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Abstract: Fluctuating bottom-pressures on stepped chutes are relevant for the spillway design.
An abrupt slope reduction causes a local alteration of the bottom-pressure development. Little
information is available regarding the air–water flow properties near an abrupt slope reduction on
stepped chutes, particularly on the local pressure evolution. Nevertheless, the option of providing
a chute slope reduction may be of interest in spillway layout. The experiments presented herein
include pressure distributions on both vertical and horizontal step faces, subsequent to an abrupt
slope reduction on stepped chutes. A relatively large-scale physical model including abrupt slope
reductions from 50◦ to 18.6◦ and from 50◦ to 30◦ was used, operated with skimming flow. The data
indicate a substantial influence of the tested slope reductions on the bottom-pressure development.
In the vicinity of the slope reduction, the mean pressure head near the edge of the horizontal step face
reached 0.4 to 0.6 times the velocity head upstream of the slope reduction, for critical flow depths
normalized by the step height ranging between 2.6 and 4.6.

Keywords: air–water flow; bottom-pressure; skimming flow; slope reduction; stepped spillway

1. Introduction

The knowledge of the fluctuating bottom-pressure distribution is important to ensure
the structural integrity of smooth and stepped chutes, especially under negative pressures.
For stepped chutes with a constant bottom slope, the mean or fluctuating pressures acting
on the steps were assessed by several laboratory studies (e.g., [1–13]). On the horizontal face
of the step, a typical S-shape pressure distribution was observed, with maximum pressures
occurring at the so-called impact flow region, near the outer edge of the step, whereas
minimum pressures were noticed on the upstream half of the step face, due to the boundary
separation of the recirculating flow (e.g., [3,4,7,8,11–13]). For a given critical flow depth
normalized by the step height, the impact region was found to increase with decreasing
chute slope [13]. In turn, on the vertical face of the step, distinct pressure profiles were
obtained in function of the pressure percentile, generally with negative pressures near the
upper edge of the vertical face, for the mean and lower pressure percentiles, and positive
pressures near the step corner (e.g., [3]). Empirical dimensionless formulae were developed
to estimate the mean and extreme pressure profiles on the horizontal and vertical step faces
of a steeply sloping stepped chute (e.g., [3]).

As for smooth chutes, the effect of slope reductions on the bottom-pressure develop-
ment was addressed by few experimental and numerical studies. A study [14], among
others, observed a sudden change in pressure and velocity distributions as the flow passed
over an abrupt slope reduction at an aerator–deflector. They reported that a slope reduction
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of ∆θ = 15◦ lead to a pressure increase up to 25 times the hydrostatic pressure near the slope
reduction. As for stepped chutes, however, no study was published on the local pressure
development near slope reductions, to the knowledge of the authors, except for punctual
model studies related to projects of stepped chutes incorporating slope reductions (See
Figure 1, e.g., Upper Stillwater Dam in Utah, USA [15], Lower Siah-Bishe Dam in northern
Iran [16]). In turn, a significant effect of stepped chute slope reduction was observed on the
air entrainment and flow depth developments [17].
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Figure 1. Stepped spillways with an abrupt slope reduction (a) Upper Stillwater dam, USA (http:
//www.usbr.gov, last accessed date: 15 November 2013); (b) Siah-Bishe lower dam, Iran (http:
//www.iwpco.ir, last accessed date: 21 February 2016).

The present paper follows on from previous work [17] and includes an analysis on the
effect of the slope reduction on the bottom-pressure development. Fluctuating pressures
were measured systematically along the horizontal and vertical step faces near and far
downstream of the slope reduction, in four test runs including 50◦ to 18.6◦ (∆θ = 31.4◦) and
50◦ to 30◦ (∆θ = 20◦) slope reductions.

