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Abstract: The erosion caused by jets issued from hydraulic structures progressively develops a conﬁned scour-hole on the
riverbed. A realistic scour assessment must consider both the inﬂuence of the air entrained when the jet plunges into the pool
and the ﬂow patterns induced by bottom geometry. This experimental study systematically analyzes the combined inﬂuence of
jet aeration and pool conﬁnement on the dynamic pressures affecting the water–rock interface and inside 3D ﬁssures around a
block. The results show that conﬁnement reduces mean pressures and pressure ﬂuctuations when the pool is relatively deep, but
almost no inﬂuence is found when the pool is shallow, while air entrainment has an opposite effect. Three mechanisms are
identiﬁed, two of them depend on the pool depth. Furthermore, when a block is mobile, pressures are attenuated inside the
surrounding joints. The consequent block vibrations and the presence of air reduce pressure waves celerity inside the ﬁssures.
Key words: air entrainment, plunging jets, ﬂow pattern, rock scour, plunge pool, high-velocity jets, lateral jet conﬁnement.
Résumé : L’érosion causée par des jets issus de structures hydrauliques développe progressivement une fosse conﬁnée sur le lit.
Une évaluation réaliste de l’affouillement considère l’inﬂuence de l’air entrainé quand le jet plonge, ainsi que des ﬂux induits par
la géométrie du fond. Cette étude expérimentale analyse systématiquement l’inﬂuence combinée de l’aération et du conﬁnement de la fosse sur les pressions dynamiques affectant l’interface eau-roche et les ﬁssures 3D autour d’un bloc. Les résultats
montrent que le conﬁnement réduit les pressions moyennes et ses ﬂuctuations si le bassin est relativement profond, mais
l’inﬂuence est négligeable quand le bassin est peu profond, tandis que l’aération a un effet inverse. Trois mécanismes sont
identiﬁés, deux d’entre eux dépendent de la profondeur du bassin. Quand un bloc est mobile, les pressions sont atténuées à
l’intérieur des ﬁssures. Les vibrations du bloc, comme la présence d’air, réduisent la célérité des ondes de pression dans les
ﬁssures.
Mots-clés : entraînement d’air, jets plongeants, caractéristiques d’écoulement, affouillement, fosse d’érosion, jets à haute vitesse,
conﬁnement latérale du jet.

Introduction
High-velocity jets issued from high-head hydraulic structures,
such as dams, have the potential to generate erosion when impacting rocky riverbeds, where a conﬁned scour hole progressively develops (Schleiss 2002). To avoid any risk the scour hole
may represent to the stability of the dam itself, it is of crucial
concern that hydraulic engineers estimate scour evolution
precisely.
Typically, the jet will have a trajectory in the air after it has been
issued from the ﬂood release structure, during which it will progressively incorporate air through its perimeter due to internal
turbulence. When plunging in the receiving pool, a very large
quantity of air is entrained between the perimeter of the jet and
the pool surface. The aerated jet will then dissipate a part of its
energy along the pool depth and the remaining energy will be
converted to dynamic pressures acting on the bottom of the pool.
The progressive modiﬁcation of the bottom geometry caused by
scouring has a signiﬁcant effect on how the jet dissipates and
therefore on the dynamic pressures acting on the water–rock interface and inside the underlying ﬁssures of the rock mass (Manso
2006). Equilibrium or ultimate scour is reached when the incoming energy of the jet is dissipated to an extent where further

rock ﬁssure break-up and rock block ejection can no longer take
place (Bollaert and Schleiss 2003a).
An empirical formula proposed by Mason and Arumugam (1985)
is of particular interest due to exhaustive data sets used from
26 prototype cases and 47 physical models with erodible beds:
(1)

