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This study evaluates the possibility of a cascade failure by developing a coupled breach-modeling platform based on one-
dimensional flow modeling of the river channel, flood propagation, regulation process of reservoir fluctuation, overtopping with
breaching, and wave damping downstream. A hyperbolic model of the DB-IWHR was embedded into the platform to simulate
the dam breaching process. Five breach models and software were used to calculate the Tangjiashan barrier lake breaching. The
results of a sensitivity study were then compared with the measured data. The peak flow and the time of occurrence were
confirmed to be predictable with a reasonable accuracy if the input values were within ranges appropriate for the model. The
approach was applied to a case involving two layout planning schemes for a cascade of rock-filled dams under extreme operating
conditions. The probability of the failure of a key control cascade downstream caused by a continuous cascade breach upstream
was simulated. Moreover, measures to prevent the transmission of risk by advance warnings were investigated. The proposed
methodology and the discharge capacity measures provide guidelines to assess the risk to a cascade of dams under extreme
operating conditions and offer support for the design criteria of unusual discharge structures for very large dams.
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1 Introduction

The design standards for reservoirs and dams are continually
being updated because of the increase in extreme global
weather patterns in recent decades. The concept of probable
maximum flooding or probable maximum precipitation can
not meet the requirements of these new standards. The risk of
disasters, such as flooding caused by dam breaches and ex-
treme weather, should be considered in the design of groups
of reservoirs formed by typical cascade development.
Moreover, landslides caused by earthquakes, surges in water

levels, rainfall, and melting snow can block drainage [1].
Failures of large dams have had catastrophic consequences
and have drawn attention because of their importance in
developing warning systems [2]. The downstream control
cascade for the complex structures of flood control standards
for dams and different classes of cascade reservoirs should
be able to regulate the breaching flood once an upstream
small reservoir is damaged and breached. The risk trans-
mitted from the upstream cascade can be reduced to some
extent. However, the breach itself causes local or global
damage to the reservoir, which consequently jeopardizes the
operation of the entire cascade of reservoirs mainly relying
on the degree of safety of the key control cascade. With
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improvements in the design standards used in cascade con-
trol engineering, the scale and the standard of flood discharge
facilities have improved to bolster the safety of dams. De-
signing all flood discharge facilities based on the same
standard will not be economical if the frequency of operation
is not considered. The flood discharge facilities are divided
into normal and abnormal facilities according to the fre-
quency of operation to guarantee the safety of a dam. Zhou et
al. [3] considered the safety of a cascade of reservoirs, and
the Chinese standards for a special dam (dam with extra
height) were redefined based on a quantitative analysis of
breaches. Special dams were categorized into special classes
1 and 2 according to the dam height, capacity, and whether
downstream reservoirs in the cascade would be affected by a
breach. Class 1 refers to a dam with a height range between
250 and 300 m or a dam, whose breaching would cause a
secondary break of a downstream Class 1 dam even with an
early warning. Class 2 refers to a dam with a height range
between 200 and 250 m, or a dam, whose breaching would
cause a secondary break of a downstream Class 1 dam if an
early warning is not available [4]. However, the choice of the
class of dam to build to accommodate an abnormal flood
discharge facility or a flood protection facility to reduce the
risk of flooding remains uncertain.
A foundation in the classification of the construction of a

cascade of dams is the continual estimation of a breach and
consequent flooding. A single-dam breach model is the core
of the hydraulic calculation of that in a cascade [3,5]. Several
studies were devoted to understanding the breach process
and evaluate its impact downstream and the risk of dam
failure. The models proposed can be classified into para-
metric, simplified physical, and detailed physical models [6].
These models were used to predict the breach geometry, time
of breach occurrence, and outflow [7–10]. Analytical and
parametric models do not consider the physical process of
breaching; hence, physical breach models feature certain
hydrodynamic simplifications and assumptions. Cristofano
[11] built the first analytical model for peak breach outflow,
notably followed by the work of Harris and Wagner [12],
Fread [13], Walder and O’Connor [14], Liang et al. [15],
Wang and Bowles [16], Zhang et al. [17], Chang and Zhang
[18], Erpicum et al. [19], and Wu [20], among many others.
Some typical physical models, such as BRDAM [21],
BREACH [13], BEED [22], and DLBreach [20], are widely
used in practice. Zhong et al. [23] compared and listed some
of their features. Sammen et al. [24] presented the evaluation
of existing methods for the estimation of dam breach para-
meters using the data of more than 140 case studies of past
recorded dam failures. Sattar et al. [25] developed a new
empirical formula with a physical meaning using a gene
expression model to predict the main breach hydrograph
parameters. The reservoir shape factor, dam erodibility, and
failure mode had large weights and influence on the output

