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3e original design scheme of ladder-shaped spillways in certain reservoirs is improved by using a hydraulic similar model
experiment. 3e results of the original scheme demonstrate that the stilling basin cannot meet the requirement of safe discharge,
and the flow state at the end of the stilling basin is violent and chaotic.3e experimental method of the physical model was used to
optimize the design of the spillway without changing the original plane layout. First, three steps in the ladder are added. 3e
stilling basin is then replaced by the torsion plane. Finally, the longitudinal slope of the tail channel section is altered, and an
experimental investigation on the flow state and energy dissipation rate is performed. 3e conclusions are drawn that the flow
state of the water is obviously improved, and the energy dissipation rate increases; the optimal scheme produces the
expected effects.

1. Introduction

To eliminate the residual energy of the water head crossing
the dam or weir in a hydropower project [1], slip spillways or
overflow dams are often applied to flip buckets for energy
dissipation, and the stilling basins are constructed for the
energy dissipation of the bottom flow [2]. However, to
prevent the cavitation erosion damage, the shape of tradi-
tional spillways must be improved. With the development of
the roller compacted concrete dam technique, the ladder-
shaped spillways have been widely applied during the last 30
years [3, 4]. 3ey are characterized by good energy dissi-
pation efficiency, low cost, and a small level of effort in
construction [5, 6]. For these reasons, the ladder-shaped
spillways have been investigated by many researchers [7]. In
particular, the design optimization of ladder-shaped spill-
ways has become an important issue [8]. For example, the
water movement in a ladder-shaped spillway can represent
three types of flow states according to the unit width flow
and the height and slope of the ladder, i.e., drop flow, slip

flow, and transitional flow [9, 10]. 3e occurrence of slip
flow is regarded as the design criterion of ladder-shaped
spillways. Drop flow often occurs under small flux condi-
tions [11–13], and the transitional flow should be avoided.
To date, a great number of experimental investigations on
the energy dissipation characteristics of slip flow of the
ladder-shaped spillways have been performed [14], but due
to the complexity of water movement, unanimous conclu-
sions have not been obtained [10, 15]. In total, the opti-
mization of water flow not only can shorten the time of
construction but also can reduce the length of sting basin, so
the optimization of flow state in the ladder-shaped spillway
has great significance for the engineering design.

Essery [16] performed the experimental investigation on
the hydraulic characteristics of ladder-shaped spillway
during the 1970s, and the water flow is classified into Nappe
flow and Skimming flow according to Essery’s suggestion;
the model similar experiment of ladder-shaped spillway is
performed by Christodoulou [17] in 1993, and the results
demonstrate that energy dissipating rate is related to the
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clinical depth of water and the height and number of ladders;
the time-averaged pressure distribution law of ladder-sha-
ped spillway under the conditions of different heights and
gradients of ladder is investigated by Cui [18] in 2012 by
using the hydraulic model experiment. Zhao et al. [19]
performed the spillway experiment of the different sizes, and
conclusions are drawn that the variation of ladder size has
little influences on the time-average pressure along the way
in 2017; and to consider the scale effect of hydraulic model,
experimental investigation of using geotextile filter layer in
articulated concrete block mattress revetment was per-
formed by Yamini et al. [20] in 2017; to consider wave
reflection effects for the future, experimental modeling
about wave runup and rundown on ACB mats under
granular and geotextile filters’ condition is performed [21];
the discontinuous convex stepped spillway is suggested by
Huang [22] in 2018, and the corresponding model experi-
ment of hydraulic characteristics is investigated.

3e above investigations improve the development of
flow state optimization of ladder-shaped spillway, but some
shortcomings still exist; for example, the influence of gra-
dient in spillway has not been considered.

To improve the flow state of water in the spillway in the
paper, a ladder-shaped spillway is proposed for optimization
and redesign. Based on the relevant standards and re-
quirements [23, 24], a hydraulic simulation model is
established and the hydraulic characteristics of the opti-
mized scheme are simulated under different cases [25, 26],
resulting in a stable flow state of water in the optimized
model and a good energy dissipation rate at the downstream
chute [27, 28].

