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ABSTRACT

Cascade reservoirs are essential in water resource utilization, flood control, and disaster mitigation. They have
been built in several rivers worldwide. The rank classification for cascade reservoirs has significant practical
implications for resource distribution decisions and risk management strategies and is also essential for ensuring
the security of the basin. Internationally, reservoirs are typically classified based on project scale and dam failure
consequences, whereas the risk transmission and superposition effect renders the classification method of res-
ervoirs not directly applicable to cascade reservoirs. Therefore, to address this issue, this study proposed a rank
classification method for cascade reservoirs. First, based on the scale, benefits, and risk consequences of dam
failure, an index system for the rank classification of cascade reservoirs was established. Second, by constructing
social risk criteria for cascade reservoirs and establishing a link among “project rank-reliability index-annual
failure probability,” the allowable dam failure losses for different project ranks were determined. Thereafter,
considering risk transmission and superposition, the rank classification standard and index quantification
method for cascade reservoirs were proposed. Finally, five cascade reservoirs were selected for a feasibility study.
The proposed method provides a supplement to the current rank classification standard of water conservancy
projects in China and can also serve as a reference for risk assessment and classification management of cascade
reservoirs in other countries.

1. Introduction

Most countries worldwide classify reservoir projects based on their ge-
ometry (reservoir capacity and dam height), consequences of dam fail-

To utilize hydro energy resources, cascade development has been
employed in several rivers worldwide, such as the Tennessee River in the
United States, Yenisei River in Russia, Rhone River in France, Columbia
River flowing through Canada and the United States, and Yangtze River
and Yellow River in China (Bai et al., 2019; Latrubesse et al., 2017;
Wang et al., 2023a). With the continuous development in construction
technology and the growing demand for sustainable energy, the size of
cascade reservoirs is also growing. This poses a significant challenge to
the overall management of basins (Faucheux et al., 2022). Given the
difference in scale, mission, and importance relative to the entire basin,
there is an urgent need to study methods of rank classification for
cascade reservoirs. This will allow for differential management and
ensure the efficient distribution of limited resources (Wang et al., 2020).

ure, or a combination of both, implementing various standards for
design, construction, and operational management (Ren et al., 2017;
Sheng and Fu, 2010). Through dam -classification, regulation re-
sponsibility is assigned to different agencies to realize differentiated
management. In the operation stage, dams with the most serious risk
consequences are given specific attention and are usually directly su-
pervised by the government to ensure their safety, as shown in Fig. 1.
Recently, dam failures have occasionally occurred with global
climate change and the frequent occurrence of extreme weather events
(Wu et al., 2021; Zhang et al., 2021). Compared with those in individual
reservoirs, the risks in cascade reservoirs have transmission and super-
position effects. The failure of a single dam in a cascade reservoir system
may have severe consequences, potentially leading to failures of

* Corresponding author at: Yellow River Laboratory, Zhengzhou University, Zhengzhou 450001, PR China.

E-mail address: gewei@zzu.edu.cn (W. Ge).

https://doi.org/10.1016/j.jhydrol.2023.129856

Received 12 December 2022; Received in revised form 17 May 2023; Accepted 20 June 2023

Available online 24 June 2023
0022-1694/© 2023 Elsevier B.V. All rights reserved.


mailto:gewei@zzu.edu.cn
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2023.129856
https://doi.org/10.1016/j.jhydrol.2023.129856
https://doi.org/10.1016/j.jhydrol.2023.129856

Journal of Hydrology 623 (2023) 129856

3 Objectives

be subject to special analysis and demonstration (The Ministry of Water
Resources of the People’s Republic of China, 2017). Currently, the
management of reservoir dams is transiting from safety to risk man-
agement, and research results on the risk of individual dams are being
applied in practical applications of engineering (Escuder-Bueno et al.,
2016). Contrarily, the risk issues of cascade reservoirs are extremely
challenging, and related studies are still in the initial stage (Wang et al.,
2023a). Regarding risk quantification and classification of cascade res-
ervoirs, Lima et al. (2022) adopted a simplified method considering dam
height, storage capacity, and potential risk to classify small dams in a
cascade basin in Brazil. Ghimire and Schulenberg (2022) conducted a
failure risk analysis of two cascading dams in Michigan, and evaluated
the impacts of climate change on earthen dams. Based on multi-
objective evolutionary algorithms and risk analysis methods, Man-
ikkuwahandi and Hornberger (2021) proposed the operation rules for
cascade reservoirs to enhance hydropower and agriculture yield.
Micovic et al. (2016) presented stochastic simulation of floods on a

T. Wang et al.
Classification of reservoir projects
Assigning responsibility for dam Achieving differentiated
regulation to different agencies management of reservoirs
Fig. 1. Classification methods and objectives of reservoir projects.
Table 1
Classification indexes of reservoir projects in selected countries.
Country Basis Index
the United Project scale and dam Dam height, Storage capacity, Loss of
States of failure consequences life, Loss of economy and
America Environmental impact
Russia Structure and dam Dam type, Dam foundation, Dam
failure consequences height and Loss of dam failure
Britain Dam failure Loss of life, Loss of economy
consequences
Canada Project scale and dam Dam height, Storage capacity, Loss of
failure consequences life, Population at risk, Loss of
economy and Environmental impact
Australia Dam failure Loss of life, Population at risk
consequences
France Project scale Reservoir capacity, Dam height
Germany Project scale Reservoir capacity, Dam height
India Project scale Reservoir capacity, Water head
China Project scale and Reservoir capacity, Flood control,

benefits

Water supply, and Power generation

benefits

downstream reservoirs (Wang et al., 2023a,b; Mehta et al., 2020). With
the rolling development of basins and the increased risk awareness of
the public, the risk consequences of cascade reservoirs have become a
public safety concern and should be considered in project rank
classification.

