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Technical note

Retarding effects of an intermediate intact dam on the dam-break flow in
cascade reservoirs
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ABSTRACT
Flood waves caused by the failure of dams can result in disastrous consequences to the downstream region, particularly in the case of cascade
reservoirs. However, if an intermediate dam in the cascade reservoirs remains intact and upright in the presence of the incoming dam-break wave,
it can retard the dam-break flow. In this study, flume experiments with cascade reservoirs were conducted to investigate the retarding effects of
the intermediate intact dam on dam-break flow. Two patterns of dam-break flow overtopping the intermediate intact dam, i.e. the leap pattern and
overflow pattern, were observed. The results reveal that the retarding effects of the dam are primarily affected by the ratio of the water depth in front
of the dam to the dam height; when the ratio is less than 1/2, the retarding effects are significant.

Keywords: Cascade reservoirs; dam-break flow; intermediate intact dam; pressure load; retarding effects

1 Introduction

Dam-break flow often causes catastrophic damage to life and
property downstream, and considerable attention has been paid
to this problem. Theoretical studies of dam-break flow date back
to Ritter (1892), who derived a theoretical solution of the free
surface profile evolution for the instantaneous dam-break flow
problem in a horizontal and frictionless channel with a rectan-
gular cross-section. Considering the hydraulic resistance effect,
Dressler (1952) improved the theoretical solution of the same
problem. Considering the wet-bed condition downstream of the
dam, Stoker (1957) extended the Ritter solution. Hunt (1984)
derived a perturbation solution for the dam-break flow under the
condition of finite-length reservoirs. Chanson (2006) developed
the Ritter solution to the case of dam-break flow over a smooth
sloping bed. These theoretical solutions can accurately describe
the characteristics of dam-break flow. However, they can only
resolve several idealized cases, and thus experimental studies
are required. Numerous experiments on dam-break flows were
performed to investigate wave propagation characteristics and
hydraulic parameters such as free surface profiles and velocity

fields under different initial and boundary conditions (Cochard
& Ancey, 2007; Eaket, Hicks, & Peterson, 2005; Kocaman &
Ozmen-Cagatay, 2012; LaRocque, Imran, & Chaudhry, 2013;
Orendorff, Rennie, & Nistor, 2011; Ozmen-Cagatay, Kocaman,
& Guzel, 2014; Soares-Frazão, 2007). In addition, some exper-
imental studies on the impact force of the dam-break flow on
downstream structures were conducted (Chen, Xu, Deng, Xue,
& Li, 2014; Lobovský, Botia-Vera, Castellana, Mas-Soler, &
Souto-Iglesias, 2014). Recently, the cascade reservoir system
has been a mainstream method of hydropower development,
and thus the safety of cascade reservoir systems in valleys is
particularly important. When the upstream dams among the
cascade reservoirs break, the downstream dams risk collapse
upon the impact of the dam-break flow, which causes inten-
sified threats to the downstream-dam security (Cao, Huang,
Pender, & Liu, 2014; Xu, Chen, Xue, & Niu, 2012; Xue et al.,
2011). On many occasions dams do not break; instead, they
retard the dam-break flow and reduce the threats to the oth-
ers. However, to our knowledge, these retarding effects have not
been studied and thus the conditions of their occurrence remain
unknown.
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In this study, flume experiments were conducted to inves-
tigate these retarding effects of the intermediate intact dam on
the dam-break flow in cascade reservoirs. An intermediate dam
between upstream and downstream dams was set up as intact
and upright in the experiments. The effects of the intermediate
intact dam on the dam-break flow were obtained using high-
resolution digital cameras and high-precision pressure sensors.

2 Experimental configuration

The dam-break experimental set-up was built and installed at the
State Key Laboratory of Hydraulics and Mountain River Engi-
neering of the Sichuan University. The physical model consisted
of a smooth rectangular cross-section flume, three dams, and a
pool, as shown in Fig. 1. A smooth rectangular cross-section
flume with inner dimensions of 20.0 × 0.5 × 1.0 m was used,
and the bottom slope of the flume was set as 12° to reason-
ably accommodate three reservoirs in the limited testing space.
The flume was made of transparent glass with a steel frame
for visual observation. The dam spacing of the three dams was
7.8 m. The upstream and downstream dams were represented by
a flat plate, which was 0.6 m long, 0.5 m wide and 0.1 m thick.
The cross-section dimensions of the intermediate intact dam
were designed following the standard of the gravity dam, and
its height (D) was determined depending on experimental sce-
narios (Fig. 2). Four high-precision digital pressure sensors were
installed on the centreline of the downstream dam vertically and
labelled as Pi (i = 1, 2, 3, 4) (Fig. 3). Note that the centre of
sensor P4 was located approximately 0.01 m above the dam bot-
tom because the pressure sensor itself was 0.02 m in diameter.
Furthermore, two high-resolution digital cameras were placed
outside of the intermediate intact dam and downstream dam to
record the propagation process of the dam-break flow in the two
reservoirs.