Y⫽␣

H␣1q␣2h␣3
␣5
g␣4dm

where Y is the depth corresponding to the ultimate scour, which is
the sum of the initial depth h relative to the original riverbed and
the scour depth tc, H is the hydraulic head determined by the
difference between the reservoir and tailwater levels, q is the
discharge rate, g is the gravitational acceleration, dm is the mean
particle or rock size, ␣ = 6.42 – 3.1H0.10, ␣1 = 0.15 – H/200, ␣2 = 0.60
– H/300, ␣3 = 0.15, ␣4 = 0.30, and ␣5 = 0.10. Although eq. (1) does not
consider the physical processes involved in the scouring phenomenon, it has the merit of using the most important parameters in
a straightforward manner and is still very used for a ﬁrst estimation of the scour depth in the engineering practice.
Later, to account for the effect of air entrainment, Mason (1989)
proposed a modiﬁcation to eq. (1), this time only considering
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Fig. 1. Deﬁnition sketch of plunging jets showing jet ﬂow streamlines and time-averaged pressure distribution around a block embedded on
a ﬂat bottom (left) and a conﬁned bottom (right).

model tests on erodible beds formed with loose granular sediments:
(2)

Y⫽␣

(1 ⫹ ␤)␣1q␣2h␣3
␣5
g␣4dm

where ␤ is the jet aeration provided at the plunge section, or the
air-to-water ratio, deﬁned as the entrained air discharge Qa divided by the jet water discharge Qw. The ﬁtting process, for model
results only, led to constant parameters, ␣ = 3.39, ␣1 = 0.30, ␣2 =
0.60, ␣3 = 0.16, ␣4 = 0.30, and ␣5 = 0.06. Although the physical
justiﬁcation for replacing the hydraulic head H by the jet aeration
␤ as a parameter for scour assessment is questionable, it can give
a reasonable upper bound for the ultimate scour depth (Bollaert
2002).
To evaluate the dynamic pressures acting on a rock mass, a solid
but ﬁssured media has to be considered instead of loose sediments. Systematic experiments using high-velocity jets in a large
facility were performed by Bollaert and Schleiss (2003b), Manso
et al. (2007), Federspiel (2011), and Duarte et al. (2015) for pools
with a ﬂat bottom and by Manso (2006) and Manso et al. (2009) for
conﬁned pool bottoms. These researches conducted in the Laboratory of Hydraulic Constructions (LCH) of the Ecole Polytechnique Fédérale de Lausanne (EPFL) developed a physically-based
description of rock scour. Also, by establishing their investigations on near-prototype jet velocities and turbulence, scale effects
from the experimental results are avoided. Finally, pressure ﬂuctuations and transient pressures inside the ﬁssures are considered
for the correct assessment of the stability of rock blocks. It has
been shown that the hydraulic fracturing of rock joints is the
result of one of two possible mechanisms: brittle failure of rock

joints, generated by short-duration pressure peaks, or fatigue resulting from cyclic loadings.
Compared to the simpler ﬂat-bottom case, the impingement of
a jet into a plunge pool with ideal conﬁnement can be characterized by a conﬁnement diameter dc and a pool depth Y comprising
the sum of the initial pool depth h relative to the original riverbed
and the scour depth tc (Fig. 1). Manso (2006) assessed dynamic
pressures acting on the water–rock interface and inside a closedend ﬁssure on the bottom of a plunge pool with nine different
geometries, including one ﬂat-bottom case and eight laterally conﬁned conﬁgurations. He noted that the pool bottom geometry
induces coherent ﬂow patterns (Fig. 1), which strongly inﬂuence
jet dissipation and air bubble penetration. The conﬁned pool deﬂects the jet back towards the pool surface. The upward currents
accentuate jet development and jet velocity decay, resulting in
less energy reaching the pool bottom (Manso et al. 2009).
This study is developed in the frame of the previously cited
researches of the LCH-EPFL with the objective of providing a comprehensive and physically-based description of rock scour. The
main objective is to investigate the inﬂuences of pool bottom
conﬁnement and jet aeration simultaneously, in a more complex
but realistic scenario. For such, a laterally conﬁned pool on the
dynamic pressures acting in a 3D open-end ﬁssure around a free or
ﬁxed rock block impacted by aerated high-velocity jets was assessed experimentally.