predictions. Zhang et al. [26] set up dynamically linked one-
dimensional (1D) and two-dimensional (2D) hydrodynamic
and sediment transport models for dam break flow and
compared them with analytical solution. Moreover, 2D nu-
merical models based on hydrodynamics and sediment
transport equation were also developed to simulate the em-
bankment breaching process [27]. In the recent years, HEC-
RAS, MIKE11, and other well-known software were coupled
with the abovementioned breach models. The dam breach
mechanism involves rock and structural mechanics, hy-
draulic load, and geotechnical properties; hence, the over-
topping flow eroding the underside of the dam, the
undercutting caused by the side slope, and the horizontal,
unstable collapse of the dam caused by the flow erosion
process create an uncertainty in dam breach simulations [18],
rendering them highly sensitive to the parameters of the
hydraulic model of dam breach. To address this, Chen et al.
[28] proposed a dam breach model, called the DB-IWHR,
containing a calculation of the flow caused by a breach, a
hyperbolic model for soil erosion from the dam, and the
horizontal expansion of the breach using a numerical algo-
rithm. This model was applied to a back-analysis of the
Tangjiashan and the Hongshiyan barrier lakes [29] and ef-
fectively predicted the peak outflow and the time of failure.
The above mentioned models are available to simulate the

standard configuration of the flood waves resulting from the
dam failure. For a series or cascade of earth-rock dams, the
probability that a downstream control cascade fails as a result
of overtopping by an initial dam break depends on the ef-
fective storage, characteristic level of water, and damping of
the peak wave during its propagation. These parameters are
directly restricted by the discharge characteristics of the
outlet structures and the pre-warning time after the breach
upstream. Dewals et al. [30] developed a practical method to
predict the flows generated by dam failures and malfunctions
in a complex dam or a series of dams, where their simula-
tions revealed features of primary concern for emergency
planning and risk analysis. Therefore, whether the risk
transmitted in a cascade upstream under extreme operating
conditions can be reduced by downstream control and if
some emergency measures can be implemented must be
determined. This relies on the detailed and accurate predic-
tion of the peak flow caused by the upstream dam breach,
propagation of the damping wave downstream, and flood
control process of the key control dam.
This study developed the platform and the procedure for a

numerical simulation of a continuous breach in a cascade of
reservoirs for a hazard analysis. Overtopping with breaching
was modeled according to the theoretical framework of the
DB-IWHR. Five breach models were used to simulate a
breach in the barrier of a dam, and comparisons were made to
evaluate the characteristics of each model. According to the
spatial distribution of a controlled cascade of dams, the
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watershed cascade studied herein was based on the cascade
reservoir planning scheme for a real watershed, and can be
classified into three cases, namely case I (class 1 dam-rock
dam group-class 1 dam), case II (class 2 dam-rock dam
group-class 1 dam), and case III (class 1 dam-rock group).
Case III can be further categorized as case I. The safety
problem for the cascade as a whole was investigated using
the proposed platform from the perspective of the discharge
safety of the key control cascade and the need to enhance the
abnormal flood discharge facilities in light of such occur-
rences as flooding combined with a malfunctioning gate
caused by an earthquake. The details and tests of the model
platform and an analysis of the safety issues for the cascades
of reservoirs were described in the sections that follow.

2 Cascading dam breach modeling platform

2.1 Flow modeling of the river channel

The governing equations of the dynamic wave model for
open-channel flows for the flood transmission before the
flooding of the reservoir and its outflow into the downstream
river channel (Figure 1) are the St. Venant equations:
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where x and t are the spatial and temporal axes, respectively;
A is the sectional flow area of the river channel; Q is the flow
discharge; h is the flow depth; ql is the side discharge per unit
channel length; g is the gravitational acceleration; β is a
correction coefficient for the momentum caused by the
nonuniformity of the velocity distribution at the cross-sec-
tion; S0 is the bed slope; and Sf is the friction slope defined as
Sf = Q|Q|/K2, where K is the conveyance.
Research on the solution of the abovementioned equations

is mature. The Newton-Raphson method was used herein to
linearize the equations, and the most widely used implicit
four-point finite difference scheme first proposed by Pre-
issmann was applied to obtain an iterative solution.

