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Abstract: Recently the design flows of many dams have been re-evaluated, resulting in spills often larger than
the original ones. In many cases, occurrence of revised flows would result in dam overtopping because of
insufficient storage and spillway capacity of reservoirs. Embankment dams whilst common are more likely to
fail than other dam types when overtopped in an uncontrolled manner because of breaching or complete
erosion of the downstream face of the embankment. Despite the catastrophic effects of dam failure, dam
overtopping constitutes still most identified collapses. Stepped chutes with moderate slopes represent a
convenient embankment overtopping protection because of its large energy dissipation potential and its
compatibility with recent construction methods (RCC, rip-rap gabions). New experimental flow resistance
results are presented herein to help designers to predict accurately energy dissipation on moderate slope
stepped chutes. Some recent advances in design guidelines are also discussed.
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1 INTRODUCTION

Before the 1980’s, overtopping counter-measures
consisted mainly of increasing either reservoir
storage or spillway capacity. Lately overtopping
protection systems have gained acceptance because
they safely allow controlled flows over the dam wall
during large flood events (Figure 1).
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Figure 1. Melton dam secondary play (Australia, 1916)

There are several techniques to armour
embankment slopes, including paving, rip-rap
gabions, reinforced earth, pre-cast concrete slabs and
roller compacted concrete (RCC). With RCC and
gabions, placement techniques yield embankment
protections shaped in a stepped fashion. The
introduction of such new construction techniques
and materials have also led to the development of

new applications for stepped chutes (e.g. re-aeration
cascades, fish ladders and stepped channels for river
training) allowing cheaper construction and
increased interest in staircase channels.

Despite these recent interests, the characteristics
and performances of stepped chutes flows with
moderate slopes are not yet totally understood
mainly because most earlier studies were focused on
flows down steep chutes (0 ~ 45°). Up to date, no
analytical model is able to predict the properties of
the highly turbulent two-phase stepped chute flow.

This study details an experimental investigation
of the hydraulic performances of moderate-slope
stepped chutes. It aims to understand the turbulent
air-water flow energy dissipative processes
occurring down stepped chutes. It also provides new,
original insights into air-water stepped spillway
flows not foreseen in prior studies and it presents a
new design criterion for stepped chutes with
moderate slopes typical of embankment dams.

2 EXPERIMENTAL SETUP

This study involved large, near full-scale physical
modeling of stepped spillway flow with moderate
slopes based wupon a Froude similitude.
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Measurements were conducted at the University of
Queensland in two large physical models: a 3.15 m
long, 15.9° slope stepped chute with two
interchangeable step heights (h = 0.1 m and h = 0.05
m) and a 2.5 m long, 21.8° slope stepped channel
with 0.1 m step height. A broad range of discharges
within transition and skimming flow regimes was
investigated (Table 1).

The size of the models (h = 0.1 m and 0.05 m, W
= 1 m) corresponded to a geometric scaling ratio of
about L, = 3 to 6 for a typical prototype step height h
= 0.3 m that is a common geometry for RCC and
gabion overflow embankment spillways. The large
size of the experiments ensured the extrapolation of
model results to prototype with minimum scale
effects. Boes (2000), Chanson et al. (2002) and
Gonzalez and Chanson (2004a) discussed scale
effects in air-water stepped chute flows and
emphasized the need for large-size models.

Table 1 Experimental flow conditions

Channel ©° q, h d/h  Flow Remarks
(m’/s) (m) regime
Channel 1
16 0.075 0.1 0.6 transition L=33m
to to and W=1m
0.22 1.5 skimming
16 0.02 0.05 0.7 transition L=3.3m
to to and W=1m
0.2 3.2 skimming
Channel 2
22 0.1 0.1 1.1 skimming L=33m
to to W=1m
0.18 1.5

Note: L : chute length; W: chute width; 0 : chute slope ; h:
step height; d. : critical depth at crest ; q,: discharge per unit
width.

Experiments included detailed air-water flow
properties measurements obtained using a double tip
conductivity probe (@ = 0.025 mm). The probe
output signals were scanned at 20 kHz for 20 s per
sensor (Toombes 2002(2002), Gonzalez 2005). The
probe translation in the direction normal to the flow
was conducted using a digital ruler within 0.1 mm.