The rank classification of water and hydropower projects follows the
laws of nature and economy, involving the comprehensive coordination
of several aspects such as technology, economy, safety, environmental
protection, navigation, and society (Sheng and Fu, 2010; Li et al., 2021).
Table 1 lists the classification indexes used in several countries (Ren
et al., 2017). Among these indexes, scale and effects are currently used
as the primary bases for classifying water and hydropower projects in
China. The reservoir projects are classified into five ranks (I, II, III, IV,
and V) based on scale and benefits. The permanent hydraulic structures
are classified into five grades (1, 2, 3, 4, and 5) based on their impor-
tance and project rank (The Ministry of Water Resources of the People’s
Republic of China, 2017).

The classification methods in most countries are primarily intended
for individual reservoirs and cannot be applied directly to cascade res-
ervoirs. For instance, the current classification standard for water
conservancy and hydropower projects in China states that the determi-
nation of project ranks and flood standards for cascade reservoirs should

cascade system of three dams and analyzed the causes of the risk of dam
overtopping. Dewals et al. (2011) simulated the flood propagation and
inundation process of successive dam failures. Wang et al. (2022) pre-
sented a method to calculate the risk probabilities of cascade reservoirs.
Zhou et al. (2015) initially investigated the safety standards for cascade
reservoirs based on the risk analysis of successive dam failures. Wang
et al. (2020) conducted a targeted analysis and demonstration on the
selection of relevant parameters of risk criteria for cascade reservoirs in
China. The aforementioned studies have considered the complexity of
the risk in cascade reservoirs, and their results serve as valuable sources
for risk prevention and control. However, most existing studies focus on
the evaluation of risk levels and the severity of dam failure consequences
and therefore cannot support the comprehensive issue of rank classifi-
cation for cascade reservoirs. In addition, index selection, quantifica-
tion, and implementation standard have not been unified and need to be
adequately integrated with existing regulations (Wang et al., 2023a).

Owing to the significance of water resources in social development
and the consequences of dam failure, risk considerations should be
incorporated into the rank classification of cascade reservoirs based on
existing standards for general reservoirs. Therefore, this study proposed
a rank classification method that comprehensively considered the
project scale, benefits, and risk consequences of dam failure, providing a
basis for the construction planning and risk management of cascade
reservoirs.
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Fig. 2. Index system for the rank classification of cascade reservoirs.

2. Methods

The rank classification method for cascade reservoirs proposed in
this study primarily includes the selection, threshold value determina-
tion, and quantification of indexes. Among them, the selection of in-
dexes is based on the synthesis of reservoir classification methods used
in different countries. Quantification focuses on the analysis of risk
transmission and superposition effect, which are the differences be-
tween cascade and individual reservoirs. These two aspects are common
in different countries. In contrast, the index thresholds in the rank
classification standard are dependent on the level of social development
and the risk tolerance of the public, and thus may vary across different
countries (Ge et al., 2017; Ren et al., 2017). The index thresholds in this
study are determined based on a specific analysis of cascade reservoirs in
China, serving as a demonstration.

2.1. Construction of the index system for the rank classification of
cascade reservoirs

As presented in Table 1, most European and American countries,
especially economically developed countries, use scale and dam failure
consequences as the primary bases for classifying reservoir projects. The
project scale reflects the technical challenges of construction to a certain
extent, whereas the consequences of dam failure cover specific consid-
erations of potential risks caused by dam failure and are an important
basis for determining engineering design and operation management
standards (Li et al., 2018). In addition, as an essential reference for the
normal function of water and hydropower projects, comprehensive
benefits reflect their contribution and importance in the development of
the national economy and should also be used as one of the classification
bases (Lu et al., 2018; Rashid et al., 2018). Therefore, the scale, benefits,
and risk consequences of dam failure are selected as the bases for the
rank classification of cascade reservoirs.

Generally, the scale of a reservoir is reflected by two indexes: dam
height and storage capacity. Notably, the project rank determined by
dam height is lower than that determined by storage capacity, with the
latter being more practical (Sheng and Fu, 2010). In addition, the risk
consequences of dam failure have been listed separately as the bases for

rank classification. Therefore, the storage capacity and dam height of a
reservoir need not be combined to measure the severity of its dam
failure. Regarding the current standard in China, the storage capacity is
used as the scale index for rank classification (The Ministry of Water
Resources of the People’s Republic of China, 2017).