2. Physical Model

The data presented herein were collected on a large-size stepped chute model, in-
corporating an abrupt slope reduction [18]. It operated at the Laboratory of Hydraulic
Constructions (LCH) at Ecole Polytechnique Fédérale de Lausanne (EPFL), and consisted
of three separated modules with different slopes. Each module was 4 m long and 0.5 m
wide. The upstream module angle from the horizontal (i.e., pseudo-bottom angle) was
kept constant with θ1 = 50◦ whereas the downstream module angle was set either to θ2
= 30◦ or to 18.6◦, similar to characteristic RCC or embankment dam angles. Two abrupt
slope reductions of ∆θ = 20◦ and ∆θ = 31.4◦ were thus tested. The vertical step height was
constant with h = 0.06 m, Figure 2. This step height corresponds to typical prototype values
assuming a geometrical scale factor of 1:10 or 1:15.

Table 1. Test program.

Test θ1 (◦) θ2 (◦) do (m) q (m2/s) dc/h (-) Fo (-) Ro (-) × 105 Wo
0.5 (-)

1 50 18.6 0.082 0.47 4.6 6.4 4.6 193
2 50 30 0.082 0.47 4.6 6.4 4.6 193
3 50 30 0.093 0.35 3.8 3.9 3.4 135
4 50 30 0.045 0.20 2.6 6.7 2.0 111

http://www.usbr.gov
http://www.usbr.gov
http://www.iwpco.ir
http://www.iwpco.ir
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Figure 2. Physical model of the stepped spillway with an abrupt slope reduction assembled at
LCH-EPFL: (a) General view; (b) Side view of configuration associated to test number 2, as per Table 1
(θ1 = 50◦; θ2 = 30◦; dc/h = 4.6; Fo = 6.4; Ro = 4.6 × 105; Wo

0.5 = 193, flow from left to the right; (c)
Pressure transducers with 2 mm internal (cell) diameter installed in the vicinity of the 50◦–30◦ slope
reduction.

A jet-box was provided at the channel upstream end to allow for an independent
variation of the inflow depth and Froude number [5,19]. Thus, the location of the air
entrainment inception was shifted upstream and the developing region of the flow was
shortened, in comparison to the typical situation corresponding to an un-gated crest, for
identical chute slope, step height and discharge [20]. Hence, gradually varied or quasi-
uniform air–water flow was reached upstream of the slope reduction, at least for the tested
discharge range, as evidenced by [17].

The test program (Table 1) included skimming flow, with unit discharges 0.20 m2/s
≤ q ≤ 0.47 m2/s (2.6 ≤ dc/h ≤ 4.6, with dc = (q2/g)1/3 as critical flow depth, and g the
gravitational acceleration). The Froude (Fo = (Uo/(gdo)1/2), Reynolds (Ro = Uodo/υ), and
Weber (Wo = (ρUo

2do)/σ) numbers at the jet-box are given in Table 1. Here, do is the jet-
box opening, Uo = q/do is the mean water velocity at the jet-box exit, υ is the kinematic
viscosity of water, ρ is the water density, and σ is the surface tension between air and water.
According to previous findings on skimming flow over stepped chutes, (e.g., [7,21–23]),
significant scale effects of the macroscopic flow properties are not expected.

The bottom-pressures were measured with piezo-resistive pressure transmitters (Keller-
druck PR-23/8465.2) with cells at the step face with 2 mm diameter. The measurement
range included −0.1 to 0.2 bar. The linearity error including the hysteresis and repeatability
was less than ±0.5% of full scale, with an error of ±1.5 mbar for the water temperature
range between 0 ◦C and 50 ◦C. The transmitters were installed along the vertical and
horizontal step faces near and far downstream of the slope reduction, as shown in Figure 3.
Each of the 12 sensors was connected to a 16 bit data acquisition card (NI 6259), optimized
for fast sampling rates. For each measurement position, three runs with acquisition time
tacq = 70 s and 1 kHz frequency were performed.
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Figure 3. Pressure transmitter positions on the horizontal and vertical step faces, for (a) 50◦ to 18.6◦

and (b) 50◦ to 30◦ slope reduction. The step numbers downstream of the slope reduction are positive;
otherwise, they are negative.

3. Results and Discussion

To investigate the slope reduction effect on the bottom-pressure development and to
compare it with former results on constantly sloping stepped chutes, the present data are
illustrated along the horizontal and vertical faces:

1. “near” the slope reduction (i.e., in the reach where the main flow properties are
influenced by the slope reduction);

2. “far” upstream of the slope reduction (i.e., ahead of the reach where the main flow
properties are influenced by the slope reduction);

3. “far” downstream of the slope reduction (i.e., beyond the reach where the main flow
properties are influenced by the slope reduction).