Measurements were conducted with the double-
tip probe located on the channel centreline at and
between each step edge. In the direction normal to
the flow, measurements were conducted from y = 0
up to the spray region. In the flow direction,
measurements were performed at step edges and in
between at dimensionless distances X, = 0.25, 0.5
and 0.75 where X = X/Lcay, X 1S the distance from
the upper step edge to the probe-tip and L.,y is the
distance between step edges.

2.1 Data processing

The probe consisted of two tips, aligned in the flow
direction that detect the difference in conductivity
between air and water and record the number of air
bubbles striking both tips sequentially (Fig. 2). The
resulting voltage signals allowed measurement of air
concentration, bubble count rate, air-water flow
velocity and turbulence intensity.

The air concentration C is the proportion of time
that the leading tip is in air and the bubble count rate
F is the number of bubbles impacting the probe tip.
Velocity measurements were based upon the time
delay for bubbles successively striking both leading
and trailing tips. A cross-correlation technique was
used to calculate velocity (Crowe et al., 1998).

M
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v (1)
where Ax is the distance between tips and T is the
time for which the cross-correlation R,y 1S maximum

(Fig. 2).
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Figure 2. Air-water flow velocity and turbulence intensity
measurement technique

The turbulence intensity was deduced from the
standard deviation of the velocity as:

2 2
Tu=08s1. /AT =40 2
T

where AT is a time scale corresponding to half of the
maximum value of the normalized cross-correlation
function R,y and At is a time scale for which the
normalized autocorrelation function Ry equals 0.5

(Fig. 2).
3 BASIC AIR WATER FLOW RESULTS

Flow over a stepped cascade is divided into three
separate flow regimes depending on the flow rate for
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a given stepped chute geometry: nappe, transition
and skimming flow regimes with increasing flow
rate. In this study, transition and skimming flows
were investigated although the main focus was on
skimming flows.

Transition flows were observed for the lowest
range of investigated  discharges.  Strong
hydrodynamic fluctuations, splashing and spray near
the free surface were the main features of this flow
regime. Different sized air cavities alternating with
fluid-filled recirculation vortices were observed
between step edges below the mainstream of the
flow. To date transition flow properties cannot be
predicted accurately as very little information is
available

Skimming flow was observed for larger
discharges. In skimming flow regime the water
skims over the pseudo-bottom formed by the step
edges as a coherent stream. Beneath the pseudo-
bottom intense recirculation vortices fill the cavities
between all step edges (Chamani and Rajaratnam
1999). These recirculation eddies are maintained by
the transmission of shear stress from the mainstream
and contribute significantly to the energy dissipation.
Visual inspections highlighted their three-
dimensional nature. Three to four spanwise
recirculation cells were observed across the channel
width. The findings were consistent with
observations by Matos and Yasuda (Pers.comm.) on
steeper chutes. The vortices are related to
streamwise coherent structures in the mainstream.

Skimming flows exhibit an appearance similar to
flows down a smooth chute. The upstream end has a
smooth and transparent look characteristic of clear-
water flow. However next to the upstream inlet of
the chute a boundary layer develops. When the outer
edge of this boundary layer reaches the free surface,
the turbulence induces natural aeration giving the
flow its white, foamy appearance. This point is
called the point of inception of air entrainment.
Immediately downstream the point of inception,
rapid flow aeration is observed and the flow varies
gradually until it becomes fully developed, further
downstream the flow reaches equilibrium and its
properties do not vary with longitudinal distance.

For stepped chutes with flat to moderate slopes,
Chanson (2002) and Ohtsu et al. (2004) proposed a
further subdivision of skimming flows: subregime
SK1 for the lowest range of discharges and a
subregime SK2 for the upper range. In SK1, a wake
forms downstream of each step edge with a
recirculating vortex underneath. The wake and the
vortex do not extend over the full step length and the

water impacts in the horizontal part of the step. Skin
friction drag occurs on the step. The water surface is
parallel to the horizontal part of the steps. For SK2,
the wake and the recirculating eddy region extend
the full length of the step sometimes interfering with
the developing wake of the subsequent step,
preventing skin friction drag on the step to occur.
The water surface is parallel to the pseudo-bottom
formed by the step edges most of the time. In this
study, a SK1 flow regime was observed for all
investigated conditions in both channels.