2.2 Flood regulation process of the reservoir

The bottom elevation of the incoming flow to the river
channel and the intersection of the reservoir for the upstream
reservoir shown in Figure 1 were equal. The boundary
conditions then satisfied the following relations:
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where Qin(t) is the inflow corresponding to the upstream

flood wave reaching the reservoir; Qout(z,m) is the outflow of
the reservoir at t; the flow before dam breach is the discharge
flow of the outlet structure; andm is the discharge coefficient
of the outlet structure. If the dam is breached, the outflow is
the sum of the discharge flow from the outlet structure and
the outflows caused by crest overtopping and breaches:
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where Qy is the term for diversion or pumping flow un-
correlated with the water head; Qb is the flow caused by the
dam breach; and Cs, Cg, and C are the discharge coefficients
of the non-pressure spillway, gated flood discharge tunnel,
and dam breach, respectively. Ls is the width of the spillway;
Ag is the area of the open gate; and C is the discharge coef-
ficient with the theoretical value of 1.7 m1/2/s. Researchers
used values of C ranging from 1.3 to 1.7, and many used a
lumped coefficient for C in their calculations [12,18]. zs, zg,
and zd are the elevations of the uncontrolled tunnel, gated
flood discharge tunnel, and weir crest of the dam, respec-
tively.

2.3 Overtopping and dam breach modeling

When overstandard flood flow upstream enters into the re-
servoir, the water level goes through three stages, namely
water rise, overtopping, and breaching, if the dam is ex-
pected to fail or be breached as a result of the overtopping
flow. The type of failure and the corresponding breach
parameters must be determined. The bottom of the crest
channel begins scouring if the flow velocity of the crest in the
dam further increases to a certain incipient velocity Vc. The
dam breach process then begins [28]. The dam breach flow
given by eq. (6) should be equal to the loss in the reservoir’s
water storage shown as follows [31,32]:
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where q is the reservoir’s outflow, excluding the dam breach
flow, and W is the reservoir’s water storage capacity con-
sidered as a function of water level z. The relationship be-
tween storage and water level can be found in Liu et al. [33]
and approximated by

W p z H p z H p= ( ) + ( ) + × 101 r
2

2 r 3
6,

where Hr is the reference water level.
Δz is measured from time t to t+Δt to ensure that the in-

crement in z is always positive in the calculations:
z z t z t t= ( ) ( + ). (8)
When the flow velocity at the crest of the dam is less than

Vc, eq. (7) for the increment in the reservoir can be solved
based on the following difference equation once the above-
mentioned balance equation has been differentiated:
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We obtain the following when Δz is small:
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Substituting eq. (10) into eq. (9) yields:
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The erosion caused by the breach and its horizontal ex-
pansion is considered if the flow velocity at the crest of the
dam is higher than Vc, where the hyperbolic model of the
DB-IWHR proposed by Chen et al. [28] can be used to si-
mulate the rate of erosion caused by the breach:

z a b= ( ) = + , (12)

k= ( ), (13)c

where υ is the shear stress with reference to its critical
component; a and b are coefficients either regressed from the
test results or based on experience; k is the unit conversion
factor that allows z′ to approach its asymptotic value within
the working range of τ; and τc is the incipient shear stress.
Widely accepted rigorous analytical methods with circular

slip surfaces, such as Bishop’s simplified method, are ap-
plied for the lateral enlargement modeling. The conventional
discrete method [13,18] initiates the calculation from a given
initial time t0 with time step Δt to determine the corre-
sponding water level increment ΔH, scouring depth Δzs, and
flow velocity variation ΔV. The new approach proposed by
Chen et al. [28] was the first to provide the initial flow
velocity V0 and the flow velocity increment ΔV to solve the
corresponding ΔH, Δz, and Δt.

2.4 Framework of the modeling platform

Note that after the overtopping of the water level, the cal-
culation will turn to the dam breach mode when dam breach
scouring reaches the incipient velocity Vc. A cascading dam
breach is a key point of this platform and more different from
a single dam breach, in which the breaching flood from the
upstream dam may cause some amplification effects in the
breach flood of the downstream dam. Some empirical

models feature certain hydrodynamic simplifications and
assumptions that can be used to predict the time of breach
occurrence and outflow rate, but do not consider the physical
process of breaching. The modeling of the breaching process
and the peak discharge are both important because they af-
fect the estimation of the flood wave propagation and the
inundation process. Therefore, when we calculate the breach
in the middle reservoir, the propagated flow as a result of
overtopping by the initial breach (upstream dam) should
overlap with the inflow of the reservoir (Qin in eq. (9)) for the
calculation when the water level reaches the crest of the
middle dam. The dam breach flow process overlaps with that
of river 2 for the next stage in the upstream reservoir, for
which the evolution, middle reservoir fluctuation, and con-
tinuous breach process are repeated for the three steps
mentioned earlier. The platform was developed using the C
programming language and its framework shown in Figure 2
depicts how the platform works.