According to [17], the limit steps uninfluenced by the slope reduction are numbered
−3 (“far” upstream, θ1 = 50◦), +31 (“far” downstream, θ2 = 30◦), and +20 (“far” downstream,
θ2 = 18.6◦).

3.1. Horizontal Step Face
3.1.1. Bottom-Pressure Profiles

Figure 4 shows the mean, and the 5th and 95th percentiles of the dimensionless
pressures p/(γh) along the horizontal step faces, where p is the measured bottom-pressure,
γ is the specific water weight, and h the step height. More precisely, Figure 4 illustrates the
data for the 50◦ to 18.6◦ slope reduction, and for dc/h = 4.6 at different steps.

The results on the steps where the main flow properties are uninfluenced by the
slope reduction (steps −3 and +20 of Figure 4a,c, respectively) show that the pressure
tends to increase along the horizontal face with decreasing x/l, regardless of the pressure
percentile, except in the vicinity of both the step edge and the step corner. This trend
is not clearly observed for the 50◦ chute because of the limited number of transmitter
positions (Table 2, x/l = 0.35; x/l = 0.64). The S-shape pressure distribution for stepped
chutes without a slope reduction (e.g., [12,13]) is evident herein at step +20 (18.6◦ module)
located “far” downstream of the slope reduction (Figure 4c). Globally, on each step, the
smallest pressures were observed along the upstream portion (x/l > 0.5) of the horizontal
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faces, and the maximum pressures occurred close to the edges (x/l < 0.5). For dc/h = 4.6,
the highest pressures were obtained at x/l = 0.3, closely followed by those at x/l = 0.1.
Similar results were obtained for the 30◦ module at steps +30 and +31, as shown in [18].
Therein, the S-shape far downstream of the slope reduction was less pronounced, likely due
to a lower density of measurement points.
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reduction and dc/h = 4.6: (a) upstream of the slope reduction, (b) just downstream, and (c) “far”
downstream; (···) 5th percentile, (—) mean, and (—) 95th percentile.

Table 2. Pressure transmitter positions on horizontal step faces (see Figure 3).

θ (◦) l (m) x/l

50 0.050 0.35 0.64 - - -
30 0.104 0.17 0.50 0.84 - -

18.6 0.178 0.10 0.30 0.50 0.70 0.88

The above findings are consistent with those of others (e.g., [2–9,11–13,22,24]). They
demonstrate that (1) the pressure near the step edge is influenced by flow impact, i.e., the
interaction of the lower edge of the shear layer formed downstream of each step singularity
with the horizontal face of the step, as characterized in [25], (2) the step corner pressure
is influenced by the flow recirculation, and (3) the highest absolute pressures occur at the
impact region, near the flow separation in between these two regions. Further, for a given
critical flow depth normalized by the step height (relative critical flow depth), the impact
region was found to increase with decreasing chute slope [12]. However, the differences
were relatively small for chute angles from the horizontal between 19◦ and 30◦. In turn,
for a given chute slope, the impact region was noted to decrease with increasing relative
critical flow depth. Only a slight change of the maximum pressure location occurred with
varying discharge, on 18.4◦ and 26.6◦ chutes [13].

The slope reduction generates a flow deviation, with pronounced local bottom-
pressures. The bottom-pressure starts to increase when approaching the slope reduction
(steps −2 and −1, Figure 4a). Immediately downstream of the slope reduction, larger
values of the mean as well as of the 5th and 95th percentiles were recorded (steps +1 and
+2, Figure 4b). A similar trend was observed on an abrupt slope reduction on stepped [15]
and on smooth chutes [14]. From the model studies of the Upper Stillwater dam stepped
spillway, with a slope reduction from 72◦ to 59◦ (∆θ = 13◦), mean pressures obtained with
piezometers located near the step edge were shown to increase shortly upstream of the
slope reduction, with highest values recorded at this location, regardless of the tested



Water 2022, 14, 41 6 of 14

reservoir heads [15]. Similarly, [14] observed that pressures were influenced by the slope
reduction slightly upstream of the latter, despite supercritical flow. Therein, three slope
reductions were tested, ∆θ = 6.22◦, 10◦ and 15◦. This phenomenon can be explained by the
non-hydrostatic pressure distribution in the vicinity of the slope reduction, influencing the
flow properties already upstream of the latter, even under supercritical flows.