Figure 3 summarises criterions provided by
Chanson (2002) and Ohtsu et al. (2004) to predict
changes in flow regimes on stepped chutes
depending on discharge and step geometry. They are
based on large-size experiments.
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Figure 3. Prediction of flow regime on stepped chutes

3.1 Air concentration and velocity

Detailed measurements of air-water flow properties
were conducted downstream of the point of
inception of air entrainment. Figure 4 presents
typical air concentration distributions obtained at
and in between step edges in both channels, where
Yy is the characteristic flow depth at C = 0.9 and
Voo the corresponding velocity. The symbol
description is given in Table 2.
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Figure 4. Experimental air concentration distributions

Table 2. Symbols for Figures 4 to 7

0=16h=0.1 0=16,h=0.05 6=22°h=0.1
o step8 +  step 10 A step9

<& 8l X step 11 ¢ 91

A 82 = 92

O 83 e O3

Note: 81, 82 and 83 denote positions Xy = 0.25, 0.5 and
0.75 in between step edges 8 & 9 respectively. 91, 92 and
93 denote similar positions between step edges 9 & 10.

It can be observed that void fraction data obtained
above the pseudo-bottom (y > 0) were similar for all
configurations and followed closely an analytical
solution of the advective diffusion equation
(Chanson 1995,2002). Data obtained at the
downstream end of cavities suggested a greater
overall aeration of the cavity flow (y < 0) between
step edges. Matos et al. (2001) reported a similar
finding. Additionally, the comparison of data for two
different step sizes (channel 1) demonstrated that air
concentration distributions were properly scaled with
a Froude similitude.

Chanson and Toombes (2002) hypothesized that
inertia forces acting on air bubbles trapped in the
core of the recirculating vortices enhanced cavity
aeration and led to higher air content in between step
edges. Present results support such a hypothesis.

Figure 5 presents typical air-water velocity data
collected at and in between step edges in both chutes
operating with skimming flows. Data profiles
obtained at step edges followed closely a power law:

1
V:£yj” for lsland L=1 for lel 3)
90

V90 Y90 90 90

where Vg is the characteristic velocity at y = Yoo.
For skimming flows (1.1 < d./h < 1.5) the values
of the exponent “n” oscillated between 7.8 and 11.8.
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Eq.3, channel 2, step 9, n = 10.1
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Figure 5. Experimental air-water flow velocity distributions

Measurements between step edges exhibited
significant differences particularly for y/Yqo < 0.3,
suggesting greater flow velocities immediately
above the recirculation zone. Results highlighted the
effects of the developing shear layer downstream of
each step edge on the air-water flow, both in the
recirculating cavity region and the mainstream flow
(Gonzalez and Chanson, 2004a). Good agreement
was also observed with data obtained using a smaller
step size (0 = 16°, h = 0.05 m) demonstrating that
velocity distributions were properly scaled with a
Froude similitude (Chanson and Gonzalez, 2005).

3.2 Turbulence intensity and bubble count rate

Air-water flow turbulence intensity (Tu) profiles
for both channels are presented in Figure 6. The data
indicated very high turbulence levels, with
maximum values above 100 %. These values were
consistent with turbulence intensities in wake flows
between rocks obtained by Sumer et al. (2001) and
in the clear water zone of skimming flows by Ohtsu
and Yasuda (1997) and Amador et al. (2004). The
data suggested higher turbulence in stepped chute
skimming flows than in smooth chute clear-water
flows.
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Figure 6. Air-water flow turbulence intensity distributions
Turbulence data collected between step edges also
suggested an increase in turbulence towards the
downstream end of the cavity (Xo > 0.5). For
example, in Figure 6, maximum turbulence levels
Tumax Were about 80, 110 and 140 % for X, = 0.25,
0.5 and 0.75 respectively. The findings were
consistent with visual observations of cavity fluid
ejection and replenishment, taking place primarily in
the downstream half of the cavity. At the upstream
half of the cavity (Xy < 0.5) turbulence data showed
significantly different trends to data obtained in the
downstream half. The influence of the developing
shear layer and the transfer of momentum between
mainstream and cavity recirculation were believed to
cause the differences.