3e paper is organized as follows: in Section 2, the
engineering overview of the study area is introduced first. In
Section 3, the experimental scheme, material, and methods
are, respectively, stated. In Section 4, the resulting analysis
of the original scheme is performed. In Section 5, the op-
timal investigation of the original scheme is introduced. In
Section 6, the conclusions are drawn.

2. Engineering Overview

A certain reservoir is a multiyear project for regulation and
control of water flow in a mountainous area. It is typified as
small (1) size and with an engineering grade of IV. Its total
length is 246m. 3e total reservoir capacity is 451× 104m3.
Its dead water level is 1896.22m, the normal storage water
level is 1927.88m, the design flood level is 1929.02m, and
the collated flood level is 1930.01m. Water discharge under
collated flood level conditions Qmax � 122.3m3/s. Water
discharge under design flood level conditions
Qmax � 46.27m3/s. A side-channel ladder-shaped spillway is
located on the right bank of the reservoir. A WES practical
weir was selected as the overflow weir. 3e initial regulating
water level of the spillway is 1927.88m and the crest ele-
vation of the weir is the same as one of the initial regulating
water levels. It is composed of a side weir section, regulation
section, the stepped energy dissipation section of the dis-
charge chute, and stilling basin section at the exit. 3e crest
elevation of the overflowweir is 1928.38m, the bottomwidth

at the head end of the side channel bu is 3m, the bottom
width at the end be is 6m, the length at the side-channel
section is 20m, and the inner slope coefficient m � 0.3. 3e
bottom slope at the side channel i � 0.004, for which
C25F300W8 steel is adopted. 3e regulation section is lo-
cated at the pile number 0 + 020～0 + 035. 3e length of the
regulation section is 15m, the bottom slope is horizontal,
and the cross-section form varies gradually from trapezoidal
to rectangular. 3e elevation at the bottom plate is
1923.28m.3e energy dissipation section of the ladder chute
is next after the regulation section. Its length is 160m, its
cross section is rectangular, its bottom width is 6m, and the
step length of the ladder is 2m. 3e energy dissipation
section for the bottom flow is next after it. Its total length is
31m, the depth of stilling basin is 1.0m, the bottom width is
6m, and the height of sidewall is 4.50m. 3e final section is
known as the tail water section. Its cross-section form at the
pile numbers 0 + 246～0 + 256 is trapezoidal, the bottom
width of the channel is 6m, and the length is 10m.3e cross-
section form at the pile number 0 + 256～0 + 303 is trape-
zoidal, the bottom width of the channel is 6m, the length is
47m, and the slope coefficient is 1 : 0.3. 3e curved section is
located in the place at the pile number 0 + 263.79～
0 + 287.92 with an angle of 46.07° and a turning circle radius
of 30m. A panoramic view of the spillway is shown in
Figure 1.

Some problems exist in the engineering design: the flow
state of water at the end of the stilling basin is excessive when
the flow in the spillway reaches the magnitude of the design
flood flux, jet flow is generated, and water leaps over the
sidewall as the flow increases. 3e results demonstrate that
the flow in the stilling basin cannot meet the safe discharge
requirements. A distant hydraulic jump forms in the basin
when themagnitude of the flow is greater than that of the 20-
year flood. Under the design flood level conditions, the water
shot at the downstream of the channel, the spray splashed,
and these results indicated that the original design of the
stilling basin and tail water section was inadequate. 3e
stones in a riprap pit are rolled up out of the pit by a 30-year
flood flow and then are dashed into the downstream channel
with possible damage to the sidewall. To improve the flow
state of water in the spillway, sufficient energy dissipation of
the upstream flow is accomplished, and the redesign and
optimization of the original design of the spillway are
necessary.3e hydraulic models are established according to
the correlative codes and specifications [29]. In addition,
investigations are made of the hydraulic characteristics of
the original scheme under different cases according to ratios
similar to those of the hydraulic models and the results show
good agreement.