During the tests, when the upstream dam instantaneously
and completely collapsed, the water in the reservoir poured
down in a notably short time. The dam-break flow propagated

downstream along the flume, overtopped the intermediate intact
dam, continued to propagate and eventually hit the downstream
dam. The time evolution of pressure loads on the downstream

Figure 2 Schematic cross-section dimensions of the intermediate dam
(unit: m)

Figure 3 Front view showing the locations of pressure sensors on the
downstream dam (unit: m)

Figure 1 Dimensions (in m) of the experimental set-up: (a) side view, (b) plan view



440 Y. Zhang and W. Xu Journal of Hydraulic Research Vol. 55, No. 3 (2017)

Table 1 Experimental scenarios with different heights of intermediate dam and initial water depths

Initial water depths

Variables D = 0 m D = 0.20 m D = 0.30 m D = 0.40 m D = 0.50 m D = 0.60 m

hu (m) 0.10–0.30 0.10–0.30 0.10–0.30 0.10–0.30 0.10–0.30 0.10–0.30
hd (m) 0.10–0.50 0.10–0.50 0.10–0.50 0.10–0.50 0.10–0.50 0.10–0.50
h (m) – 0.00 0.00 0.00 0.00 0.00

– 0.10 0.10 0.10 0.10 0.10
– 0.20 0.20 0.20 0.20 0.20
– – 0.30 0.30 0.30 0.30
– – – 0.40 0.40 0.40
– – – – 0.50 0.50

– – – – 0.60

Figure 4 Time evolution of pressure loads from all four pressure sensors for three repeated tests and the mean (D = 0.40 m, hu = 0.30 m,
h = 0.40 m, hd = 0.30 m): (a) P1, (b) P2, (c) P3, (d) P4

dam varied with different heights of the intermediate intact dams
and different initial water depths in front of the three dams.
The dam height D was selected as 0 (the dam was removed),
0.20, 0.30, 0.40, 0.50 and 0.60 m; the initial water depth h in
front of the dam was selected according to the dam height D;
the initial water depth hu in front of the upstream dam was
set from 0.10 m to 0.30 m with 0.05 m step; the initial water
depth hd in front of the downstream dam ranged from 0.10 m
to 0.50 m with 0.10 m step. Details of the test cases are shown
in Table 1. In this study, the upstream dam was imitated by the
flat plate hinged to the bottom of the flume by two stainless-
steel hinges. A removable bar was placed on the top of the
plate to fix it. When the bar was removed, the plate rapidly
fell under hydrostatic pressure, and the dam-break condition was

triggered. Therefore, an identical critical value of the collapse of
the upstream dam can be guaranteed for identical water depths
in the upstream reservoir. The experiments were repeated up
to four times, and the averaged pressure loads were obtained
to ensure the reasonable accuracy and credibility of the mea-
surements for each test case. For example, in the test case with
D = 0.40 m, hu = 0.30 m, h = 0.40 m, and hd = 0.30 m, the
time evolution of the pressure loads for three repeated tests and
the mean pressure loads are shown in Fig. 4. Two representa-
tive pressure loads, i.e. the first two peak pressure loads, were
selected from the four curves in each plot for the error analy-
sis. The result shows that the errors of the mean pressure of the
first and second peak pressures were within ± 6% and ± 10%,
respectively.
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3 Two patterns of dam-break flow overtopping the
intermediate intact dam

The experiments were performed to simulate the process of the
dam-break flow overtopping the intermediate intact dam. The
water depths in front of the upstream and intermediate intact
dams and the height of the intermediate intact dam significantly
affect the evolution of the dam-break flow. The dimensionless
parameter α is the ratio of the water depth in front of the inter-
mediate intact dam to the dam height. For various α, two typical
patterns were observed when the dam-break flow overtopped the
intermediate intact dam: the leap pattern (Fig. 5) and overflow
pattern (Fig. 6).