The above observations for dc/h = 4.6 can be extended to 2.6 ≤ dc/h ≤ 4.6, as shown
for the 50◦ to 30◦ slope reduction in Figure 5, for the 95th pressure percentile. The pressures
are noted to increase with discharge. In [3,5] maximum pressures of the same order of
magnitude of those presented herein were observed for the steps located “far” upstream
or downstream of the slope reduction (steps −3 for 50◦, +31 for 30◦), for similar slope,
relative critical flow depth, and relative position on the step face. Overall maximum values
of p/(γh) ≈ 5 and 5.5 were obtained in those studies, with 51.2◦ and 30◦ stepped chutes,
for dc/h = 2.3 and 2.7, respectively. It should be noted that, in the present study, only two
pressure transmitter positions were available for the 50◦ chute, and higher pressures would
be expected near the step edge, as shown in [3]. In the latter study, 95th pressure percentiles
of p/(γh) ≈ 6.5 were obtained in the vicinity of the step edge (x/l ≈ 0.06), for dc/h = 2.3.
The relatively higher values obtained in the present study for the 50◦ chute (e.g., p/(γh) ≈
7.5 at step −3, for x/l = 0.35 and dc/h = 2.6) in relation to those of [3] may be due to the
smaller contact area of the pressure transmitter (2 mm versus 8 mm), and to the slightly
larger relative critical flow depth (dc/h = 2.6 versus dc/h = 2.3).
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Figure 5. Dimensionless 95th percentile pressures p/(γh) on the horizontal step faces for the 50◦ to 30◦

slope reduction: (a) upstream of the slope reduction, (b) just downstream, and (c) “far” downstream;
dc//h = (—) 2.6, (—) 3.8, and (···) 4.6.

3.1.2. Development of the Local Maximum Pressure

The development of the measured mean and the 5th and 95th percentiles of the local
maximum pressure (at x/l =0.35, 0.17 and 0.3, respectively on the 50◦, 30◦, and 18.6◦

sloping chutes) along the chute are shown in Figure 6 for the 50◦ to 18.6◦ and the 50◦ to
30◦ slope reduction configurations, respectively, with dc/h = 4.6. The effect of the slope
reduction on the pressure starts upstream of the slope reduction, as indicated above. A
significant pressure increase appears between steps −2 and +1 or +2. Further downstream,
the pressure decreases towards the uninfluenced values (at step +20 and +31, for the 18.6◦

and 30◦ modules, respectively). For the 50◦ to 18.6◦ slope reduction and 95th percentile,
the pressure head in the vicinity of the slope reduction (step +2) is almost three times
that upstream of the slope reduction (step −3), or far downstream (step +20), whereas
for the 50◦ to 30◦ slope reduction, such ratio is approximately equal to two. Hence, a
“pronounced” slope reduction from 50◦ to 18.6◦ resulted in higher ratios compared to those
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of the “mild” 50◦ to 30◦ slope reduction. A similar trend was observed for the 5th percentile
and particularly for the mean, as well as for distinct relative critical flow depths (dc/h = 2.6
and 3.8), on the 50◦ to 30◦ slope reduction (not shown herein).
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slope reduction, at x/l = 0.35 on the 50◦ sloping chute and x/l = 0.3 on the 18.6◦ sloping chute, and
(b) the 50◦ to 30◦ slope reduction, at x/l = 0.35 on the 50◦ sloping chute and x/l = 0.17 on the 30◦

sloping chute.