3 Comparative analysis of the dam breach
models

The HEC-RAS, MIKE11, DAMBRK, BREACH, and the
abovementioned numerical platforms based on the DB-
IWHRwere used to evaluate the reliability and the difference
between the model and commercial software, simulate the
Tangjiashan breach process, and compare the results with the
measured data. The input parameters, such as natural inflow,
initial breach width, and reservoir water storage, were si-
milar to those in Chen et al. [28]. The incipient velocity Vc, at
which soil erosion commenced for Tangjiashan, was ap-
proximately 2.6 m/s.
Figure 3 shows the flow of water through the breach and

other information of the breaching process calculated by the
abovementioned model. The figure and the debugging cal-
culation clearly showed that the peak discharges and the
arrival times calculated by the Mike11 DB and HEC-RAS
models were close to the measured value, but with the con-
dition that the initial and final sizes and the development of
the breach were preset; otherwise, the measured difference
would have been very large. The trends of the flow and the
variation in the water level calculated by the DAMBREAK

Figure 1 (Color online) Layout of the cascade earth-rock dams considered in the study.
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model were consistent with the actual results. However, the
breach duration, initial and final sizes of similar breaches,
and their expansion should also be entered. These parameters
were unknown. The sediment transport, stability of the slope
of the dam breach, and other factors were considered in the
BREACH model to calculate the complete breach process.

Moreover, the flow consistency was adequate, but numerous
uncertain parameters existed in the model. The parameter
sensitivity was also strong, and the presumed ratio of the
section width of the dam breach to depth in the model lacked
a theoretical basis. The difference between the measured and
calculated values of the breach size was large. The influence
of the geometrical parameters, material properties, and initial
condition of the breach was considered in the DB-IWHR
model. With reference to the measured data for the Tang-
jiashan and Hongshiyan barrier lakes [29], a set of para-
meters (i.e., a=1.1, b=0.0007, and τc=30 Pa) was used
because they were close to the field measurements at an
erosion rate of 1.19 mm/s. The predicted peak discharge was
7470 m3/s compared with the measured value of 6500 m3/s.
Other characteristic values, such as time of occurrence and
water level, agreed with the measured data before the peak
flow. The calculated elevations in the water in the reservoir
and the channel bed continued to decrease, while the mea-
sured data remained almost unchanged. This shortage can be
explained by the sedimentation of a large amount of scoured
material in the downstream riverbed after the peak outflow.
However, compared with the other models, parameters, such
as the dam breach size, were not needed as known conditions
to enter, which was more significant in forecasting dam
breaches. A sensitivity study on the BREACH, Mike11 DB,
and DB-IWHR models was also conducted for this case by
changing a typical model parameter each time while keeping

Figure 2 Framework of the cascading dam breach modeling platform.

Figure 3 Comparison of dam breach models. (a) Dam breach flow; (b) water level of the reservoir; (c) channel bed level; (d) flow surface width.

5. . . . . . . . . . . . . . . . . . . . . . . . Liu Z P, et al. Sci China Tech Sci August (2019) Vol.62 No.8. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1459



the others constant. The back-analysis results shown in Table
1 confirmed that the peak flow and the time of occurrence
can be predicted with a reasonable accuracy if the input
values are carefully selected. The percentage error of the
peak flow prediction by the hyperbolic model was smaller
than that of the other models. It could handle a wide range of
parameter inputs, and was especially less sensitive to the
input of the erosion parameters. Considering the dam breach
and the peak time of flooding of the reservoir under extreme
conditions, the DB-IWHR model was easy to apply and ro-
bust and, hence, had a significant potential for application.
The abovementioned models and platforms were used to

calculate and analyze the discharge safety issues for the
cascade as detailed below.

4 Application and case study

This case referred to the planning scheme of a watershed in
the southwest of China (Figure 4). The dams in cascade of
Xiazhuang, Bagou, Dali, Bushi, and Shuangtunzi were used,
where Bagou, Dali, and Bushi were small earth-rock dams
with a regulated storage capacity of 0.07, 1.506, and 0.19
hundred million m3, respectively. The concrete-face rock-

filled dams Xiazhuang and Shuangtunzi formed the key
control cascade with higher storage capacities. Table 2 shows
the typical parameters of the reservoirs. For convenience of
study and comparison, classes 1 and 2 (Xiazhuang I and
Xiazhuang II, the dam height and storage were different, but
corresponded to the same hydrograph of storage capacity)
were considered for the trial design of the control reservoir in
the upstream Xiazhuang. The regulated storage capacity was
small; hence, the sum of the storage capacities of the earth-
rock dam group was temporarily considered equivalent to
that of the Dali reservoir. The regressions on the parameters
of the erosion rate of the dam based on the measured data
were performed with a=1.1 and b=0.001 in eq. (10), which
were different from the barrier lake. The mountainous rivers
2 and 3 in Figure 1 were processed as inverted trapezoids,
where the slope, width, slope coefficient, and manning
roughness coefficient of the river were 0.004, 30 m, 0.3, and
0.025, respectively.

