lose their lives, or would be in danger of being
trapped in their houses and cut off from public transportation, social infrastructure and health care. In
addition, they could suffer damage from extreme floods due to psychic trauma, stress and
contaminated drinking water [29]. The indicator of affected population per residential building was
quantified by using population-density data at a spatial scale of single houses. The average population
per household in the study area was 2.63 [22]. The residential buildings were classified into four types
(Table 3) based on surveys. It was assumed that all of the buildings of one type had the same number
of floors and households. By assigning a population to the corresponding residential buildings and
dividing the value by the area of the first floor, a final map of the population density of residential
buildings was produced. By intersecting this population density map with the map of inundation extent,
the number of affected people could be estimated. In addition to the affected population, the number of
affected social hot spots was used as an indicator to estimate social risk (Table 3). This indicator was
also allocated using the binary approach.

Table 3. Classification of building heights and households.

Residential buildings Number of floors  Number of households
Multi-story buildings 4-7 16-18
High-rise buildings equipped with elevators 8-13 48-78
Low-rise buildings 1-3 1-6

Rural buildings 1-3 1

3.3. Probability Estimation

Dam-failure probability can be characterized by event tree analysis [30], which is mostly based on
engineering [31]. Event tree analysis was carried out based on the outcomes of a panel discussion. The
panel consisted of four experts from the Dam Safety Management Department (MWR). After the
discussion of the experts, an agreement on event trees was achieved. To meet the criteria of a
“worst-case scenario” of dam failure, the failure event with the largest probability was considered.
This was piping failure at check flood (probabilities are shown in Table 4). In addition to flooding
caused by dam failure, a flood event with a probability of 0.02 per year was selected according to the
flood protection standards of Chuzhou City. By combining the different flood events, the risk of an
indicator follows the equation below [32]:

R=2.D*P (1)
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where R is the flood risk of the indicator; D; is the damage caused by the ith flood event with a
probability of P;; and m is the number of flood events (including a piping failure and a 50-year flood)
in the case study.

Table 4. Results of event-tree analysis of piping failure.

Probability of events

] Infiltration of .
Scenario Concentrated .. Intervention

Flood  downstream Piping . Dam failure
seepage failure
slope
Existing-condition 0.01 0.9 0.5 0.9 0.5 2.03E-03
Decommissioning 0.01 0.1 0.1 0.1 0.1 1.00E-06
Rehabilitation 0.01 0.1 0.1 0.1 0.5 5.00E-06

3.4. Flood Inundation Modeling

To quantify the indicators shown in Table 2, the prime physical parameters of flood inundation
(e.g., depth and extent) are needed. The common approach to urban-flood modeling is to employ a 2D
approach at high resolution and to calibrate the friction parameters to the observed data [33]. In the
present study, the MIKE21 Flow Model [34] was used to model inundation depth. The data that were
used to carry out the simulation included the following:

(1) Boundary conditions. The upstream boundary conditions were dam-outflow hydrographs. If the
dam is decommissioned, the reservoir will have no flood-control capacity (Table 1); thus, its inflow
hydrograph (Figure 4a) was set as an upstream boundary condition for the modeling of a 50-yr
flood event.

Figure 4. Upstream boundary conditions for inundation modeling of (a) 50-year flood
events and (b) dam failure floods.
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For the existing condition and the rehabilitated dam scenario, outflow hydrographs were calculated
employing the higher-order Runge-Kutta reservoir routing method [35]. The calculated results are
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shown in Figure 4a. A piping failure of the Heiwa Dam was simulated using the BREACH model [36].
Parameters describing the physical characteristics of the dam were used to obtain an outflow
hydrograph of dam failure (Figure 4b). The initial water-surface elevation for a piping breach reflected
a normal operating elevation (Table 1); the piping inflow was equal to the 100-year flow rate as the
check flood event. The downstream boundary condition was set to a constant discharge of 8 m%/s,
which is equal to the drainage capacity of a pumping station located at the outlet of watershed
(Figure 2).