3. Hydraulic Modeling Experiment

3.1. Testing Scheme. 3e scope of calculation for the model is
given as follows: the total length of the spillway is 315m.3e
length of the side weir section is 20m, that of the regulating
section is 15m, that of the ladder energy dissipation section
is 190m, that of the stilling basin section is 21m, and that of
the tail channel section is 69m. 3e similarity criterion of
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gravity is followed according to the model design, and the
normal model is adopted, the geometric scale of the model is
λl � 25, and the similarity scales of other hydraulic pa-
rameters are shown in Table 1. A plan view of the model is
plotted in Figure 2; the full view of the model is shown in
Figure 3; its research process is plotted in Figure 4.

3.2. Fabrication and Installation of Materials. 3e selection
of experimental materials must approximate to the rough-
ness of actual materials to reflect the flow regime of the water
actually in the spillway. According to the principle of gravity
similarity [30], this can be expressed as follows:

λn �
np

nm

� λ1/6l . (1)

3e roughness of the actual discharge structure is
np � 0.015, so the roughness of the experimental discharge
structure can be calculated as
nm � np/λ

1/6
l � 0.015/251/6 � 0.0088.3e range of roughness

of the plexiglass material is commonly within 0.007∼0.009,
so the plexiglass is selected as the material of the spillway in
the model.

3e requirements of the experimental model are as
follows: the layout of the planar conducting wire is deter-
mined by the shape and scope of the model. 3e bearings of
the conducting wire are controlled by the theodolite, the
permissive deviation is ±0.1°, the elevation of the model is
controlled by a level, and the experimental precision re-
quirement should be satisfied [31, 32].

3e experimental precision requirement is ±0.3mm for
the permissible error of the elevation about the model
structure and the permissible error between the cardinal
point of the level and the zero point of the probe.

3.3. Testing Method

(1) Water supply facilities:

3e water supply facilities in hydraulic experiments
are composed of cistern, power pumps, level water
towers, distributing and backwater tanks, etc.

(2) Experimental measuring instruments:
Measuring instruments of the water level and water
surface line, including water level gauges and steel
rules levels, were adopted to measure the water level
at constant flow. A manometer was selected to
monitor the pressure.
3e flow velocity was measured using an LG-III-type
multifunctional intelligent current meter with a pitot
tube as the sensor.
A rectangular thin-walled weir was adopted to
monitor the flux of constant flow. 3e type of
gauging weir should meet the requirements of range
and precision.

(3) 3e formula for calculating the rectangular thin-
walled weir can be expressed as follows [33]:

Q � m0b
���
2g


H

3/2
, (2)

m0 � 0.405 +
0.0027

H
− 0.03 ×

B − b

B
 

· 1 + 0.55
H

H + P
 

2 b

B
 

2
⎡⎣ ⎤⎦,

(3)

where H is the water head of weir,m, P is the height of weir,
m, and B is the width of weir, m.

4. The Results and Analysis of the
Original Scheme

3e discharge capacity, water surface line, pressure, flow
rate, and energy dissipation under five different conditions
(including the collated flood level, design flood, 30-year

Figure 1: Panoramic view of ladder-shaped spillway.
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Table 1: Hydraulic parameter similarity under the condition of gravity similarity.

Hydraulic parameters Conversion relation Similarity scale Hydraulic parameters Conversion relation Similarity scale
Length l λl 25 Flow Q λQ � λ5/2l 3025
Pressure p λp/c � λl 20 Time t λt � λ1/2l 5
Flow velocity v λv � λ1/2l 5 Roughness n λn � λ1/6l 1.60998
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Figure 2: Plan view of the model.

Figure 3: Full view of the model in the laboratory.

4 Geofluids



flood, 20-year flood, and 10-year flood) in the spillway are
analyzed. To optimize the original design scheme, only the
improved and optimal parts are introduced in this paper.