4.1 Case I (class 1 dam-rock dam group-class 1 dam)

When the Xiazhuang reservoir was considered to belong to
special class 1 (Xiazhuang I), this cascade was a typical up-
and-down comparative. Table 1 shows that the regulated

Table 1 Sensitivity analysis results

Model Typical parameter Values Occurring time of peak flow Peak flow (m3/s)

BREACH

Porosity

0.2 15:29 4982.8

0.4 13:41 7217.5

0.6 12:07 10686.9

Grain size distribution uniformity d90/d30

10 15:04 5582.5

30 13:41 7217.5

50 13:43 8115.4

Internal friction angle φ (°)

15 13:17 7401.8

22 13:41 7217.5

35 14:25 6700.5

Mike11 DB

Porosity

0.2 16:26 5403.7

0.4 13:06 6822.1

0.6 10:50 8234.4

Initial width of breach

8 13:36 6455.6

14 13:06 6822.1

20 12:50 7278.3

Lateral erosion rate

0.12 13:10 6487.5

0.2 13:06 6822.1

0.3 13:00 7414.7

DB-IWHR

Drop coefficient
m=h/(H–z)

m=0.8 10:51 7470.0

m=0.7 10:54 7688.6

m=0.6 10:51 7828.6

Erosion rate parameters

a =1.1 b = 0.0007 10:51 7470.0

a =1.0 b = 0.0006 10:40 8457.8

a = 0.9 b =0.0005 10:37 9705.6
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storage capacity of Xiazhuang was 1924 million m3. In case
of its breach, the capacity of the dam group Dali was limited
and, hence, not cut-off flooding caused by the breach. Based
on a past work [5], the breach will occur after a breach in a
special class 1 dam, regardless of whether the pre-warning
was valid in the downstream class 1 dam. Therefore, from
the perspective of discharge safety, this layout should ensure
that the up-and-down dam must not be breached, which
means that the break should not occur in the Xiazhuang re-
servoir under any condition. A spillway, a deep-hole flood
discharge tunnel, and an emptying tunnel were set for the
outlet structure design of Xiazhuang. The working head was
high because the bottom elevation was low. Moreover, the
conditions were poor for the flood discharge of the emptying
tunnel, such that it was not involved. This was intended to

analyze extreme operating conditions (i.e., overstandard
flooding combined with a gate being rendered inoperative by
an earthquake) and the discharge safety in light of the need to
augment the overflooding facilities of the Xiazhuang class 1
dam.
The magnitude of overstandard flooding was temporarily

considered based on the probable maximum flooding (PMF),
which refers to a once-in-10000-years flood plus 20%. When
overstandard flooding occurred, the flood was discharged
through a gate from the outlet structure. In the case of an
earthquake that damaged a discharge gate and caused it to
become inoperative, the total discharge capacity of the outlet
structure was reduced. This reduction was temporarily con-
sidered to be 10%–20%. The reservoir would then be regu-
lated at a normal water level of 3120 m (adverse water level).
The typical characteristic values of the once-in–10000 years
flood and the PMF were used. Figure 5 presents the flood
hygrograph. The flood had two peak processes, where the
flood was up to 4990 m3/s for 10 h and from 4160 m3/s to
4990 m3/s for approximately 1 h. Figure 6 depicts the water
level fluctuation under a different flood regulation scheme
based on eq. (4) in Xiazhuang I. The reservoir flooding under
these conditions was regulated from the beginning through a
gate. The corresponding discharge capacity was over
3000 m3/s. The incoming flow in the first 4 h was less than
the discharge capacity, and the water level of the reservoir
first fell by 0.3 m after rising. The flood discharge then in-
stantly increased. Accordingly, the water level of the re-
servoir was immediately banked up. The water level of the
reservoir fell in amplitude and continued rising before and
after the second flood peak. The discharge capacity of the
gate was subsequently greater than the flood discharge, and
the water level decreased. The total incoming flood volume
at approximately hour 54 of the process was 753 million m3,
and the water level of the reservoir reached a peak value of

Figure 4 (Color online) Layout of the three dams considered in the case
study.