For the benefit indexes, cascade reservoirs primarily focus on
disaster prevention and water resource conversion. The benefits of flood
control and power generation are noticeable and are used as primary
benefits indexes to classify project ranks (Lu et al., 2018; Zhou et al.,
2014). Specifically, flood control benefits include protected population
(permanent population in the flood control protected area), equivalent
economic scale (the product of the per capita GDP index and protected
population), and protected farmland area, whereas power generation
benefits are reflected by the installed capacity (Sharifi et al., 2021; Wang
et al., 2023a; Zhou et al., 2018).

Risk consequences indexes are used to reflect and primarily classify
the potential inundation losses caused by a cascade reservoir dam failure
into two aspects: life and economy (Jonkman et al., 2010; Li et al.,
2018). According to Table 1 and related literature (Ge et al., 2021; Ge
et al., 2020a; Li et al., 2019a), both “Loss of life (LOL)” and “Population
at risk (PAR)” can be used to quantify the impact of dam failure on life
safety. In practical terms, LOL refers to the actual fatalities in the
downstream area caused by a dam-break flood. It ignores the number of
residents transferred and rescued in an emergency. (Ge et al., 2022; Zhu
et al., 2021); PAR refers to all the population directly exposed to the
flooded area. Notably, even if reservoir dam failure does not ultimately
result in LOL, the emergency relocation and resettlement of PAR is often
accompanied by a significant consumption of social resources and can
have corresponding risk consequences. Therefore, PAR is selected in this
study as an index to reflect the impact of a dam failure on the life safety
of downstream residents. (Peng and Zhang, 2013). In addition, “Loss of
economy”(LOE) is used to reflect the impact of dam failure on the na-
tional economy and represent the various types of losses directly
measurable in monetary terms caused by a dam-break flood (Li et al.,
2018; Zhu et al., 2020). Ultimately, PAR and LOE are selected as the
secondary indexes of “Risk consequences.” Fig. 2 shows the index system
for the rank classification of cascade reservoirs.
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Fig. 3. Relationship between reliability index and failure probability.

2.2. Determination of the index thresholds

In addition to the index system, the determination of index thresh-
olds corresponding to different project ranks is the key to constructing
the rank classification standard. For a reservoir project, using extremely
low index thresholds for classification will result in an extremely high
project rank. Consequently, a considerable amount of human and
financial resources needs to be invested to upgrade the required safety
level to match the project rank, which is uneconomical (Li et al., 2019b;
Lin et al., 2015). Conversely, using extremely high thresholds will lead
to a low project rank, corresponding to a low-security requirement, and
aggravates the risk borne by the downstream (Li et al., 2018).

The classification of the project rank of reservoirs according to scale
and benefits has achieved wide application in China and formed a
complete system (Ren et al., 2017). Therefore, the index thresholds of
scale and benefits shown in Fig. 2 can continue to follow the relevant
provisions in existing standards. For the indexes of risk consequences,
their thresholds must be determined by considering the level of national
economic development and the risk tolerance of the public.

Currently, the thresholds of PAR and LOE for different ranks of
reservoir projects have not been defined in relevant technical standards.
However, most countries and regions internationally reflect engineering
safety through reliability indexes and have promulgated relevant tech-
nical standards, which specify the design service life and target reli-
ability corresponding to different ranks of hydraulic structures (Hariri-
Ardebili, 2018; Li et al., 2015a; McGuire and VandenBerge, 2017).
Generally, the higher the project rank, the higher is the reliability in-
dexes specified for the structures and the lower the failure probability.

According to the reliability theory, if the random variables of a
structure obey normal distributions and their limit state equations are
linear, a correspondence exists between the reliability index $ and fail-
ure probability P¢(Ge et al., 2017; Li et al., 2015a; Wilde and Johansson,
2013; Zhu and Tang, 2023), as shown in Fig. 3 and Eq. (1).

Reliability design standard for
water and hydropower projects

JLU
N7

Reliability indexes
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0
Pf = P(Z <0) = / F(2)dz = cp(,lg) &)
where @ is the cumulative distribution function of standard normal
distribution. When Z = 0, the Z = R-S is referred to as the limit state
equation, where R and S are set in a linear relationship (Shao et al.,
2020; Wilde and Johansson, 2013).

It has been observed from monitoring data that a majority of random
variable loads follow a normal or nearly normal distribution (Shao et al.,
2020; Pereira et al., 2018; Wilde and Johansson, 2013). Notably,
random variables that are not normally distributed can also be trans-
formed to conform to a normal distribution by utilizing equivalent
normalization or equal probability transformation (Shao et al., 2020).
Therefore, the transformation between the reliability index and failure
probability should be achieved based on the above-mentioned settings.
Moreover, studies on this issue have been conducted systematically,
presenting tables of mutual correspondence between reliability and
failure probability in the relevant results and specifications (Hariri-
Ardebili, 2018; Li et al., 2015a; McGuire and VandenBerge, 2017).

Accordingly, the allowable dam failure probability for reservoirs of
different ranks can be defined by establishing a link among “project
rank-reliability index-annual failure probability.” In addition, the social
risk criteria for reservoir dams can effectively reflect the acceptable and
tolerable consequences of dam failure for the public under different dam
failure probabilities (Ge et al., 2017), whereby the thresholds of risk
consequence indexes allowed for different ranks of reservoirs can be
obtained, as shown in Fig. 4.