Chanson and Toombes (2002) hypothesized that
the high turbulence levels were directly linked to the
number of entrained bubbles/droplets and may be
attributed to a number of factors, including particle
collisions, break-up and coalescence affecting the
interfacial velocity field. It is also believed that high
flow resistance associated with form drag generated
by the steps, contributed to strong turbulent mixing
throughout the entire flow yielding to high
turbulence intensity levels (Gonzalez, 2005).

In Channel 1 (6 = 16°), differences in turbulence
intensities were consistently observed between h =
0.05 & 0.10 m, with lesser maximum turbulences for
the smallest step height (h = 0.05 m). This is
illustrated in Figure 6 and highlight some scale
effects in terms of turbulence intensity with a Froude
similitude (Gonzalez and Chanson, 2004b)

F*d/V,

0 5 10 15 20 25 30 35 40

Figure 7. Experimental bubble countrate distributions

Dimensionless bubble frequency F*d./V.
distributions are presented in Figure 7 where F is the
bubble count rate and d. and V. are the critical flow
depth and velocity respectively.

Bubble count rate data were similar for both
chutes with large step sizes (h = 0.1 m). However
significant differences were observed in terms of
bubble count rate distributions. In channel 1, lesser
bubble count rates (by about 30 to 50%) were
observed for the smallest step height (h = 0.05 m).
This is illustrated in Figure 7. The findings imply
significant scale effects in terms of number of
entrained bubbles and bubble sizes.

3.3 Energy dissipation

In smooth channel energy dissipation occurs
predominantly through friction loss. On stepped
cascades, additional energy dissipation mechanisms
exist, including cavity recirculation vortices beneath
the mainstream, momentum exchange between the
main flow stream and the mixing layer formed
downstream of each step edge and skin friction at the
downstream half of the steps. These mechanisms
cause significant form drag in stepped spillways.

Despite  their limitations, Darcy-Weisbach
formulas were utilized in this study to estimate the
form losses in the stepped channel because they are
still widely used for open channel design. For
uniform equilibrium flow in a wide channel, the
boundary friction counteracts the gravity force
component in the flow direction and the flow depth
and velocity may be determined from the momentum
principle

7Py =Py 9-A,-sind “

where 1 is the average shear stress between the
skimming flow and recirculating fluid underneath,
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Py, is the wetted perimeter, A,, the water flow cross-
section area and O is the mean bed inclination angle.
In dimensionless terms, and for a wide channel with
free-surface flow aeration, Equation 4 becomes:

y=Yoo 3
fe:pgij 2:2‘?-( j (1—C)dy] -sin@ (5)
w w w y=0

where f. is the equivalent Darcy friction factor for
air water flow, C the local void fraction, y is the flow
depth measured normal to the pseudo-invert, Uy, is
the mean flow velocity with Uy = quw/d, qw is the
water discharge per unit width, Cyean is the mean air
concentration and d is the equivalent clear water
depth:

d= (1 - Cmean ) ’ Y90 (6)

In gradually varied skimming flows, the average
shear stress between the mainstream and the cavity
recirculation must be deduced from the friction
slope. For a wide channel, the energy equation
yields:

f, =29 [ foa—C)dyj s, )
q

w y=0

where g is the gravity acceleration, and Sy is the
friction slope. Since both channels utilized in this
study were relatively short, the flow did not reach
uniform equilibrium status at the downstream end
and flow resistance estimates were based upon
Equation 7.