In experimentally determining the flow state of the
ladder-shaped spillway, the flow state of water at the
entrance to the stepped energy dissipation section of the
discharge chute is stable at 5 different water levels. 3e
hydraulic drop is formed at the 7th ladder under a 10-year
flood, and the sliding water flow is stable on the surface of
the ladders. Stable mass admixture cyclone rolls are
formed at the recessed corner of each step, and the specific
flow regime of the water is plotted in Figure 5(a). As the
flow increases, the ladder location-generated aerifications
are pushed downward; for example, aerifications occur at
the 15th ladder under the design flood conditions. All of
the flow states of water are aerated and rotary rolling water
except for the collated flood level. 3ese are shown in
Figures 5(b)–5(d). Under collated flood conditions, the
aeration and rolling of water decrease at the concave
corner of the steps because the water depth increases.
3ere exists a certain distance between the top of the
rotary roll and the water surface, and its flow state is
plotted in Figure 5(e).

When a 10-year flood occurs in the spillway, a sub-
merged hydraulic jump is formed in the stilling basin; its
flow state is plotted in Figure 6(a). When a 20-year or 30-
year flood occurs, the cross section ahead of the hydraulic
jump moves downstream and a distant hydraulic jump is
formed.3ese flow states are shown in Figures 6(b) and 6(c).
As the flux increases, the cross section ahead of the hydraulic
jump continues to move downstream. When the flow in the

spillway reaches that of the design or collated flood, the
hydraulic jump will move outside the basin, and no hy-
draulic jump will occur in the stilling pool. 3is flow state
represents the rushing state. At this point, the baffle sills of
the stilling pool are rushed straight, and the water forms a
jet. 3e height of the jet exceeds that of one of the sidewalls,
and the flow state of the water is plotted in Figures 6(d) and
6(e). 3e results demonstrate that the stilling pool in the
original scheme cannot meet the requirement of safe
discharge.

When the magnitude of discharge flow in the spillway
reaches that of a 10-year flood, the water surface in the tail
channel begins to fluctuate, and as the flow increases, the
fluctuation becomes more violent, as plotted in Figures 7(a)–
7(c).

To explain the results of the origin scheme quantitively,
the flux of respective cross section is shown in Table 2, and it
can be found in Table 2 that the magnitude of flux in the
stilling basin and apron section is the biggest, and its
maximum value is 12.37m/s; the one in the side-channel
section is the least, and its minimum value is 1.13m/s; the
results are consistent with the results of flow state, its flux
distribution is irrational, and so the optimization of flow
state at the original scheme is vital.

5. The Optimal Investigation of the
Original Scheme

3e following shortcomings exist according to the experi-
mental results of the original scheme in the spillway:

(1) Large numbers of stable mixed cyclone rolls are
generated at the recessed corner of each step in the
ladder section of the spillway and this situation
should be improved.

(2) 3e stilling pool cannot meet the requirement of safe
discharge. A distant hydraulic jump is formed in the
stilling pool when the magnitude of the flood exceeds
the 20-year flood. Under the design flood conditions,
the water shot at the downstream channel, the spray
splash, and the flow regime are all unacceptable.

(3) 3e fluctuation of the water surface in the tailwater
section is violent and the flow state is unstable.

5.1.8eOptimal Design Scheme of the Spillway. Based on the
experimental results of the original scheme, aimed at
identifying the existing problems in the original scheme,
some reference suggestions are provided. 3e improved
suggestions are listed as follows:

(1) 3e planar steep slope should be made into a ladder,
adding three-level ladders with a step length of 2.0m
and a height of 6.0m. In short, the steep slope section
(0 + 215–0 + 225) in the original stilling pool is
omitted and is revised as three-level ladders. 3e pile
number at the end of the ladder is 0 + 221.