2.3. Formulation of social risk criteria for cascade reservoir dams

As shown in Fig. 4, the formulation of the social risk criteria for
cascade reservoir dams is crucial for determining the index thresholds of
risk consequences. The social risk criteria reflect the relationship be-
tween the loss in a given accident and its probability of occurrence and
can be used to determine the consequences allowed by the public for
dam failures with different probabilities (Wang et al., 2020; Ge et al.,
2017). Generally, the ALARP principle and F-N curves are used to
construct social risk criteria. The ALARP principle (Li et al., 2015b) di-
vides the risk into three regions, namely intolerable, tolerable (ALARP
region), and acceptable regions, through the tolerable risk level (TRL)
and acceptable risk level (ARL). The F-N curve (Wang et al., 2020)
represents the relationship between the number of fatalities N and its
exceeding probability Py expressed using Eq. (2).

C
Pf(N>x):17FN(x); 2)
where Fy(x) is the probability distribution function of the number of
losses per annum, signifying the probability of less than x losses per
annum, n is the steepness of the limit line, and C is the constant that

corresponding to hydraulic

Allowable thresholds for risk

structures of different grades Soc11{al consequences of dam failure
11S pommmmmmmm oo |
<> criteria : ‘ LOL H PAR ‘ !
Allowable dam failure for ! :x
probability for reservoirs :(> Ieservoir :(xi i
of different project ranks dams g | !

Fig. 4. Determination of the index thresholds of risk consequences.
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Table 2
Annual failure probability corresponding to different project ranks.
Project Hydraulic Structure Design Target Annual
rank structure security working reliability failure
grade grade life probability
(Years)
I 1 I 100 4.2 1.33 x 107
IIII 23 1I 100 3.7 1.08 x 10°
v 45 11 50 3.2 1.37 x 10°

determines the position of the limit line.

Lietal. (2015b) proposed social life risk criteria for reservoir dams in
China. The TRL started at 10" and achieved an extreme value of 10°®.
The ARL started at 10 and achieved an extreme value of 107. Given
that a dam failure in cascade reservoirs may trigger successive dam
failures in its downstream, cascade reservoir dams should have more
demanding risk criteria than individual reservoir dams. Specifically, for
social risk criteria, the dam failure probability of a cascade reservoir
should be lower than that specified for an individual reservoir, corre-
sponding to the same dam failure losses.
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In our previous studies (Wang et al., 2023a; Wang et al., 2022), the
total risk probability of a cascade reservoir dam was proposed to be
equal to the sum of the weighted failure probabilities of its upstream
dams and its failure probability. To ensure that the total risk probability
of each dam in cascade reservoirs still satisfies the requirements of the
social risk criteria for individual reservoir dams, the failure probability
of a cascade reservoir dam should be one order of magnitude lower than
that of an individual reservoir dam. Therefore, the TRL and ARL of
cascade reservoir dams started at 10°> and 10", with 107 and 10°® as the
extremes, respectively; n is taken as 2, which represents an adverse risk
preference (Li et al., 2015b). By using Eq. (2), the LOL corresponding to
the inflection point at the lowest point of both the TRL and ARL is 100
persons, as shown in Fig. 5(a). In addition, the economic risk criteria are
constructed regarding the ratio of one person corresponding to an eco-
nomic loss of RMB 4 million (Ge et al., 2020c; Li et al., 2015b; Wang
et al., 2020), as shown in Fig. 5(b).

As shown in Fig. 5, the relationships between the annual failure
probability and the allowable consequences of cascade reservoir dams
have been established. Based on these criteria, the loss threshold
allowed by society under a certain dam failure probability can be
obtained.

1E-3
TRL
1 -
‘_‘;5 1E-4 \
s ARL Intolerable
g 1E-5 Region
o
3 7, 2
2 1E-6 Sy b 1.37E-6 | =
= Q’P IV, V E
= Y e
-‘é 1E-7 %50-‘ 1 10sE7] &
o
oy @ I1, 11 2
2 1B ﬁcc?pmble }\ [3E8 ] &
egion —
5 I 5
1E-9 ‘ 5
1 10 ilOO 1,000 10,000
V,IV L1 [ L
_ 30| 87, H

Loss of life (persons)

Fig. 6. Critical values of LOL corresponding to annual failure probabilities.
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2.4. Calculation of thresholds based on social risk criteria and reliable
indexes

According to the structural safety grade, design service life, and
target reliability of hydraulic structures at different grades specified in
the Unified Standard for Reliability Design of Hydraulic Engineering
Structures (GB50199-2013) in China, the allowable annual failure
probabilities for different project ranks are calculated, as presented in
Table 2. Notably, the annual failure probability in Table 2 is for indi-
vidual reservoir dams, and the corresponding annual failure probability
for cascade reservoir dams should also be reduced by one order of
magnitude on this basis (Ge et al., 2020b; Li et al., 2015b). Considering
the correspondence between the failure probability and acceptable
losses in the social risk criteria, the critical values of the LOL corre-
sponding to different failure probabilities are determined, as shown in
Fig. 6.