Table 2 Typical parameters of the earth-rock dam cascades

Item Xiazhuang I Xiazhuang II Dali Shuangtunzi

Elevation of crest (m) 3126 3070 2690 2510

Max. dam height (m) 231 175 113.5 314

Max. flood level (m) 3122.87 3065 2687.61 2504.42

Normal flood level (m) 3120 3062 2686 2500

Elevation of dead water (m) 3060 3010 2683 2420

Total reservoir storage (hundred million m3) 30.19 10.9 1.85 28.97

Normal reservoir storage (hundred million m3) 29.05 10.24 1.766 27.32

Dead storage (hundred million m3) 9.81 2.7 1.606 8.15

Natural inflow (m3/s) 185 185 206 516

Distance (km) 0 0 85.6 174.9

p1 0.207 0.06 0.04 0.16

p1 19.65 -4.74 4.94 11.07

p1 981.13 90.19 161.49 814.65

Reference water level 3060 2895 2683 2420
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3122.92 m, which was 3.08 m from the dam crest of the
reservoir. The peak value of this water level was close to the
maximum flood level (3122.87 m), indicating that the
overstandard flooding conditions were sufficiently con-
sidered in the original design, and a margin was maintained.
The discharge capacity of the outlet structure decreased
when a discharge gate was damaged by an earthquake.
Moreover, the water level of the reservoir was at 80% and
90% of the regulated flooding discharge (Figure 6). The peak
value of the banked-up water level of the reservoir rose to
3124.31 m in hour 71 of the flood process when 10% of the
discharge capacity was lost because of an inoperative gate.
The discharge capacity was subsequently greater than the
incoming flow, and the water level fell. In this process, the
peak water level was still 1.69 m from the dam crest, but
safety was strengthened only, such that it did not result in a
breach. The peak banked-up water level of the reservoir was
up to 3126.02 m by hour 69 of the overstandard flooding
process, which was over the crest of the dam, when the gate
was inoperative. The lost discharge capacity was 20% of the
total capacity. The reservoir was overtopping, which pro-
vided an opportunity for setting an abnormal flood discharge
facility to reduce the risk of the flood discharge. The growth
rates dz/dt (by the hour) for the water level of the reservoir
for the three abovementioned working conditions in the first
peak discharge time were 0.12, 0.15 and 0.17 m/h, respec-

tively. Compared with the growth rate of 80% in the water
level-given discharge capacity, the rise in the water level was
0.05 m/h lower when the discharge gates were working, in-
dicating that the abnormal overflow discharge facility could
effectively eliminate the rise in the water level when the
discharge gate was invalid.
The results showed that the reservoir would have dam

overtopping and breach problems if the extreme working
conditions of the overstandard flooding with an inoperative
gate were considered. The class 1 dam in this case must
enhance the abnormal overflow facilities to better deal with
the situation. Under circumstances, where part of the up-
stream overstandard flooding and the normal flood discharge
facilities have broken down, the reservoir capacity of the
dam would be relieved by a timely discharge and would be
protected from breaches. The specific magnitudes can be
determined through the method and the calculation in this
study. Using this case as an example, the discharge capacity
of the abnormal overflow facilities must be 20% of the ori-
ginal overflow weir and the deep-hole flood discharge tun-
nel. The starting conditions of which can be determined
according to the failure condition of the gate and the fore-
casted or monitored peak discharge and time.

4.2 Case II (class 2 dam-rock dam group-class 1 dam)

The total storage capacity of the Xiazhuang reservoir in the
abovementioned case was reduced to 1024 million m3.
Hence, it was reclassified as a class 2 dam. Its special layout
pattern was that in case II. According to the conditions laid
out in the definition of special class 2, this dam was a special
class 2 after the breach, a continuous breach when the pre-
warning was invalid, and no breach when it was valid in the
downstream special class 1 dam. This cascade was assumed
to be operated under extreme conditions, implying that a
breach occurred in Xiazhuang II. The flood wave propaga-
tion in the downstream river and the possible dam breach of
the special class 1 Shuangtunzi reservoir were simulated.

4.2.1 Dam breach and flood propagation at Xiazhuang II
Xiazhuang II suffered from extreme overstandard flooding,
and a breach occurred at time 0. The incipient velocity of the
dam was 3 m/s. The flood calculated by the method de-
scribed in sect. 2.3 reached a peak discharge of 15000 m3/s at
hour 10.7. The water level subsequently decreased, and the
flow reduced. The dam breach lasted for approximately 40 h.
In the calculation, the timer shaft was counted from 0. Dali is
85.6 km from the Xiazhuang II reservoir, and the difference
in the altitude between them was 318 m. Based on the
method in sect. 2.1, the 1D evolution model θ of the flood
was 0.6, and the time step was 60 s. Figure 7 shows the
breach process and the flooding evolution of the reservoirs.
The flooding caused by the breach evolved in the Dali re-

Figure 5 Flood hydrograph of the Xiazhuang I reservoir.

Figure 6 Fluctuation in the water level under different flood regulation
schemes.
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servoir after 3.25 h, and the peak discharge was 14797 m3/s
at hour 12.3 without a notable decrease.