3.1.3. Equivalent Clear-Water Depth and Mean Pressure Development near the
Slope Reduction

Based on air concentration measurements ([17,18]), the normalized equivalent clear-
water depth d/h near the slope reduction is shown in Figure 7a as a function of X = (x′ −
xsc)/h, with x′ as the streamwise coordinate starting at the jet-box, and xsc as the distance
between the jet-box and the slope reduction (subscript sc). The equivalent clear-water depth
d is given as d = (1 − Cm)Y90, where Y90 is the characteristic mixture flow depth defined as
the distance between the pseudo-bottom and the point where the local air concentration
C = 0.90, and Cm is the mean (depth-averaged) air concentration ([17]). The values of
d/h increase near the slope reduction (X = 0) due to the flow curvature initiated slightly
upstream. Immediately downstream of the slope reduction, d/h decreases (X > 0). Far
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downstream, d/h reaches the uninfluenced values of those chute slopes ([17]). A trend of
flow depth increase upstream of the slope reduction, and subsequent decrease immediately
downstream, was also reported by [15].
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Figure 7. Streamwise development of the (a) normalized equivalent clear-water depth d/h and (b)
normalized mean pressure p/(0.5 ρup U2

up) on the horizontal step faces, at x/l =0.35, 0.17, and 0.3,
respectively, on the 50◦, 30◦, and 18.6◦ sloping chutes.

To highlight the development of the mean pressure on the horizontal step faces near
the slope reduction (at x/l =0.35, 0.17, and 0.3, respectively, on the 50◦, 30◦, and 18.6◦

sloping chutes) the normalized pressure p/(0.5 ρup U2
up) is introduced, with ρup = ρ(1 −

Cmup) as the density of the air–water flow upstream (subscript up) of the slope reduction
yet uninfluenced by the latter (at step −3 being X = −1.8), Cmup as mean air concentration,
dup as equivalent clear-water depth, and Uup = q/dup as mean water velocity, all at step −3.
Results of Cmup, dup, and Uup can be found in [18].

The results are shown in Figure 7b. The mean bottom-pressures were those at x/l
= 0.35, 0.17, and 0.3, respectively, on the 50◦, 30◦, and 18.6◦ modules. The normalized
pressure noticeably increases when approaching the slope reduction. Shortly downstream
of the latter (up to steps +1 or +2, 1.7 < X < 3.5), the mean bottom-pressure head continues
to increase, due to the impact of the flow on the longer horizontal step face, attaining
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0.4 to 0.6 times the velocity head upstream of the slope reduction, for the tested range
of relative critical flow depths. These values of the normalized pressure are of the same
order of magnitude of those obtained for concave vertical curves on smooth chutes, with
curvature radii normalized by the flow depth upstream of the curved reach (normalized
curvature radii) ranging approximately between 3.3 and 5, according to the application of
the simplified centrifugal pressure or the free-vortex methods [26].

For the present study, it was not possible to obtain accurate estimates of the flow
curvature radii through visual observation, due to the complexity of the highly turbulent air–
water flow in the vicinity of the slope reduction, along with visual observation constrains
of the experimental set-up. In alternative, the characteristic mixture flow depth Y90 was
used to obtain a rough estimate of the normalized flow curvature radii near the abrupt
slope reduction. The normalized curvature radii for the 50◦ to 30◦ slope reduction were
practically independent of the relative critical flow depth (3.5 ≤ R/Y90 ≤ 3.7), whereas a
larger value was obtained for the 50◦ to 18.6◦ slope reduction, with dc/h = 4.6 (R/Y90 = 5.1).
These values are practically within the range of those estimated herein for concave vertical
curves on smooth chutes (~3.3 to 5). Overall, these normalized curvature radii are lower
than that recommended for design of conventional chute transitions, according to [27].

By using the ratio p/(γ dup cosθ), values increasing from 6 (step −2) to 21 (step +1
or +2) were observed in the vicinity of the slope reduction, for 2.6 ≤ dc/h ≤ 4.6 (0.16 m
≤ dc ≤ 0.28 m) (not shown herein). A similar trend was reported by [14] on an abrupt
slope reduction at an aerator-deflector, namely for ∆θ = 15◦. For such slope reduction,
they reported pressure heads ranging between 3 and 23 times the upstream uninfluenced
hydrostatic pressure, at a distance to the slope reduction of less than twice the upstream
flow depth, for 0.14 m ≤ dc ≤ 0.22 m.