(2) Terrain data. To replicate the high spatial-height variability of urban areas, topographic input for
modeling was considered as two distinct layers, with a mask of building locations and elevations
overlaying the ‘bare earth’ terrain [37]. A bare earth DEM was obtained from a 1:10,000 contour map
that had a 1-m vertical interval for flat areas and a 2.5-m interval for steeper areas. Building heights
were inserted into the bare earth DEM based on their locations, which were obtained from a land use
map. Choosing the appropriate model resolution is important for urban flood inundation modeling; the
grid resolution was set to 10 m according to the dimensions and separation of the buildings [37].

3.5. Decision Rule and Criteria Weighting

A weighted summation (WS) was used to combine the different judgments to reach a final overall
ranking of scenarios. WS is the most simple and widely applied MCDA technique [38]. It first
transforms all of the indicators into a commensurate scale between 0 and 1 by linear standardization
as follows:

v, = Rj —minj(-Rjk) 2
max; (R; ) —min; (R;)

where Rj is the risk from the kth scenario for the jth indicator; v is the standardized value of R;jc; and
min;(Rj) and max;(R;jc) are the lowest and highest risk values, respectively, for the jth indicator across
all of the scenarios. It then sums the indicators multiplied by weights, as follows:

Ry :;ijij 3)
2=t @

where Ry is the multicriteria flood risk of the kth scenario; w; is the weight of the jth indicator; and n is
the number of criteria.

Structured interviews [39] were carried out among local citizens, water resource managers and dam
safety engineers to incorporate the opinions of different stakeholders regarding criteria weights.
Weights of key criteria were elicited by a direct rating method [40]. For each indicator, respondents
were asked to directly give a rating (out of 100) according to its relative importance in analyzing flood
risk [40]. For the jth indicator, the weight (w;) given by an individual was calculated by Equation (5) as
follows [40]:
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w=IL, Z;mj. (5)
]=

where IL; is the rating score of the jth indicator given by the individual and n is the number of
indicators. The results of the weight sets are shown in Table 5.

Table 5. Weight sets of indicators.

Criteria Indicator min  mean  max
Economic Economic loss 0.1 0.21 0.48
Economic risk of public infrastructure ~ 0.16  0.19 0.6
. Population 0.14 0.27 0.36
Social )
Social hot spots 0.06 0.25 0.45
Environmental Erosion 0.03 0.08 0.44

3.6. Sensitivity Analyses of Criteria Weights

Indicator weights are often uncertain for two reasons: (1) decision makers may be not aware of their
preferences regarding the indicator; and (2) multiple stakeholders have different opinions. Because
these weights are usually based on highly subjective judgments, the stability of the priority under
varying indicator weights must be tested. Each indicator weight was altered for the increment of value
of a, as follows:

w(c,q) =W, +axq, W, /a<q<w_ /a (6)

where c is the main changing indicator under consideration; w(c,q) is its weight at the gth change; and
w_and w__ are its minimal and maximal weights, respectively. The weights of other indicators

min max

were adjusted proportionally to satisfy the additivity constraint in Equation (4), as follows:
w(c;,q) =[1-w(c,g)]xw(c;,0)/[1-w(c,0)], 1< j<nandc; #c @)

where w(c;,q) is the weight of the jth indicator; w(c;,0) and w(c,0)are the mean weights of the jth
indicator and the main changing indicator under consideration, respectively; and n is the number
of indicators.

4. Results and Discussion
4.1. Calibration Results of Flood Inundation Modeling

The most detailed data observed in the study were the inundation depth of 18 points (Figure 2) in
the flood event that occurred on August 1, 2008. This event, which had an estimated return period of
30-100 years [41], was caused by a rainstorm that generated up to 429 mm of rain in approximately
24 hours [42] and led to the inundation of various localities with water depths of more than 1.5 m,
causing extensive property damage [41]. To calibrate the roughness coefficient of these observed data,
16 simulations were conducted with the Manning’s n values varying from 0.01 to 0.4 [33,37,43]. The
response surface (Figure 5a) suggests an improvement in model performance at high values of
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Manning’s n, but values larger than 0.22 decreased model performance. Consequently, a uniform
Manning’s n of 0.22 was used.