(2) 3e stilling pool in the original scheme is replaced
with a pinch plane. Namely, the pinch plane is next

The design of original scheme

The similarity model experiment in
five cases at the original scheme

Find the shortcomings and design the
revised scheme

The similarity model experiment in
five cases at the revised scheme

The experimental results of
the original scheme

The experimental results of
the revised scheme

By comparison

The suggestion of designing
optimization is provided

Figure 4: 3e flowchart of research process.
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to the end of the ladders and has a length of 30m,
with the trapezoidal channel next to the pinch plane.

(3) 3e bottom width of the trapezoidal channel is 6m,
and its length remains unchanged. 3e gradient of
the original slope is revised to be 1 :1 instead of 1 :
0.3; the longitudinal slope of the bottom plate in the
channel is changed to 1 : 50 from the original 1 :100,
and the tail channel material is gravel and soil.

3e specifics of the revised scheme are plotted in
Figure 8.

5.2.8e Optimal Results of the Original Design Scheme for the
Spillway. Because the improvements in the optimal scheme
are located at the end and downstream of the spillway, the
flow state and relevant hydraulic parameters of water at the

(a) (b)

(c) (d)

(e)

Figure 5: Flow state of water in the ladder section under different conditions. (a) Flow state under a 10-year flood. (b) Flow state under a 20-
year flood. (c) Flow state under a 30-year flood. (d) Flow state under the design flood condition. (e) Flow state under collated flood
conditions.
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side weir section, regulation section, and ladder section
remain unchanged in the improved scheme. Only the im-
provements at the end of the spillway and the tailings
channel section are implemented in the improved scheme.

3e experimental results demonstrate that the drainage
of water at the stepped energy dissipation section of the
discharge chute can be aerified sufficiently when a 10-year
flood is encountered in the spillway. 3e cream foams are
represented on the surface of the entrance and tail channel

section. 3e fluctuation in the water surface is slight, and its
flow state is shown in Figure 9(a). 3e swell represents the
surface of the entrance section when a 20-year flood is
encountered in the spillway. 3e cream foam bestrews the
whole surface at the tailings channel section, as shown in
Figure 9(b). 3e flow state of the water at the bend section of
the tail channel represents the classical curve flow pattern;
namely, the water depth in the concave bank is deeper than
that in the convex bank, so a transverse water slope is

(a) (b)

(c) (d)

(e)

Figure 6: Flow state at the stilling pool section under different conditions. (a) Flow state under a 10-year flood. (b) Flow state under a 20-year
flood. (c) Flow state under a 30-year flood. (d) Flow state under design flood condition. (e) Flow state under collated flood conditions.
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formed, and the shock wave is formed from the end of the
bend to the downstream channel, and downstream channel
is damaged, so it is suggested that the riprap pit should be
canceled in the revised scheme. And as the flux increases, the
height difference of the water surface between the concave
and convex banks at the bend section increases. 3is means
that the lateral gradient of the water surface increases and the
intersection angle between the shot wave and the axis line of
the channel decreases, so the flow state of the water is

obviously improved. 3e flow state of water under this
condition is plotted in Figures 9(b)–9(d). 3e rocks in a
riprap pit begin to roll and rush downstream when a 30-year
flood occurs. 3e height of the water can exceed that of the
outside of the sidewall at the end of the bend section when a
collated flood is discharged into the spillway, which means
that the height of the sidewall in the bend section is inad-
equate, so it is suggested that the height of side wall in
concave bank of bends should be increased.

(a) (b)

(c)

Figure 7: Flow state in the spillway under different conditions. (a) Flow state under a 10-year flood. (b) Flow state under a 20-year flood.
(c) Flow state under a 30-year flood.

Table 2: 3e average flux of classical cross section in the spillway.