Lower discharges show strong fins with flow bulking over a considerable distance
due to the slope reduction, possibly because of high relative bottom-pressures [17]. This
condition is evident immediately downstream of the slope reduction, where a larger
normalized pressure was observed for low discharges (Figure 7b, compare dc/h = 2.6, 3.8
and 4.6 on the 50◦ to 30◦ slope reduction configuration, 0 < X < 3.5). With an increasing
relative slope reduction from ∆θ = 20◦ to ∆θ = 31.4◦, the maximum normalized pressure
also increased by approximately 40% (Figure 7b, compare dc/h = 4.6 on the 50◦ to 18.6◦ and
50◦ to 30◦ slope reduction configurations, where X ≈ 3.5).

3.1.4. Probability Distribution of Fluctuating Pressures

The probability distribution function F of fluctuating pressures yet uninfluenced by
the slope reduction are compared with the Normal (Gaussian) distribution (straight dashed
line) for dc/h = 4.6 in Figure 8. The results indicate that the probability plots near the step
corners (x/l > 0.5) are different from those near the step edges (x/l < 0.5), irrespective of
the chute slope.

Near the step edges (x/l < 0.5), higher and positive skewness was found, showing
that pronounced negative pressures are not as frequent as large positive ones [28]. Hence, a
Normal distribution will underestimate the maximum pressures near the step edges, as
shown in [11]. Close to the step edge, negative pressures with very low probabilities were
recorded.

Smaller pressure fluctuations were observed near the corners (x/l > 0.5). Slightly
negative or null values of skewness were observed (e.g., at x/l = 0.88 and 0.70). However,
in general, positive pressure values were more frequent than negative pressure values.

Pronounced pressure minima occur near the step corner (x/l = 0.64, 0.84, and 0.88
respectively on 50◦, 30◦ and 18.6◦ module). Along the inner region of the steps towards
the corner (x/l > 0.50), the pressure distribution is in better agreement with the Normal
distribution, than the downstream portion of steps. A kurtosis greater than 3 was observed
for all cases. These observations are consistent with those found by [11].
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3.2. Vertical Step Face
3.2.1. Bottom-Pressure Profiles

Figure 9 shows the mean and the 5th and 95th percentiles of the dimensionless pres-
sures p/(γh) along the vertical step faces (at z/h = 0.3, 0.55 and 0.70), near and far down-
stream of the 50◦ to 18.6◦ slope reduction, for dc/h = 4.6. The results show that the
vertical position has a small influence on the pressure, for 0.3 ≤ z/h ≤ 0.7. Similar re-
sults were found by others, within this range of positions along the vertical step face
(e.g., [2–4,6–8,11,13,22,24]). However, smaller values would be expected to occur near the
step edge due to the flow separation [2–4,6–8,11,13,22,24,29,30]. Such positions were not
adopted in the present study due to the size of the transmitters. Similar findings were
obtained for the 50◦ to 30◦ slope reduction, as shown in [18].
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(···) 5th percentile, (—) mean, and (—) 95th percentile.

When approaching the slope reduction, a local pressure increase at the mean and
considered percentiles appeared, as observed for the horizontal step faces (Figure 5), yet
less pronounced. Immediately downstream of the slope reduction (up to step +3), the
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pressure decreased significantly, and the minima of the 5th percentile occurred as p/(γh)
= −4, which would not lead to cavitation on a typical prototype of 0.9 m high steps.
In addition, air concentrations larger than 0.1 were measured near the pseudo-bottom,
due to significant self-aeration upstream of the slope reduction [17]. Hence, even higher
extreme negative pressures that would likely occur near the step edge, namely for a
more conservative 0.1th pressure percentile (e.g., [7,11]), should not be critical in terms of
cavitation damage, for similar geometry and flow conditions. However, this conclusion
should not be generalized for high velocity, clear-water flows subject to slope reductions,
which may occur for high unit discharges and slope reductions located upstream of the
point of inception of air entrainment. In such a scenario, and in the absence of an adequate
air concentration close to the pseudo-bottom, cavitation damage might occur, as one may
infer from [31,32].