Figure 5. (a) MAE of different values of Manning’s roughness from 0.01 to 0.4;
(b) comparison of the observed and modeled inundation depth using Manning’s roughness

of 0.22.
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In an urban area, a prevailing approach for predicting flood inundation is dual-drainage modeling,
which combines a 2D overland-flow routing model, a 1D channel-flow model and a sewer system
model [44,45]. For the case study of the Heiwa Dam, a simplification to 2D overland flow is
reasonable for several reasons. Firstly, the small natural channels have been encroached upon and
filled during the progress of urbanization and thus have lost their ability to drain floodwater. Secondly,
the discharge capacity of the sewer system has a maximum value of 5 m*/s, which is approximately
10% of the peak discharge in a 50-year flood under existing conditions (Figure 4a); therefore, the
influence of the sewer system was ignored in this study. The comparison of modeled and observed
inundation depths showed that R? was 0.73 (Figure 5b), which indicated that the performance of the
model was acceptable.

4.2. Flood Risk under Existing Conditions

In the case study, the elevations of the first floors of buildings were generally the same as those of
the surrounding territory, and there were no protective measures; thus, it was reasonable to assume that
the damaging water depth inside the buildings was the same as the water depth across the terrain [14].
The spatial patterns of damaging water depth during 50-year and dam-failure floods under existing
conditions are shown in Figures 6a and b. These figures reveal that the flood zone of the dam-failure
event was approximately 3.3 km?, which was approximately 37.5% larger than that of a 50-year flood
event. The enlargement area of the flood was primarily located in a rural area to the east of the Jinghu
Railway (Figure 2). The urban areas located downstream of the dam site and west of the Jinghu
Railway had a slight enlargement in the extent of flooding but experienced a significant increase in the
inundation depth compared with the 50-year event (Figures 6a and b). The most seriously inundated
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areas were those near the dam site (including the Shanshui Residential Community and the western
part of the Chuzhou High-tech Zone along Fengle Road; Figures 2, 6a and b) where the water depth
was deeper than 0.77 m during a 50-year flood event and reached 2.56 m if the dam failed. These areas
are densely populated or have a high concentration of businesses and are thus vulnerable to flooding.
These results reflect the fact that the flood inundation risk for the urban areas downstream of the dam
site is serious under existing conditions.

Figure 6. Modeled maps of inundation depths in (a) 50-year floods and (b) dam-failure
floods under existing conditions.
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For each of the five indicators, a separate risk map of the existing condition was computed based on
damaging water depths. The spatial patterns of economic-loss risks and populations at risk in
residential buildings overlapped, so the risks of the two indicators were combined and classified
into three ranges (Figure 7a). The highest risk (economic loss risk > 228 yuan/year/cell,
population at risk > 0.007 person/year/cell) was found in the residential areas (Figure 7a) including
Shanshui and the Bali Residential Community (Figure 2). Low economic-loss risk (values from 2 to
100 yuan/year/cell) was distributed in the western and northern parts of the Chuzhou High-tech Zone
along Fengle Road (Figures 2 and 7a). The social hot spots, including the municipal administration
center and the blood bank (Figure 2), were affected in two flood events (Figures 6a and b); hence, the
inundated probability per year was 0.022 (Figure 7a). Most of the inundated areas with erosion
potential were also affected in both of the flood events and thus had erosion risks of 0.022. A section
of the Jinghu Railway (Figure 2) of approximately 600 m might also be inundated (with a probability
of 0.022 per year). The areas without flood risk (e.g. that are not vulnerable to flooding) include
impervious areas (except roads) and submergence-tolerant grassland.