Side-channel section Side channel section Regulation section Chute section
Pile number Weir front 7m Weir top 0+000 0+007.5 0+015 3e front 3e end 0+055 0+105 0+125
3e flux(m/s) 1.13 5.32 2.10 2.66 3.92 3.92 5.11 9.73 10.13 10.53

Chute section (ladder) Stilling basin and apron section
Pile number 0+155 0+185 0+205 0+220 0+225 3e entrance In the basin Apron
3e flux (m/s) 10.43 10.97 10.62 12.57 11.87 11.87 12.37 7.37

1867.48 1:500

riprap pit

0+
21

5

0+
22

1

0+
25

1

export 60
00

i=1:500

1:
1

1:
1
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1

Figure 8: Schematic diagram of the improved scheme.
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5.3. Energy Dissipation Analysis of the Spillway in the Im-
proved Scheme. For ladder-shaped spillways under slip flow
conditions, the energy dissipation of water is fulfilled by the
exchange between the split and aeration of the water and the
turbulent motion of whirlpools, both in the mainstream and
bottom. 3e energy dissipating efficiency at the ladder
section can be measured by using the energy dissipation rate.
3e energy dissipation rate is defined as the ratio between
the energy that is consumed from the top of the weir to the
end ladder and the total energy. 3e formula for energy
dissipation rate can be expressed as follows:

η �
E1 − E2

E1
, (4)

where η is the energy dissipation rate, E1 is the initial energy
of water, and E2 is the energy at the entrance cross section of
the stilling basin. To compare with the two different cases,
the energy dissipation rate of the ladder-shaped spillway is
shown in Table 3.

Table 3 shows that the energy dissipation rate under the
design flood conditions increases from 83.26% to 88.05% at
the revised scheme, an increase of 4.79%. Under collated
flood flood conditions, the energy dissipation rate increases
from 75.32% to 79.54%, an increase of 4.22%. 3ese results

demonstrate that the efficiency obtained in the improved
scheme has attained the expected result, and the flow state of
water is improved.

6. Conclusions

Based on the original experiment of the engineering of a
given spillway in an arid area, it can be found that the
distribution of the flow state about water at the entrance
section is extremely uneven, and there still exists the phe-
nomena of water wings at the downstream ladders and many
aerification rolls. To improve the flow state of water in the
spillway, a series of experimental investigations focused on
the optimal structural form of the spillway have been per-
formed, and conclusions are drawn as follows:

(1) Based on the improved design scheme, aerification
of the drainage of water at the stepped energy
dissipation section of the discharge chute is suffi-
cient under the various different cases. A cream
foam is found on the surface of the entrance and tail
channel section.3e fluctuation in the water surface
is slight and the flow state of the water at the bend
section of the tail channel represents the classical
curve flow pattern; namely, the water depth in the
concave bank is deeper than that in the convex
bank, so a transverse water slope is formed, and the
shock wave is formed from the end of the bend to
the downstream channel. 3e lateral gradient of the
water surface increases, the intersection angle be-
tween the shot wave and the axis line of the channel
decreases, and the flow state of the water is obvi-
ously improved.

(a) (b) (c)

(d)

Figure 9: Flow regime at the tail channel section under different conditions in the improved scheme. (a) Flow state under a 10-year flood.
(b) Flow state under a 20-year flood. (c) Flow state under a 30-year flood. (d) Flow state under design flood conditions.

Table 3: Energy dissipation rate of the spillway.

Conditions Water level
Energy dissipation rate
Original
scheme

Revised
scheme

Design conditions 1929.02m 83.26 88.05
Collated conditions 1930.01m 75.32 79.54

Geofluids 9



(2) In comparison with the energy dissipation rate be-
tween the designed and collated floods, conclusions
can be drawn that the energy dissipation rate under
design flood conditions increases to 88.05% from
83.26% in the revised scheme, which is an increase of
4.79%. Under collated flood conditions, the energy
dissipation rate is enhanced to 79.54% from 75.32%
and increases by 4.22%, which demonstrates that the
expected target is achieved in the improved design
scheme, and the flow state of water is obviously
improved.

(3) 3e pebbles in the riprap pit are rolled by the water
flow when a 30-year flood occurs and rush into the
downstream, and downstream channel is damaged,
so it is suggested that the riprap pit should be
canceled.

(4) Under collated flood conditions, the water flow turns
over at the side wall in the concave bank, so it is
suggested that the height of side wall in concave bank
of bends should be increased.
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