4.2.2 Continuous cascade breach at Dali and flood pro-
pagation
According to the calculation method in sects. 2.2 and 2.3, the
water level of the reservoir at Dali rose to the dam crest at
hour 5.32 (Figure 8). The peak discharge of the incoming
flow was large; hence, the overtopping overflow of the Dali
reservoir was smaller than the incoming flow. Furthermore,
the water level of the reservoir continued to rise. The banked-
up height of the water level when the overtopping flow ve-
locity reached Vc of the breach scour was calculated by
adding the Dali continuous breach. The Dali reservoir
reached a continuous breach peak discharge of 23513 m3/s at
hour 14.6, and the breached lasted for 21.5 h. Flooding
continued to evolve to downstream Shuangtunzi after the
breach of the Dali reservoir. The distance between the re-
servoirs was 89.3 km, while the difference in altitude was
380.5 m. The flooding arrived at the Shuangtunzi at hour 8.7.
The flood peak occurred at hour 15.95. Figure 9 shows the
continuous breach process and flood propagation.

4.2.3 Discharge without pre-warning in Shuangtunzi
The outlet structures of Shuangtunzi included a spillway, a
vertical shaft discharge tunnel, and a deep-hole flood dis-
charge tunnel. The discharge flow was up to 6819.6 m3/s
when the total discharge was at a water level of 2500 m. The
continuous breach flooding entered the dam site at the
Shuangtunzi reservoir at hour 8.7. No pre-warning was ob-
served in this reservoir; hence, the flood was discharged at all
gates when the dam breach from Dali entered it. The water
level of the reservoir rose to the dam crest at an elevation of
2510 m at hour 19.5 and rose to 2511.2 m (top elevation of
the wave wall) at hour 20.9 because the discharge was fast.
The dam was overtopping, and the water level rose to its
highest level at 2513.29 m in hour 25.7. Figure 10 presents
the inflow, discharge outflow, and variation in the water le-
vel.

4.2.4 Discharge with pre-warning in Shuangtunzi
The flooding from Shuangtunzi was discharged from all
gates at a water level of 2500 m when the upstream Xiaz-
huang II was breached. Figure 11 illustrates the water level.
The continuous breach flooding of Dali took 8.7 h to pro-
pagate to the Shuangtunzi reservoir. The water level of
Shuangtunzi already decreased to 2494.75 m, and the am-
plitude of the reduction was 5.25 m, indicating that a part of
the storage capacity was emptied out in advance. The dam
breach flooding flow was subsequently smaller than the
discharge capacity of the outlet structure. Moreover, the
water level of the reservoir was further reduced to its lowest

Figure 7 Dam breach for the failure of Xiazhuang II and flood propa-
gation to the Dali dam.

Figure 8 Flooding and water level of the reservoir of Dali after the
Xiazhuang II failure.

Figure 9 Dam breach for the continuous failure of Dali and flood pro-
pagation to the Shuangtunzi dam site.

Figure 10 Inflow, outflow, and flood regulation process of Shuangtunzi
without pre-warning for the upstream cascade breaches.
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level of 2494.50 m at hour 9.7. At this time, the inflow was
equal to the outflow. The flood discharge was subsequently
greater than the water discharge from the entire outlet
structure. In addition, the water level of the reservoir started
rising. The water level rose to 2509.79 m when the inflow
was equal to the outflow at hour 25.6 for the second time.
This value was 0.21 m lower than the crest elevation and
1.41 m lower than the crest elevation of the parapet wall of
the dam. The simulated results showed that this class 1 dam
was not breached under a continuous cascade breach up-
stream because the flood regulation storage capacity was
increased for all the gate discharges with pre-warning in
Shuangtunzi. However, the margin of safety was very low.

4.2.5 Increased discharge capacity without pre-warning
Under this condition, the discharge capacity was increased
for Shuangtunzi compared to the original. The capacity of an
abnormal flood discharge tunnel was increased, with the
scale of flood discharge comparable to that of the vertical
shaft. Measures were taken to reduce the inlet elevation of
the existing deep-hole flood discharge tunnel (temporarily by
10 m). The discharge capacity increment of the single deep-
hole flood discharge tunnel at water levels above 2500 mwas
in the range of 8.42%–9.45% when the deep-hole bottom
elevation was reduced. The total discharge capacity in-
creased by 16.8%–19.1% compared with the original dis-
charge capacity. Figure 12 presents the flood discharge
curve.
The continuous flooding of Dali was immediately dis-

charged through all the gates after it entered the dam site of
the Shuangtunzi reservoir at hour 8.7. The flood propagation
flow increased too quickly; hence, the water level of this
reservoir rose to a crest elevation of 2510 m at hour 21.2 and
2511.2 m at hour 24. The dam then started to overtop. The
water level rose to its highest elevation of 2511.31 m after
hour 25. Figure 13 shows the entire inflow, discharge out-
flow, and variation in the water level. Compared with the
discharge capacity of Shuangtunzi without pre-warning, the
water level of Shuangtunzi rose slowly under the condition
of the same upstream continuous flooding as the discharge

capacity increased. However, it finally overtopped. The pre-
warning time of the dam breach was very significant for
control cascade discharge safety when dams were arranged
in series.