3.2.2. Probability Distribution of Fluctuating Pressures

The probability distribution function F of dynamic pressures yet uninfluenced by
the slope reduction are compared with the Normal distribution (straight dashed line) in
Figure 10, focusing only on step −2, the 50◦ module, and dc/h = 4.6. The data trend of
Figure 10 differs from that observed for the horizontal step faces (Figure 8). Near the
step edge (z/h = 0.3), the skewness decreases and negative values appear, indicating
that negative pressures are more frequent than positive pressures [28]. There, a Normal
distribution underestimates pressure minima (as stated also by [11]), so that the pressure
transmitters indicate lower negative pressures.
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4. Conclusions

Stepped chutes incorporating an abrupt slope reduction have already been built and
operated. However, they have not yet been the focus of detailed research. Herein, a physical
model study on abrupt slope reductions at stepped chutes is presented, providing pressures
on the vertical and horizontal step faces in skimming flow. An upper module with a 50◦

bottom angle was connected to a lower module, with either a 30◦ or 18.6◦ angle.
From this study, the following conclusions can be drawn:

• A global increase of the bottom-pressure (for the mean, and the 5th and 95th per-
centiles) occurs on the horizontal step faces, near the slope reduction. A similar but
less pronounced increasing trend occurs on the vertical step faces.

• In the vicinity of the slope reduction, the mean pressure head near the edge of the
horizontal step face attains 0.4 to 0.6 times the velocity head upstream of the slope
reduction, for relative critical flow depths ranging between 2.6 and 4.6. For this range
of normalized pressure heads, the estimated radii of curvature of the flow is of the
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same order of magnitude of those reported on concave vertical curves on smooth
chutes.

• Downstream of the slope reduction, the pressures on the horizontal step faces near the
edge decrease rapidly and approach typical values for uninfluenced steps.

• Negative pressure values (5th percentile) were measured on the vertical step faces near
the slope reduction. Although they were hardly severe enough to lead to cavitation
on a typical prototype, the transducer positions were not close enough to the step
edge. In addition, a much lower percentile (i.e., 0.1th percentile) should be adopted if
cavitation tendency is to be predicted.

A substantial effect on the bottom-pressure development was observed near the slope
reduction, which should be considered to estimate the total thrust and bending moment on
the chute walls. However, the pressure variations caused by the tested slope reductions
appear not to be restrictive in terms of peak values. Hence, they should not represent a
relevant issue in terms of flow impact or cavitation damage for flow conditions similar to
those analyzed in the present study, namely gradually varied or quasi-uniform self-aerated
flow upstream of the slope reduction.
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Notations

The following symbols are used in this paper.
C local air concentration (-)
Cm mean air concentration (-)
Cmup mean air concentration upstream of, yet uninfluenced by, the slope reduction (-)
d equivalent clear-water depth (m)
dc critical flow depth (m)
do jet-box opening and related flow depth (m)
dup equivalent clear-water depth upstream of, yet uninfluenced by, the slope reduction (m)
F Probability distribution function of fluctuating pressures (-)
Fo jet-box Froude number (-)
g gravitational acceleration (m/s2)
h vertical step height (m)
Ku kurtosis (-)
l horizontal step length (m)
p bottom-pressure (Pa)
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q unit discharge (m2/s)
Ro jet-box Reynolds number (-)
Uo mean water velocity at the jet-box exit (m/s)
Uup mean water velocity upstream of, yet uninfluenced by, the slope reduction (m/s)
Wo jet-box Weber number (-)
x coordinate (starting at the step edge) along the horizontal step face (m)

X
dimensionless streamwise distance from the slope reduction cross section, measured
along the chute, X = (x′ − xsc)/h (-)

x′ streamwise distance downstream of the jet-box (m)
xsc streamwise distance between the jet-box and the slope reduction cross section (m)
Y90 characteristic flow depth up to C = 0.90 (m)
z distance from the step edge along the vertical step face (m)
∆θ slope reduction angle (◦)
θ chute angle (◦)
υ kinematic viscosity of water (m2/s)
ρ water density (Kg/m3)

ρup
density of the air–water flow upstream of, yet uninfluenced by, the slope reduction
(Kg/m3)

σ surface tension between air and water (N/m)
γ specific water weight (N/m3)
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