The leap pattern occurred when the dam was lower, or the
dam was higher but the water depth in the upstream reservoir
was also higher, (viz. α was relatively larger), e.g. D = 0.40 m,
hu = 0.20 m, and α = 0.75, as shown in Fig. 5a. After the

upstream dam failed, the dam-break flow propagated along the
flume, entered the reservoir of the intermediate intact dam, and
was blocked by the still water and the dam (Fig. 5b). First,
parts of the dam-break flow leapt over the intermediate intact
dam in the shape of surges because of the inertia effect, and the
remainder was retarded in the reservoir, as indicated in Fig. 5c.
Then, parts of the dam-break flow in the reservoir repeatedly
leapt over the dam in the shape of surges with violent turbulence
and distinct air entrapment, as shown in Fig. 5d. Finally, some
dam-break flow remained stuck in the reservoir. The overflow
pattern occurred when the dam was higher and when both the
water depth in the upstream reservoir and α relatively small, e.g.
D = 0.60 m, hu = 0.15 m, and α = 0.17, as shown in Fig. 6a.
When the dam-break flow was fully blocked by the intermediate
intact dam and water in the reservoir (Fig. 6b), it bounced back
towards the upstream (Fig. 6c); then, the back flow developed
into the plunging breaker and formed new surge propagation,

Figure 5 Snapshots of the leap pattern

Figure 6 Snapshots of the overflow pattern
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which was accompanied with sufficient surface mixing with the
air entrapment in the reservoir (Fig. 6d). In the process, the
turbulence gradually weakened, with the reservoir water level
increased (Fig. 6e). Finally, a stable overflow appeared on the
intermediate intact dam when the water level was higher than
the dam crest (Fig. 6f). Similarly, parts of the dam-break flow
remained in the reservoir. Therefore, the evolving pattern of
the dam-break flow in the flume is affected, and the flow vol-
ume decreases. The obvious delay and subduction function is
attributed to the retarding effects of the intermediate intact dam.

4 Characteristics of the retarding effects of the
intermediate intact dam on the dam-break flow

As explained in the previous section, the process of the dam-
break flow overtopping the intermediate intact dam can be
classified into two distinct patterns, which accordingly affect
the pressure loads on the downstream dam. Therefore, two
dimensionless parameters T and β were used to study the
characteristics of the time evolution of the impact pressure.
Time t is multiplied by 0.1 (g/hd)

1/2 to obtain the dimension-
less time T = 0.1t (g/hd)

1/2, and pressure load p is divided
by the hydrostatic pressure at the bottom of the downstream
reservoir (ρghd) to define the relative pressure β = p/(ρghd),
where 0.1 is a coefficient to narrow the variable range, and g
and ρ are the gravity acceleration and mass density, respec-
tively. Figure 7 compares the time evolution of relative pres-
sure loads obtained by the four sensors when the intermediate
intact dam was removed (Fig. 7a), and the intermediate intact
dam was reserved (Fig. 7b and 7c) in the case of the con-
stant water depths in front of the upstream and downstream
dams.

It can be noticed that the four sensors recorded identical peri-
odic fluctuations of the pressure loads. When the dam-break
flow propagated along the flume and hit the downstream dam,
the pressure loads first sharply increased. Then, the dam-break
flow wave was gradually attenuated, and the pressure loads
tended to stabilize. The highest peak is recorded by bottom sen-
sor P4, which is the sensor that receives the full impact, whereas
the pressure loads on other sensors are provided by the run-up
of the dam-break flow.

Comparing Fig. 7b and Fig. 7c with Fig. 7a, we can deduce
that the number of pressure load peaks slightly increases, while
the peak value of the pressure loads significantly decreases when
the dam maintains the original place. In other words, the impact
times of the dam-break flow on the downstream dam slightly
increase, whereas the impact strength obviously weakens. Thus,
the intermediate intact dam has remarkable retarding effects
on the dam-break flow. The pressure loads also decrease more
sharply in the overflow pattern (Fig. 7c) than in the leap pat-
tern (Fig. 7b). Hence, with identical water depths in front of
the upstream and downstream dams, the retarding effects in the
overflow pattern are larger than that in the leap pattern, i.e. the

Figure 7 Time evolution of relative pressure loads for differ-
ent cases: (a) intermediate dam removed (D = 0, hu = 0.20 m,
hd = 0.30 m), (b) leap pattern (D = 0.40 m, hu = 0.20 m, h = 0.30 m,
hd = 0.30 m), (c) overflow pattern (D = 0.60 m, hu = 0.20 m,
h = 0.10 m, hd = 0.30 m)

former would more likely protect the downstream dam from the
threat of dam-break flow.