When the flood risks of the five indicators were summed using the mean weight sets (Table 5), the
multicriteria flood risk was calculated (shown in Figure 7b). High multicriteria flood risks (values
from 0.17 to 0.44) were found in portions of the Shanshui Residential Community, in social hot spots
and along a section of the Jinghu Railway.
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Figure 7. (a) Flood risk of each indicator and (b) multicriteria flood risk under existing
conditions. Economic-loss risk (yuan/year/cell) and population at risk (person/year/cell)
were classified into the three following ranges: 1 (2 < economic loss risk < 100 or
population at risk < 0.002); 2 (100 < economic loss risk < 228 or 0.002 < population at risk
< 0.007); and 3 (228 < economic loss risk < 490 or 0.007 < population at risk < 0.02).
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The elements of medium-level risk (values from 0.04 to 0.17) were distributed over the residential
buildings, main roads and bare lands in the inundated areas. The commercial buildings had the lowest
multicriteria risk (<0.04).

4.3. Changes in Multicriteria Flood Risks of Two Scenarios

The multicriteria flood risks of the two scenarios were also computed using the mean weight sets
shown in Table 5. The spatial patterns of the changes in multicriteria risk from risk under existing
conditions are shown in Figure 8. In the dam decommissioning scenario, areas with increased risk
(<0.20) were found in some of the residential and commercial buildings (e.g., those in which the
inundation depth was increased by more than 0.15 m during a 50-year flood event; Figure 8a). Other
elements in the flood zone had risks that were decreased by up to 0.25 (Figure 8a) because the
dam-failure probability was significantly reduced when the dam was decommissioned (Table 4). The
dam rehabilitation scenario reduced the risk by up to 0.25 in the most affected areas as a combined
result of the lower water depth during a 50-year flood and the smaller probability of dam failure
(Table 4). However, areas at the fringes of the inundation zone were found to have increased risk
because the dam rehabilitation alternative slightly enlarged the extent of inundation (Figure 8b).
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Figure 8. Changes of multicriteria flood risk from risk under existing conditions in two
scenarios: (a) dam decommissioning scenario and (b) dam rehabilitation scenario.
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In the dam decommissioning scenario, the mean risk near the dam site (e.g., at a distance of less
than 2 km; Figure 9) was larger than the risk under existing conditions as a result of the increased risk
to residential and commercial buildings (Figure 8a). As the distance to the dam site increased, the
mean flood risk decreased (as compared with the existing conditions). The dam rehabilitation scenario
always had a smaller mean risk, even in areas less than 1 km downstream of the dam site (Figure 9).

Figure 9. Comparison of multicriteria flood-risk averaged over different distances to the
dam site among three scenarios.
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4.4. Weight Sensitivity

The sensitivity analyses were carried out by using an incremental change (0.02) in the weight of
each individual indicator. The multicriteria map was translated into a non-spatial multicriteria analysis
by spatial aggregation. The most commonly used method is to take the average of the values in the
map [18]. After spatial aggregation, the mean risk values of the cells are used to rank the ability of the



Int. J. Environ. Res. Public Health 2011, 8 1382

scenarios to reduce the multicriteria flood risk (Figure 10). The most sensitive relative indicators were
erosion and economic loss, which resulted in the ranking of the dam-decommissioning scenario at a
level very close to the ranking of the existing conditions. The perturbation of the weights in other
indicators (particularly social hot spots) had a slight impact on the rankings. This revealed that the
rankings were almost independent of changes in the weights associated with this indicator; thus the
ranking was robust [15]. Although the results obtained from the sets of weights displayed some
differences, the general structure of the final rankings was similar: the rehabilitation scenario placed
first, the decommissioning scenario was second, and the existing conditions tended to be in the last
position (Figure 10).