Considering that the three threshold ranges shown in Fig. 6 are not
sufficient for the classification of five project ranks, the accident clas-
sification standard in China is used as a reference to refine and divides
the accident severity into four levels according to the LOL (Wang et al.,
2020). Synthetically, the threshold values of the LOL corresponding to
different project ranks are formulated. Among them, the failure of the
Class V project corresponds to a general accident and the allowed LOL is
less than three persons. The intervals of the LOL allowed for the other
project ranks are sequentially extended and ensured to all following the

Table 3
Thresholds of risk consequences for different project ranks.
Project rank I I 1II v A
Grade of hydraulic 1 2 3 4 5
structure
PAR (persons) [87/f, [30/f, [10/f, [3/f, [0, 3/
©0) 87/f) 30/f) 10/f) N
LOE (million RMB) [350, [120, [40, 120) [12, 40) [0,
) 350) 12)

upper limits allowed for each project rank in Fig. 6. In addition, the
thresholds of LOE are determined on the ratio of one person responding
to approximately RMB 4 million, as shown in Fig. 7.

The critical values of the PAR are determined according to its con-
version relationship with the LOL, which can be established through the
mortality rate of dam failure (Ge et al., 2022). Notably, the mortality
rate f is closely related to flood severity, warning time, and public
awareness of risk prevention, which are not invariable for different cases
(Geetal., 2021; Li et al., 2019a), as shown in Fig. 8. Therefore, the value
of f is not specifically constrained but determined following the engi-
neering reality in the specific application, as shown in Table 3.

In application, the PAR can often be rapidly quantified by combining
the population density distribution and the simulated flood inundation
range, whereas the LOL needs to be further deduced in combination with
the mortality rate. Therefore, the PAR rather than the LOL should be
used in the standard as a rank classification index from the perspective
of promotion and application.

2.5. Risk consequences analysis and project rank classification of cascade
reservoirs

The risk transmission and superposition among cascade reservoirs
are primarily reflected in that the failure probability of a cascade
reservoir dam is affected by the upstream cascades. In addition, its
failure has varying degrees of impact on downstream cascades (Wang
et al.,, 2023b). Based on the impact scope of a cascade reservoir dam
failure in its downstream area, risk consequences are decomposed into
direct consequences (DC) and potential consequences (PC), as shown in
Fig. 8. Considering the failure of dam M shown in Fig. 9 as an example,
its inundation area is segmented, and Ly is the DC of dam M. Moreover,
the failure of dam M has a certain probability to cause the successive
dam failures of “M—N" and “M—N—K,” further expanding the inunda-
tion losses. Consequently, PCyx and PCy are the PC of dam M and are not
directly equivalent to the segmented losses Lyg and Lk because of the
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Table 4
Rank classification standard for cascade reservoirs in China.
Project Scale Benefits Risk consequences
rank - . .
Storage capacity Flood control Power generation PAR LOE (million
(million m®) Protected population Equivalent economic scale Area of the protected Installed capacity (persons) RMB)
(thousand persons) (thousand persons) farmland (10°%km?) (10%kw)
I [1000, ) [1500, ) [3000, ) [3333, ) [120, ) [87/f, =) [350, )
i [100, 1000) [500, 1500) [1000, 3000) [667, 3333) [120, 30) [30/f,87/f)  [120, 350)
III [10, 100) [200, 500) [400, 1000) [200, 6667) [5, 30) [10/f,30/f) [40, 120)
v [1,10) [50, 200) [100, 400) [33, 200) [1,5) [3/f, 10/f) [12, 40)
v [0.1,1) [0, 50) [0, 100) [0, 33) [0, 1) [0, 3/9 [0, 12)
probabilistic nature of successive dam failures. downstream dam failure under an upstream dam-break flood. Through
In our previous studies (Wang et al., 2023a; Wang et al., 2022; Wang sample simulation and statistics, the frequency of the downstream dam
et al., 2023b), the degree of risk transmission and superposition among overtopping was determined and used as the value of the CP, as shown in
cascade reservoirs was reflected by the conditional probability (CP) of Fig. 10. Subsequently, the calculation method for dam failure risk con-

sequences of the cascade reservoir (considering dam M shown in Fig. 9
as an example) was proposed, where DC was equal to the product of the
Table 5 CP of successive dam failure and segmented loss, as shown in Eq. (3).
Classification of the permanent structures of cascade reservoirs.

CM = DC + PC = LMN + P(N|M) x LNK + P(N|M) x P(K|MN) x LK

Project rank Grade of hydraulic structure 3)
Main structure Secondary structure . . . . .
where Cy is the total risk consequence of dam M, which primarily
I 1 3 includes LOL, LOE, and environmental impact.
ﬁl 2 i Using the project scale, benefits, and risk consequences of dam fail-
v 4 5 ure, a standard for the rank classification of cascade reservoirs is con-
\% 5 5 structed, as presented in Table 4. In application, the indexes of scale and
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Table 6

Engineering parameters of the selected cascade reservoirs in the Hongshui River basin.
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Reservoir  Total capacity (10® Dam crest elevation Normal pool Checking flood level Protected population (thousand Installed capacity
m>) (m) level (m) persons) (10%kw)
(m)
Dahua 9.6 174.5 155 169.63 106 45.6
BLT 3.4 135 129 132 365 38.2
Letan 9.5 117 112 115 513 60
QG 23 86 84 86 427 48
DTX 34.8 64 61 63.9 2632 160
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Fig. 11. Geographical location of the selected cascade reservoirs in the Hongshui River basin.
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Fig. 12. Overview of the study area. (a) Land use data; (b) Population density distribution.