The first peak values of pressure loads that were recorded
by the four sensors in the first dam-break wave, which vary for
different ratios of α, were also studied to analyse the retard-
ing effects. For example, consider D = 0.60 m for which the
change of β and α for different water depths in front of the
upstream and downstream dams is shown in Fig. 8. The corre-
sponding value for the same scenario without of the intermediate
dam is also provided in this figure. A dashed line (α = 0.5)
is drawn to discriminate two different regions. When α > 0.5,
the values of β significantly increase (Fig. 8a–d), whereas when
α ≤ 0.5, values β vary if the water depth in front of the down-
stream dam is low (e.g. hd = 0.10 m; Fig. 8a and 8c) or almost
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Figure 8 Relation of β and α for different water depths in front of the upstream and downstream dams: (a) hu = 0.15 m, hd = 0.10 m, (b)
hu = 0.15 m, hd = 0.30 m, (c) hu = 0.30 m, hd = 0.10 m, (d) hu = 0.30 m, hd = 0.30 m (see Supplemental data)

invariable if the water depth in front of the downstream dam is
high (e.g. hd = 0.30 m; Fig. 8b and 8d). For each sensor except
some individual cases, values β are smaller for the scenario with
an intermediate intact dam than those without one (Fig. 8a–d).
In addition, when the water depth in front of the downstream
dam is low (e.g. hd = 0.10 m), the variation of β for the sen-
sors below (P4) and around the water surface (P3) is consistent,
whereas the change of data points above the water surface
(P1–P2) is not identical with them, as shown in Fig. 8a–d. Thus,
the sensors at higher positions do not record a first impact event,
and the peak values for these sensors are actually obtained later
in time at the arrival of the secondary wave.

Comparing β values in the presence of the intermediate
dam with the basic scenario, where there is no intermediate
intact dam in cascade reservoirs, the impact pressure evidently
decreased, which indicates that the intermediate intact dam has
retarding effects on the dam-break flow. The β value apparently
increases when the overflow pattern (α ≤ 0.5) is changed to the
leap pattern (α > 0.5), as shown in Fig. 8a and 8b. Thus, the
retarding effects of an intermediate intact dam decrease with
the changing patterns. Figure 8c and 8d show that the retarding
effects have identical characteristics even if both α ≤ 0.5 and
α > 0.5 are leap patterns. In other words, the sudden decrease
in retarding effects on the dam-break flow mainly depends on the

ratio of the water depth (in front of the intermediate intact dam)
to the dam height. The retarding effects are more remarkable for
a ratio less than 1/2 than a ratio more than 1/2.

5 Conclusions

An experimental study on the retarding effects of the interme-
diate intact dam on the dam-break flow in cascade reservoirs
was performed using high-resolution digital cameras and high-
precision pressure sensors. Two patterns were observed when
the dam-break flow overtops the intermediate intact dam: (1)
the leap pattern, where the dam-break flow leaps over the inter-
mediate intact dam; and (2) the overflow pattern, where the
dam-break flow overflows along the intermediate intact dam,
when the water level gradually increases until exceeding the
dam crest. The retarding effects of the intermediate intact dam
on the dam-break flow are mainly affected by the ratio of the
water depth in front of the intermediate intact dam to the dam
height. When the ratio is less than 1/2, the retarding effects are
prominent.

In design projects, when an upstream dam is at risk of dam
break, the retarding effects of downstream intact dams should be
considered in conjunction with its self-security, and the water
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depths in front of the downstream intact dams should be rea-
sonably determined considering the dam types and their own
dam-break risk.

The reported results aimed to provide a wider perspective
to the dam-break problem of cascade reservoirs. A substantial
number of future work threads arise from the issues that were
discussed in this manuscript. Further attention should be paid to
the measurement technique and experimental set-up. Assessing
the portability results by considering the scale effects is also an
important task.
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Notation

D = height of intermediate intact dam (m)
g = gravity acceleration (m s−2)
h = initial water depth of intermediate intact dam (m)
hd = initial water depth of downstream dam (m)
hu = initial water depth of upstream dam (m)
p = pressure load on downstream dam (kPa)
Pi = pressure sensors on downstream dam (i = 1, 2, 3, 4)
t = time (s)
T = dimensionless time (–)
α = ratio of water depth of intermediate intact dam to dam

height (–)
β = relative pressure (–)
ρ = mass density (kg m−3)
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