Figure 10. Sensitivity analyses results: the changes of mean multicriteria flood risk for
each alternative with an increment (increasing or decreasing by 0.02) of the weight of each
individual indicator.
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4.5. Scenario Appraisal and Recommendations

Despite variation in the indicators weights, the dam rehabilitation scenario maintained the highest
ranking. This scenario decreased the mean risk by no more than 23% over the risk under existing
conditions (Figure 10), yet this decrease was small when compared with its resultant increase (45%) in
the reservoir flood-control storage capacity (Table 1). These results indicate that the aging-dam
management scenario alone (which increases the flood-control capacity of the dam) can be of little
help in the flood-risk abatement effort examined in this case study. Therefore, a comprehensive plan
addressing flood-risk management is necessary. Dewan et al. [46] suggested that this plan should
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combine land-use strategies with the careful consideration of certain structural controls. They
emphasized the preservation of natural channels and infiltration processes during urban planning. In
the case of Chuzhou city, however, small channels were often encroached upon during the
urbanization progress and thus lost their ability to drain floodwater. It is crucial to improve the
drainage systems of the city and to prevent the further filling in of channels to dramatically decrease
the flood risk.

The ranking of dam decommissioning was generally in the middle, although some exceptions
remained for the indicators of economic loss and erosion. If maximal and minimal weight values,
respectively, were assigned to the two indicators, the mean risk of the dam-decommissioning scenario
ranked very close to the risk under existing conditions. When the weight of economic loss reached
0.48, the mean risk of the dam-decommissioning scenario increased almost to that of existing
conditions (Figure 10). The dam-decommissioning scenario increased the economic-loss risk for some
of the residential and commercial buildings (Figure 8a); thus, the larger weight assigned to economic
loss enlarged its disadvantage. When a minimal weight was given to erosion, the mean risk of the
decommissioning scenario was as large as the risk under existing conditions. In general, the mean risk
of all of the cells is not greater than the risk under existing conditions if the dam is decommissioned
(although areas with increased risk were found in some residential and commercial buildings). It seems
that the flood-control capacity of the Heiwa Dam is limited, and decommissioning it will not
significantly increase the flood risk. The priority of the dam-decommissioning scenario could be
increased if a comprehensive plan addressing flood-risk management (i.e., improving the drainage
systems of the city) were to be implemented. The priority of the dam decommissioning scenario may
be further increased considering its beneficial effects on ecosystem restoration [47].

4.6. Potentials and Limitations of the Framework Adaptation

The framework presented here shows the multidisciplinary characteristics of analyzing multicriteria
flood risks in aging-dam management. It involved the research regarding dam-safety engineering,
hydraulic, hydrological, environmental, economic and social issues. Furthermore, the participants
included relevant stakeholders, experts, and decision makers. The multidisciplinary and
multiple-participant characteristics of the study made it possible to incorporate dam-safety
management with flood-risk management.

It should be noted that this framework is a conceptual one. It can be applied to other locations, but
its specific methods should be adjusted or improved according to the circumstances of each case and
the availability of data. In particular, the criteria should be augmented when more detailed data are
available. The binary approach, which only considers the influence of the flood inundation extent on
risk, should be enhanced when more spatially explicit quantitative data are available (along with the
development of urban statistics and census works). The methods to predict the probability of dam
failure, the flood-inundation model, and the MCDA rules should also be adjusted accordingly.

5. Conclusions

Developing a framework for the analysis of spatial multicriteria flood risk that incorporates
economic, social and environmental dimensions is crucial for decision making for dam management,
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especially in urban areas. Based on spatial multicriteria decision analysis theory, a framework was
developed to analyze the changes in the multicriteria flood risk of two management scenarios with
regard to risk under existing conditions. This framework included scenario definition, problem
structuring, criteria construction, spatial quantification of criteria, criteria weighting, decision rules,
sensitivity analyses, and scenario appraisal. It is a conceptual framework that can be applied to other
places, and its specific methods and criteria should be adjusted or improved according to the
circumstances of each case and the availability of data.