benefits are quantified regarding the project parameters, which is the
same as for individual reservoirs. The indexes of risk consequences are
quantified using Eq. (3), which reflects the risk transmission and su-
perposition in cascade reservoirs. For multipurpose projects in China,
the highest rank is considered if the results determined by different types
of indexes are different (Ren et al., 2017; Wang et al., 2023a). For
projects in other countries, the three basic indexes should be assigned
different weights depending on the national conditions or policy re-
quirements. After classifying the project rank of the cascade reservoir,
the grades of its permanent structures are also determined, as shown in
Table 5.

3. Results
3.1. Project overview

Five connected cascade reservoirs, Dahua, BLT, Letan, QG, and DTX,
in the Hongshui River basin of China were selected as study objects for
rank classification. The basic overview of the projects is shown in Fig. 10
and Table 6 (Zhang et al., 2015; Zhang et al., 2008). The water levels in
front of the dam during the operation period of the five reservoirs fol-
lowed a normal distribution of (155, 2), (128, 1), (112, 0.8), (83, 0.8),
and (53, 1.8), respectively (Tang et al., 2021). Considering the cascade
reservoir dams as the boundaries, the study area is divided into five
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Fig. 13. Water level distribution of DTX Reservoir under different scenarios. (a) Successive dam failures of “Dahua-BLT-Letan-QG;” (b) Successive dam failures of
“BLT-Letan-QG”; (c¢) Successive dam failures of “Letan-QG;” (d) Dam failure of QG reservoir.

segments for targeted analysis, as shown in Fig. 11.

The land use type in the study area is used to set the roughness of
flood routing simulation, and the population density distribution is used
to calculate the inundated population (Ge et al., 2022; Li et al., 2021), as
shown in Fig. 12.

3.2. Analysis and simulation of successive dam failures

The scale and benefit indexes of each cascade reservoir were deter-
mined directly from the engineering parameters in Table 6, whereas the
risk indexes were quantified through dam failure simulation and flood
routing analysis. The capacity parameters indicated that the dam failure
of the Dahua Reservoir will cause successive dam failures of the BLT,
Letan, and QG reservoirs. Moreover, the dam failure of the BLT and
Letan reservoirs will lead to the failures of their adjacent cascades
downstream. Therefore, the corresponding CPs of successive dam fail-
ures under these scenarios were directly set as 1.

Owing to its large storage capacity, we were uncertain whether the
DTX reservoir would break under an upstream dam-break flood. Ac-
cording to Fig. 10, 10,000 groups of water level combinations under
different dam failure scenarios are sampled in MATLAB for simulation
(Wang et al., 2022; Wang et al., 2023b). The water level distributions in
front of the DTX dam under different dam failure scenarios are shown in
Fig. 13, and the corresponding conditional probabilities are presented in
Table 7.

3.3. Inundation loss statistics and risk consequences calculation

Two software programs, Hec-RAS and ArcGIS, were used for the
inundation simulation and visualization of dam failures (Ge et al., 2022;
Zelenakova et al., 2019). The inundation area under two dam failure
scenarios is shown in Fig. 14. Given that the LOE of dam failure is related
to the distribution of infrastructure such as factories, enterprises, and
transportation arteries downstream (Ge et al., 2020c) and cannot easily
be quantified precisely, only the PAR was employed in this study as an

example of risk consequences. By definition, the product of the inun-
dation area and corresponding population density was set as the value of
PAR.

In Section 2.5, the segmented losses of each cascade reservoir dam
failure were classified as a DC and PC of the total risk consequences.
Considering the Dahua reservoir, its dam failure initially caused a direct
inundation of 13,197 persons in segment O, which was a DC. Then, it
caused the successive failures of the other four downstream reservoirs.
The corresponding inundation in segments @, ®, @, and ® were 4464,
24825, 113036, and 523,261 persons, respectively. Combined with the
CP of each successive dam failure scenario, its PC was 324,734 persons:
(1x4464+1x1x248254+1x1x1x1130364+1x1x1 x0.3486
x 37884). Using Eq. (3), the PAR of each cascade reservoir is calculated,
as shown in Table 8 and Fig. 15.

3.4. Rank classification of cascade reservoirs.

As presented in Table 4, the mortality rate f must be specified for
practical applications. Based on the dam failure statistics in China, Zhou
etal. (2007) proposed a table for the prediction of the f of the PAR under
different flood severity levels, warning times, and the risk awareness of
the public. This table was adopted in this study. Using the results of the
water depth, flow velocity, and evolution time of the dam-break flood
simulated in the above-mentioned scenarios, f was determined to be
0.001. Subsequently, the critical values of the PAR for different project
ranks of the cascade reservoirs presented in Table 4 are determined as
87000, 30000, 10000, and 3000 persons.