4.2.6 Increased discharge capacity with pre-warning
Shuangtunzi was discharged from a water level of 2500 m
through all gates while the upstream Xiazhuang II was
breaching. Figure 14 shows the water level. The continuous
flooding at Dali needed 8.7 h to propagate to the Shuangtunzi
reservoir. At this time, the water level of Shuangtunzi fell to
2493.76 m, where the reduction amplitude was 6.24 m. The
flood discharge was still less than that of the outlet structure
afterwards, and the water level decreased to the lowest level
of 2494.43 m at hour 9.7 when the inflow was equal to the
outflow. The flood discharge was subsequently greater than
that with all the gates discharging at capacity. The reservoir
level started rising until the inflow was equal to the outflow
for the second time. The water level rose to its highest at
2507.39 m, which was lower than the crest elevation of
2.61 m. This finding indicated that abnormal flood discharge
facilities set in Shuangtunzi based on the original and flood
regulation storage capacity increased with pre-warning under
the conditions of the upstream class 2 reservoir breach and
the mid-stream cascade continuous breach. With flood reg-

Figure 11 Inflow, outflow, and flood regulation process of Shuangtunzi
with pre-warning for the upstream cascade breaches. Figure 12 Outlet structure discharge curve of Shuangtunzi.

Figure 13 Inflow, outflow, and flood regulation process of Shuangtunzi
with an increased discharge capacity, but no pre-warning of the upstream
cascade breaches.
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ulation and pre-warning, the final water level margin rose to
2.61 m from 0.21 m, by which time, the safety margin was
increased to ensure that the dam would not fail, and the risk
of a cascade of continuous breaches was effectively ob-
structed. Figure 15 summarizes the cascading dam breach
process of the abovementioned four cases and the typical
breaching characteristic values.

5 Conclusion

This study proposed a platform and a procedure for a nu-
merical simulation of a cascading dam breach for a hazard
analysis of cascade reservoirs, including 1D flow modeling
of the river channel, flood propagation, regulation process of
reservoir fluctuation, overtopping with breaching, and wave
damping downstream. A hyperbolic model of the DB-IWHR
was embedded into the platform to simulate the dam
breaching process. In calculating the cascading dam breach,
the propagated flow caused by the overtopping from the
initial breach should overlap with the inflow of the reservoir
when the water level reaches the dam crest. Five breach
models and software were used to calculate the breaching of
the Tangjiashan barrier lake. The results showed that the
proposed methodology and the continuous breach modeling
platform can guide model users in predicting flows generated
by dam failures for a cascade of dams.
With the aim of examining the layouts of the watershed

cascade cases I and II, the safety problems of the cascade
system were investigated from the perspective of the dis-
charge safety of key control cascades and the necessity of
increasing the abnormal flood discharge facilities in light of
extreme operating conditions. The class 1 dam of case I must
enhance the abnormal overflow facilities to better deal with
these working conditions. In addition, its initial conditions
must be decided according to the failure conditions of the
gate and the forecasted or monitored peak discharge and
time. For layout case II, if a breach occurred in the upstream
special class 2 dam in the presence of a pre-warning, the

downstream control cascade class 1 dam was guaranteed
protection from the breach. The downstream class 1 dam
further lowered the water level before the flooding caused by
a breach in the upstream dam reached the reservoir by setting
the abnormal flood discharge facilities to increase the margin
of the flood discharge. A case study showed that the degree
of safety of the downstream class 1 dam clearly improved
using these measures. A specific setting-up magnitude and a
feasible design approach to increase the discharge capacity
were given. The spacing was usually limited to the risk ac-
tivation cascade and the control cascade; hence, once the
upstream cascade is breached, the time of a pre-warning of
risk for the control cascade is counted by hour. Therefore, the
time of pre-warning of the dam breach is very significant for
the control cascade discharge safety when dams are arranged
in series.
The soil erosion rate of the model was one of the critical

parameters affecting the results (i.e., between 0.4 and
1.1 mm/s). The values were associated with a shear stress
range of 20–100 Pa for the abovementioned case given the
limited amount of data. However, other rock-filled dams for
cohesive and non-cohesive soil materials might have in-
troduced a significant uncertainty in terms of the parameter
input. Thus, the soil erosion and shear strength tests should
be performed first to calibrate the parameters. A lack of
understanding of the dam breach processes leads to further
research and more independent tests and observations to
validate the model for it to suit the different characteristics of
cases of application and reduce the risk of using in-
appropriate parameters.

Figure 14 Inflow, outflow, and flood regulation process of Shuangtunzi
with an increased discharge capacity and pre-warning for the upstream
cascade breaches.

Figure 15 (Color online) Summarized cascading dam breach process of
the four cases and the typical breaching characteristic values.
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