In the case study of the Heiwa dam, the existing-condition analyses following this framework
indicated that there would be serious flood inundation even in a 50-year flood event. A high flood risk
was found for some of the residential buildings, social hot spots and the Jinghu Railway. The
dam-rehabilitation simulation indicated that the multicriteria flood risk was reduced by 0.25 in most of
the affected areas and resulted in a reduction of the mean risk. However, this reduction was no more
than 23% based on the sensitivity analysis. If the dam were to be decommissioned, an increase in the
inundation depth of more than 0.15 m would be found near the dam site where residential and
commercial buildings are concentrated. This would cause the multicriteria flood risk to be increased by
0.20 in that location. However, the less intense and less frequent dam-failure flooding that follows dam
decommission did not make the mean risk greater than the risk under existing conditions.

These results indicated that in the case study (and under the current flood management system) the
dam rehabilitation scenario had a higher rank for decreasing the flood risk than did the
decommissioning scenario. However, the dam rehabilitation scenario might be of little assistance to
efforts of flood-risk abatement. A comprehensive plan addressing flood-risk management is necessary.
Such a plan could efficiently diminish the flood risk for urban areas and improve the priority of the
dam-decommissioning scenario. The ranking of the dam-rehabilitation and decommissioning scenarios
with the implementation of such a plan should be further analyzed.

Acknowledgments

This work was supported by the Key Project of Unite Program of the NSFC and Guangdong
Province (U0733007) and the China National High Technology R&D Program (2009BAK56B04). We
are grateful to the Hydraulic Investigation and Design Institute of Anhui Province for supplying
the data.

References and Notes

1. Liu, N. Issues related to safety management, abandonment, and construction of dams in 21st
century in China. China Water Resour. 2004, 23, 27-30.

2. Sheng, J.B.; Li, L.; Wang, Z.S. Discussion on dam security of small-scale reservoirs in China.
China Water Resour. 2006, 2, 41-43.

3. Niu, X.Q. Characteristics of reservoir defects in China and development orientation of
consolidation technologies, In Proceedings of International Conference on Dam Safety
Management, Nanjing, China., October 2008; Cai, Y.B., Ed.; Nanjing University Press: Nanjing,
China; pp. 21-28.



Int. J. Environ. Res. Public Health 2011, 8 1385

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bednarek, A.T. Dams and Decision-Making: Socioeconomic and Ecological Considerations; PhD
Thesis; University of Pennsylvania: Philadelphia, PA, USA, 2002.

Heinz Center. Dam Removal: Science and Decision Making; The Heinz Center for Science,
Economics and the Environment: Washington, DC, USA, 2002.

Mussetter Engineering Inc.; MWH Americas, Inc. Flood inundation mapping, flood hazard
evaluation, and downstream impact analysis of the Carmel River reroute and removal option for
the San Clemente Dam seismic retrofit project, California. In Clearinghouse for Dam Removal
Information; University of California: Riverside, CA, USA, 2008.

Higgins, M.B.J. Automated Calibration of TR-20 With NEXRAD Data to Study Removal of a
Flood Control Dam; Master Thesis; State University of New York: New York, NY, USA, 2005.
Roberts, S.J.; Gottgens, J.F.; Spongberg, A.L.; Evans, J.E.; Levine., N.S. Assessing potential
removal of low-head dams in urban settings: an example from the Ottawa River, NW Ohio.
Environ. Manage. 2007, 39, 113-124.

Wyrick, J.R.; Rischman, B.A.; Burke, C.A.; McGee, C.; Williams., C. Using hydraulic modeling
to address social impacts of small dam removals in southern New Jersey. J. Environ. Manage.
2009, 90, 5270-5278.

Kuo, J.T.; Hsu, Y.C,; Tung, Y.K;; Yeh, K.C.; Wu, J.D. Dam overtopping risk assessment
considering inspection program. Stoch. Environ. Res. Risk Assess. 2008, 22, 303-313.