Regarding the engineering parameters and the calculation results of
the PAR, the cascade reservoirs were classified according to scale, ben-
efits, and risk consequences. Finally, their project ranks and the grades
of the primary structures are determined according to the highest level,
as shown in Fig. 16.
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Table 7
Calculation of the conditional probabilities (CPs) under different dam failure
scenarios of the selected cascade reservoirs in the Hongshui River basin.

Possible
scenario of
dam failure

Number of CcP
overtopping

of the next

adjacent

cascade

Number of
simulations

The next
adjacent
cascade

Cascade
reservoir

Individual BLT 1
dam failure
of Dahua
Successive
dam failures
of “Dahua-
BLT”
Successive
dam failures
of “Dahua-
BLT-Letan”
Successive
dam failures
of “Dahua-
BLT-Letan-
QG”
Individual
dam failure
of BLT
Successive
dam failures
of “BLT-
Letan”
Successive
dam failures
of “BLT-
Letan-QG”
Individual
dam failure
of Letan
Successive
dam failures
of “Letan-
QG”
Individual
dam failure
of QG

Dahua

Letan 1

QG 1

DTX 10,000 3486 0.3486

BLT Letan 1

DTX 10,000 787 0.0787

Letan QG 1

DTX 10,000 343 0.0343

QG DTX 10,000 14 0.0014

10
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3.5. Further validation and refinement.

To further demonstrate the generalizability and applicability of the
method proposed in this study, cascade reservoirs located in another
basin were selected for analysis, focusing on the core processes and re-
sults of the application method.

(1) Project Overview and Data Collection

Three cascade reservoirs in the Dadu River basin were selected for
further validation. The geographical locations, an overview of the study
area, and engineering parameters of these cascade reservoirs are shown
in Fig. 17 and Table 9.

(2) CP of successive dam failures

According to Fig. 10, the possible dam failure scenarios were

Table 8
Statistics of inundation population and risk consequences of dam failure of each
cascade reservoir.

Cascade
reservoir

Inundation population Risk consequences of dam failure

(Taking PAR as examples)

Population
(persons)

Segment DC PC Sum

Dahua 13,197
4464
24,825
113,036
523,261
3933
23,662
112,562
516,475
22,598
103,172
494,533
75,185
486,756
479,935

13,197 324,734 337,931

BLT 3933 176,871 180,804

Letan 22,598 120,134 142,732

QG 75,185 681 75,866

[CRCRCRONCRORONONONONONONONONS)

479,935 479,935

(b)

Fig. 14. Inundation area under different dam failure scenarios. (a) Dam failure of DTX reservoir; (b) Successive dam failures of “Dahua-BLT-Letan-QG-DTX.”.
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Fig. 15. PAR of each cascade reservoir under risk transmission and superimposition.
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Fig. 17. Geographical location of the selected cascade reservoirs in the Dadu River basin.

analyzed and simulated. The corresponding CPs under different dam
failure scenarios are shown in Table 10.

(3) Inundation loss statistics under different dam failure scenarios

11

Through software simulation, the inundation area under different
dam failure scenarios was obtained. Combining the population density
distribution and CPs of successive dam failures, the PAR of each cascade
reservoir is calculated using Eq. (3), as shown in Table 11 and Fig. 18.
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Table 9
Parameter data of the selected cascade reservoirs in the Dadu River basin.
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Reservoir  Total capacity (10® Dam crest elevation Normal Checking flood level Protected population (thousand Installed capacity
m>) (m) pool level (m) persons) (10%*kw)
(m)
Bala 1.28 2925 2920 2922 41 70
Dawei 1.4 2690 2686 2688 48 27
BSG 2.48 2608 2600 2603 57 36
determined as 0.003 in all the cases. Subsequently, the critical values of
Table 10

Calculation of the CPs under different dam failure scenarios of the selected
cascade reservoirs in the Dadu River basin.

Cascade Possible The next Number of Number of CP
reservoir scenario of adjacent simulations overtopping
dam failure cascade of the next
cascade
Bala Individual Dawei 10,000 10,000 1
dam failure
of Bala
Successive BSG 10,000 10,000 1
dam failures
of “Bala-
Dawei”
Dawei Individual BSG 10,000 8863 0.8863
dam failure
of Dawei
Table 11

Statistics of inundation population and risk consequences of the selected cascade
reservoirs in the Dadu River basin.

Cascade Inundation population Risk consequences of dam
reservoir failure (Taking PAR as
examples)
Segment  Population DC PC Sum
(persons)
Bala @ 7568 7568 25,705 33,273
@ 8172
® 17,533
Dawei ® 7785 7785 14,674 22,459
® 16,556
BSG ® 15,935 15,935 15,935

Owing to the lack of social risk criteria and data from other countries,
the selected case experiment is a group of cascade reservoirs located in
China. Therefore, the standard in Table 3 can be used directly. For
cascade reservoirs in other countries, additional steps are needed. For
example, the threshold values of the LOL should be derived by applying
the method in Section 2.4 in combination with the social risk criteria of
that country. Thus, the standard in Table 3 will be updated appropri-
ately. Nevertheless, the primary methodology and process are still
generalizable.

According to the simulation results of the dam-break flood and the
recommended table for the prediction of the mortality rate, f was

the PAR for different project ranks of the cascade reservoirs presented in
Table 4 are set as 29000, 10000, 3333, and 1000 persons. Finally, the
cascade reservoirs are classified, as shown in Fig. 19.