Equivalent Darcy friction factors based upon data
collected at step edges are presented in Figure 8.
Results comprise data obtained in both channels, as
well as experimental data collected by Chanson and
Toombes (2001) in the same facilities, and
experimental data obtained in 11.3° and 19° slope
stepped channels (h = 0.025, 0.0393, 0.05 & 0.0785
m) by Yasuda and Ohtsu (1999). Results are also
compared with a rough, non-physical fit
corresponding to 188 experimental data obtained in
flat slope laboratory models (Chanson et al., 2002):

L :2.43—0.2676-1n(h'gos‘9J (8)

Vi :

where f;;, is a friction factor obtained from laboratory
data with flat slopes and Dy the hydraulic diameter.
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Figure 8. Friction factors for skimming flows in moderate slope
stepped chutes

Table 3. Symbology for Figure 8

Chute geometry Reference
6=16°h=0.1 m A (Gonzalez 2005)
0=16h=005m @ (Gonzalez2005)
0=16°,h=0.1 m B (Chanson and Toombes 2001)
0=22°h=0.1m < (Gonzalez 2005)
O]
4

6=22°h=0.1m (Chanson and Toombes 2001)
0=22°,h=0.1m (Chanson and Toombes 2001)
0=22°,h=0.1m Yasuda and Ohtsu (1999)
Eq.4 for06=16°, h=0.1 m. —— -

Overall, the friction factor data for skimming
flows were consistent with the re-analysis of
Chanson et al. (2002). For the largest step height in
channel 1 (6 = 16°, h = 0.1 m), present data averaged
f. = 0.12 while, for channel 2 (6 = 22°, h = 0.1 m),
the data averaged f. = 0.19 suggesting that flow
resistance increased slightly with channel slope,
within the range of moderate slopes as previously
proposed by Ohtsu and Yasuda (1997).

For the smaller step height in channel 1 (6 = 16°,
h = 0.05 m), the average flow resistance was f, =
0.18. The finding suggests that. although the
geometrically similar models were scaled with a
ratio of only L, = 2, the flow resistance was larger
for the smallest step height (h = 0.05 m). It must be
noted that this conclusion is based upon a limited
data set but illustrates potential scale effects.

4 DESIGN CRITERION

Despite the increasing popularity of moderate slope
stepped chutes, most studies and design criterions
are limited to steep chutes (0 ~ 30 to 50°). Only two
design criterions referred to the hydraulic
performance of stepped cascades with flat to
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moderate slopes (11° < 6 < 30° Chanson 2002,
Ohtsu et al. 2004). Despite these studies, there are
still a number of key issues not completely
understood in stepped chute flows. Thus, design
criterions need to be improved, specifically in terms
of flow resistance.

The present criterion can be used for moderate
slope chutes (11° < 6 < 22°) with skimming flows at
design conditions (1.1 <d./h < 1.5).

Skimming flow is recommended to pass large
water discharges while nappe flow is best to achieve
maximum energy dissipation rate. Transition flows
should be avoided as they might produce dangerous
dynamic loads to the structure. It is important that
the designer not only account for the design flow
rate but also smaller flow conditions.

When designing a stepped spillway, the dam
height, the downstream slope of the dam and the
design water discharge are generally given.
Parameters to be chosen are the type of flow and the
step height. However, the designer is often limited to
select a step height (h) within the values determined
by the dam construction technique (h = 0.2 to 0.9 m
with RCC or gabions).

The first step is then to calculate the critical depth
at the crest.

2
dc:3 QW
g-w?

®)

Secondly, the step height should be selected to
ensure that the chute will operate with skimming
flow conditions (Fig. 3).

The position of the point of inception should be
located to ensure that free-surface flow aeration
occurs in the upstream end of the chute to achieve
uniform equilibrium flow conditions before the toe
of the chute. Its coordinates might be calculated as:

0.713
b 9 719singne| e ©)
hcos gsin@(hcos@)’
0.592
d, _ 0.4034 o (10)
heos®  (sin#)™" | [qsin 9(hcos®)’

where Lj and d; are the length to and depth at the
inception point (Chanson 1995).

Designers must also consider a maximum value
of d./h above which the steps become too small and
no longer act as a large roughness. Chanson (1995)
suggested a maximum step height limit of:

1021

h<15-d,-cosé (11)

Further, fully developed condition must
preferably be achieved before the toe of the stepped
chute. However this is not always possible.

d, 1

(12)

0.935
01193c0s9xﬂn9M”x(LJ
h-cos@

After this point, designers should follow different
paths depending if uniform equilibrium flow
conditions are achieved or not.