Kwon, H.H.; Moon, Y.l. Improvement of overtopping risk evaluations using probabilistic
concepts for existing dams. Stoch. Environ. Res. Risk Assess. 2006, 20, 223-237.

Brouwer, R.; van Ek, R. Integrated ecological, economic and social impact assessment of
alternative flood control policies in the Netherlands. Ecol. Econ. 2004, 50, 1-21.

Levy, J.K.; Hartmann, J.; Li, KW.; An, Y.; Asgary, A. Multi-criteria decision support systems for
flood hazard mitigation and emergency response in urban watersheds. J. Am. Water Resour. Assoc.
2007, 43, 346-358.

Bichele, B.; Kreibich, H.; Kron, A.; Thieken, A.; Ihringer, J.; Oberle, P.; Merz, B.; Nestmann, F.
Flood-risk mapping contributions towards an enhanced assessment of extreme events and
associated risks. Nat. Hazards Earth Syst. Sci. 2006, 6, 485-503.

Malczewski, J. GIS and Multicriteria Decision Analysis; John Wiley and Sons: New York, NY,
USA, 1999.

Kubal, C.; Haase, D.; Meyer, V.; Scheuer, S. Integrated urban flood risk assessment—adapting a
multicriteria approach to a city. Nat. Hazards Earth Syst. Sci. 2009, 9, 1881-1895.

Meyer, V.; Scheuer, S.; Haase, D. A multicriteria approach for flood risk mapping exemplified at
the Mulder river, Germany. Nat. Hazards 2009, 48, 17-39.

Raaijmakers, R.J.J. A Spatial Multi Criteria Analysis Methodology for the Development of
Sustainable Flood Risk Management in the Ebro Delta; Master Thesis; University of Twente:
Enschede, The Netherlands, 2006.

Plate, E.J. Flood risk and flood management. J. Hydrol. 2002, 267, 2-11.

Keeney, R.L.; Gregory, R.S. Selecting attributes to measure the achievement of objectives. Oper.
Res. 2005, 53, 1-11.

Gouldby, B.; Samuels, P. Language of Risk—Project Definitions; Floodsite Project Report
T32-04-01; FLOODsite Consortium: Oxfordshire, UK, 2005.



Int

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

30.

40.

. J. Environ. Res. Public Health 2011, 8 1386

Bureau of Statistic of Chuzhou (BSC). Chuzhou Statistical Yearbook—2008; China Statistics
Press: Beijing, China, 2008.

Li, H.J.; Wang, Y.X.; Zhang, X.M.; Han, X.B.; Gao, Z.J.; Wang, J.Y.; Li, L.P. Economic loss
assessment of flood disaster in Puyang of Henan. Meteorol. Mon. 2009, 35, 97-101.

Shi, Y.; Shi, C.; Sun, A.L. Research on flood vulnerability of residential buildings in southern
China. Yangtze River 2009, 40, 19-21.

Smith, D.I. Flood damage estimation- A review of urban stage-damage curves and loss functions.
Water SA 1994, 20, 231-238.

Maniquiz, M.C.; Lee, S.; Lee, E.; Kong, D.S.; Kim, L.H. Unit soil loss rate from various
construction sites during a storm. Water Sci. Technol. 2009, 59, 2187-2196.

Paterson, R.G.; Luger, M.l.; Burby, R.J. Costs and benefits of urban erosion and sediment.
Environ. Manage. 1993, 17, 167-178.

Taylor, K.G.; Owens, P.N. Sediments in urban river basins: a review of sediment-contaminant
dynamics in an environmental system conditioned by human activities. J. Soil. Sediment. 2009, 9,
281-303.

Tapsell, S.M.; Penning-Rowsell, E.; Tunstall, S.M.; Wilson, T.L. Vulnerability to flooding:
Health and social dimensions. Philos. T. R. Soc. Lond. A. 2002, 360, 1511-1525.