4. Discussion

(a) Fig. 16 shows that if risk consequences are not considered, only
the DTX reservoir will be a Class I project according to the scale
and benefits, whereas the other four reservoirs will be Class II
projects. Table 6 and Fig. 13 show that if risk transmission and
superposition are not considered and only the DC is calculated as
risk consequences, the direct PAR of the DTX reservoir will
exceed 87,000 and its project rank will be Class I. The direct PARs
of QG, Letan, BLT, and Dahua reservoirs will be in the range of
30000-87000, 10000-30000, 0-3000, and 10000-30000, and
their project ranks will be Classes II, III, V, and IV according to the
risk consequences, respectively. In contrast, the project ranks and
primary structure grades of the four upstream cascade reservoirs
increased after adopting the rank classification method proposed
in this study.

(b) For projects with severe accident consequences, the current
standard for rank classification of water and hydropower projects
in China particularly stipulates that the grades of their primary
structures should be raised by one level. Similarly, several
existing studies (Zhou et al., 2015; Zhou et al., 2020) proposed
that the project rank of a cascade reservoir that will cause dam
failures downstream under effective early warning should be
raised from the original one. These procedures are consistent
with the aforementioned results of rank classification. Moreover,
this study weighted the segmented losses caused by dam-break
floods following the CPs of successive dam failures. Therefore,
risk transmission and superposition effects were reflected, thus
improving the rationality of the risk consequence assessment of
cascade reservoirs.

(c) In the current standards of China and other countries, the “Pro-
tected population” is considered one of the indexes of flood
control benefits, representing the permanent population in
downstream protected areas (Ge et al., 2022). However, it differs
from the population that will be inundated by a dam-break flood
and therefore cannot be used to quantify risk consequences. In
contrast, the PAR directly represents the population exposed to
the inundation area and can be determined through flood simu-
lation. Most importantly, the thresholds of the PAR allowed for

Bala 25705 ® DC
PC
Dawei 14674
BSG
0 5000 10000 15000 20000 25000 30000 35000 40000
PAR (persons)

Fig. 18. PAR of the selected cascade reservoirs in the Dadu River basin.(4) Rank classification of cascade reservoirs.
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Fig. 19. Rank classification of the selected cascade reservoirs in the Dadu River basin.

different project ranks can be determined by referencing the so-
cial risk criteria and the f of dam failure. Therefore, the PAR can
be effectively used as an index of risk consequences in the rank
classification of reservoir projects.

(d) Asfis closely related to flood severity, warning time, and the risk
awareness of the public, its value is not specifically constrained in
the rank classification standard proposed in this study. However,
it is analyzed and quantified in engineering applications. Thus,
the determination of the project rank is closely related to f,
providing an incentive for reservoir management to identify and
address risk. To avoid being classified as a high-rank project that
requires high maintenance costs and limits the failure probabil-
ity, f and LOE should be reduced by improving the emergency
response plan and infrastructure layout (Ge et al., 2020c; Ge
et al., 2022). Then, the project rank will be constrained to reduce
its risk consequences. This method is consistent with the concept
of dam risk management through a combination of engineering
and non-engineering measures (Li et al., 2015a).

(e) Although hydropower projects are built primarily to supply sus-
tainable energy and generate socioeconomic benefits, the risk
they pose to the downstream cannot be ignored (Pisaniello et al.,
2012). Internationally, dam failure consequences are used as
important bases for classifying reservoir projects and are thus
scientific and effective procedures from the perspective of risk
management. Currently, the universal applicability of classifying
reservoirs in China based on dam failure consequences has yet to
be further demonstrated, owing to the existing differences in the
socio-economic development levels within developed countries.
However, this remains a potential area for future research (Ren
et al., 2017). Considering the severe consequences of successive
dam failures, the risk concept should be applied to the rank
classification of cascade reservoirs as a priority and gradually
extended to general reservoirs.

5. Conclusions

Cascade reservoirs have long spatial spans and present considerable
management challenges as they run through the entire basin. To propose
scientific and practical methods for the rank classification of cascade
reservoirs, we conducted a series of studies and achieved the following
results: (1) An index system for the rank classification of cascade res-
ervoirs based on scale, benefit, and risk was constructed; (2) The critical
values for the LOL allowed for different project ranks were formulated,
and the thresholds of the PAR were further derived through the f of dam
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failure; (3) Risk transmission and superposition effects were quantified,
and the calculation formula of the risk consequences of cascade reser-
voirs was proposed; (4) After applying the proposed method to five
cascade reservoirs, the rank classification results were higher than those
obtained using the current standard, thus validating the feasibility of the
proposed method.

Although cascade reservoirs in China were selected for specific
analysis in the determination of index thresholds, the analytical model
proposed in this study is also applicable to cascade reservoirs in other
countries, especially the method of quantifying risk consequence in-
dexes and the idea of determining the allowed thresholds through social
risk criteria. In addition, the reasonable quantification of the f of the PAR
is crucial for the determination of the project rank. This is briefly
analyzed in this study based on existing results. In future studies, we will
improve the practicality of the quantification method and the accuracy
of the calculation results.
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