If the channel is long enough for the flow to reach
uniform equilibrium conditions, the characteristic
flow depth d should be calculated as:

d :dc-3{ fo
8-sinfd

where f. is the Darcy friction factor estimated
based upon experimental air-water flow friction
factor data as suggested by Chanson (2002).

In air-water flows, friction factors f, decrease
with increasing mean air concentration Cpean, hence
f, should be calculated as:

L:O.S. 1+ tanh ZSM
f Cmean'(l_cmean)

(13)

(14)

m

where f,, should be deduced with Equation 8 and the
average Cpean might be computed based upon a
criterion developed by Ohtsu et al. (2004):

-
C.... =D—-03-¢

2
LTS
dc dc
mean

where D =0.3 for 5.7°<0<19°, D=
0.02146 - 0.0357 for 6 > 19°

Finally, based on the obtained depth, the velocity
(Uw = qw/d), Yoo (Equation 6) and the height of the
sidewalls hy, should be estimated (hy, = 1.4-Yo).

If the flow does not reach uniform equilibrium
flow conditions before the toe of the chute, the air-
water flow depth should be deduced from the
integration of the backwater equation.

sﬁ\ﬁ
OX 8

Several researchers have attempted to use the
backwater equation to calculate water depth and
Darcy friction factors making gross assumptions
violating basic principles as it is only valid for fully-
developed flows (Chanson, 2002). This method is
tedious and may not be suitable for all cases.

(15)
-0.0002460% +

q2

e (16)



Alternatively the flow properties in the gradually
varied flow region can be calculated with a smooth
correlation curve obtained by linking best
documented experimental results at the developing
and the equilibrium flow regions (Gonzalez, 2005)

2
Y. =0.00107- Ao —-0.0634- Ho +1.202 (17)
V d d

max C C

where Hpax is the upstream total head, d. is the
critical depth and V. is the ideal flow velocity.
Once the dimensionless downstream velocity is
known, the flow properties can be estimated
assuming fully developed flow conditions. The
friction factor in skimming flow is typically f. = 0.2.
Finally, the ideal fluid flow velocity is can be
estimated from the Bernoulli equation:

Vmax:\/z'g'Hmax_(d'COSH) (18)

Once, the velocity and depth of the flow are
obtained, the average air concentration Cpean, Y90,
(Eq. (6) and (8)) and the height of the sidewalls h,,
can be computed (hy, = 1.4:Yq).

This alternate method may be used for
preliminary design calculations, however it is
important to note that it was obtained assuming f. =
0.2 as in the uniform equilibrium region and it was
only validated for skimming flow in stepped chutes
with moderate slopes (16° <0 <22°).

Designers should be aware that embankment
overflow stepped spillway design is a critical
process, as any failure can lead to a catastrophe. A
number of key parameters should be assessed
properly, including stepped face erosion, seepage
through the embankment, drainage beneath the steps,
interactions between the abutments and the stepped
face, etc. (Gonzalez and Chanson, 2004c). In turn,
physical modeling with scaling ratios no greater than
3:1 is strongly advised.

5 CONCLUSION

Flow cascading down a staircase channel with
moderate slopes has been little studied and physical
properties are not totally understood. The strong
aeration and high turbulence of the flow prevented
the use of analytical models to predict flow
properties. An experimental study was conducted
herein based on Froude similitude in large-size
experimental facilities to gain a better understanding
of the flow properties in stepped chutes with slopes
typical of embankment dams. Results included air

water flow properties such as air concentration, flow
velocity, turbulence, and bubble count rate. Based on
measured velocities, the flow resistance was
estimated accurately. Equivalent Darcy-Weisbach
friction factors for moderate slope stepped chutes
were larger than those for smooth chutes averaging a
value of f. = 0.19. In addition some scale effects
were observed in terms of bubble count rate,
turbulence intensity and flow resistance. Based on
present results, a new design criterion was proposed.
Although is based on limited experimental data, the
criterion assessed key issues not foreseen in prior
studies (gradually varied flow, type of flow regime
and flow resistance). While the findings were
obtained for two moderate slopes (6 = 16 & 22°), it
is believed that the outcomes are valid for a wider
range of chute geometry and flow conditions.
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