Hartford, D.N.D.; Baecher, G.B. Risk and Uncertainty in Dam Safety; Thomas Telford Publishing:
London, UK, 2004.

Huang, D.; Chen, T.; Wang, M.J.J. A fuzzy set approach for event tree analysis. Fuzzy Set Syst.
2001, 118, 153-165.

Roos, A.; Jonkman, B. Flood risk assessment in the Netherlands with focus on the expected
damages and loss of life. In Proceedings of the NATO Advanced Research Workshop, Ostrov,
Czech Republic, October 2004; Schanze, J., Zeman, E., Marsalek, J., Eds.; NATO: Ostrov, Czech
Republic; pp. 169-183.

Mignot, E.A.; Paquier, S.H. Modeling floods in a dense urban area using 2D shallow water
equations. J. Hydrol. 2006, 327, 186-199.

MIKE21 HD hydrodynamic module scientific documentation, Release 2007. In DHI Software;
DHI: Copenhagen, Denmark, 2006.

Fenton, J.D. Reservoir routing. Hydrol. Sci. J. 1992, 37, 233-246.

Fread, D.L. BRECH: An Erosion Model for Earthen Dam Failures; National Weather Service,
Nathional Oceanic and Atmospheric Administration (NOAA): Silver Spring, MD, USA, 1991.
Fewtrell, T.J.; Bates, P.D.; Horritt, M.; Hunter., N.M. Evaluating the effect of scale in flood
inundation modelling in urban environments. Hydrol. Process. 2008, 22, 5107-5188.

Hajkowicz, S.; Higgins, A. A comparison of multiple criteria analysis techniques for water
resource management. Eur. J. Oper. Res. 2008, 184, 255-265

Ugwu, 0.0.; Kumaraswamy, M.M.; Wong, A.; Ng, S.T. Sustainability appraisal in infrastructure
projects (SUSAIP) Part 1. Development of indicators and computational methods. Automat.
Constr. 2006, 15, 239-251.

Bottomley, P.A.; Doyle, J.R. A comparison of three weight elicitation methods-good, better, and
best. Omega 2001, 29, 553-560.



Int. J. Environ. Res. Public Health 2011, 8 1387

41.

42.

43.

44,

45.

46.

47.

Cai, Z.Z.; Ye, C.L. Flood control operation and implications of 0808 flood event in Chuhe
watershed. Yangtze River 2009, 40, 18-20.

Zhou, H.G. Preliminary study on 3D structure with dual-Doppler radar of heavy rainstorm in
Chuzhou Area during 1~2 August 2008. Plateau Meteorol. 2009, 28, 1422-1433.

Gallegos, H.A.; Schubert, J.E.; Sanders, B.F. Two-dimensional, high-resolution modeling of
urban dam-break flooding: A case study of Baldwin Hills, California. Adv. Water Resour. 2009,
32, 1323-1335.

Chen, A.S.; Hsu, M.H.; Chen, T.S.; Chang, T.J. An integrated inundation model for highly
developed urban areas. Water Sci. Technol. 2005, 51, 221-229.

Schmitt, T.G.; Thomas, M.; Ettrich, N. Analysis and modeling of flooding in urban drainage
systems. J. Hydrol. 2004, 299, 300-311.

Dewan, A.M.; Islam, M.M.; Kumamoto, T.; Nishigaki, M. Evaluating Flood Hazard for Land-Use
Planning in Greater Dhaka of Bangladesh Using Remote Sensing and GIS Techniques. Water
Resour. Manage. 2007, 21, 1601-1612.

Doyle, M.W.; Stanley, E.H.; Havlick, D.G.; Kaiser, M.J.; Steinbach, G.; Graf, W.L.; Galloway,
G.E.; Riggsbee, J.A. Aging Infrastructure and Ecosystem Restoration. Science 2008, 319, 286-287.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