Physical model tests
The experiments were carried out in a large facility (Fig. 2) built
at the LCH-EPFL. Circular jets were issued vertically from a dj =
72 mm diameter cylindrical nozzle. An air discharge Qaa was
Published by NRC Research Press
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Fig. 2. View of the experimental facility with conﬁned bottom and detail of the instrumented block with the position of the pressure transmitters.

pumped into the nozzle through six small oriﬁces to produce
aerated water jets at the issuance section (Duarte 2013).
The generated air–water jet discharges Qaw varied from 30 to
90 L/s. The corresponding velocities of the air–water jets at the
issuance section Vaw varied from 7.4 to 22.1 m/s. Four different
values of jet aeration at the nozzle outlet ␤1 = Qaa/Qw were tested:
23% (which corresponded to the maximum air discharge the compressed air system could provide and measure), 15, 8, and 0%. In
addition, there is relevant air entrainment at the plunge section,
as illustrated in Fig. 1.
The turbulence intensities Tu of the water jets immediately
downstream of the issuance section were measured in the longitudinal direction by Manso et al. (2008). Turbulence intensity Tu
values of approximately 8% for the lower jet velocities, reducing
asymptotically to values between 4 and 5% for high jet velocities,
were observed. Hence, the experimental jets present nearprototype velocities and turbulence characteristics. Scale effects
are thus minimized, and the spectral content of the pressure signals can be accurately reproduced (Bollaert and Schleiss 2003b).
The pool depth Y was either 30, 50 or 80 cm, corresponding to
relative pool depths Y/dj of 4.2, 6.9, and 11.1, respectively. This
range of pool depth values allowed the reproduction of core jets
and developed jets reaching the bottom. Lateral conﬁnement was
simulated by a 0.8 m diameter steel cylinder (dc/dj = 11.1, Fig. 3b)
and compared to a reference ﬂat-bottom case. This conﬁnement
corresponds to the “intermediate pool” tested by Manso et al.
(2009). A rock block embedded on the pool bottom was represented by a metallic system composed of a box and a block
(Fig. 3a). The cubic block with 20 cm sides was inserted into a box,
whose dimensions provided a 1 mm thick 3D ﬁssure between the
block and the cavity, which was kept constant by lateral guides.
The center of the block was aligned with the jet centerline, reproducing an axisymmetric conﬁguration. The block was either ﬁxed
inside the cavity or free to move in the vertical direction. The test
conditions are summarized in Table 1.
Twelve Kulite HKM-375M-17-BAR-A pressure transducers were
uniformly ﬂush-mounted along one half of the block (PB1 to PB4;
VF1 to VF4; HF1 to HF4, Fig. 2). The pressure transducers were
calibrated by Federspiel (2011) using a reference transducer, and
calibration checks were performed three times on the experimen-

tal facility during the present study. In all occasions the pressure versus Volt relationships were the same and matched the
supplier’s calibration curves. The dynamic pressures were measured with an acquisition frequency of 1 kHz. For each test run,
65 536 samples were obtained. To ensure repeatability, each test
run was performed three times (Duarte et al. 2013).

Results and discussion
General behavior of the jet and induced ﬂow patterns
According to Beltaos and Rajaratnam (1977), the impingement
of a jet on a ﬂat obstacle perpendicular to its centerline is composed of three distinct regions, namely (i) the free jet region,
where the jet dissipates by shear with the surrounding ﬂuid independently from the obstacle; (ii) the impingement region, where
the jet is slowed abruptly by the presence of the obstacle, causing
a pressure build-up around the stagnation point, which is the
intersection of the jet centerline with the pool bottom; and (iii) the
wall jet region, a consequence of mass conservation at stagnation.
Hence, the vertical jet is deﬂected, creating a ﬂow parallel to the
obstacle.
The wall jet pulls the ﬂow farther from the diffusive shear layer.
At some distance of the stagnation point, where the energy of the
wall jet has also dissipated, the recirculating currents in the pool
make the ﬂow rise slowly towards the surface. A laterally conﬁned
pool alters this behavior by deﬂecting the wall jet upwards before
its energy is completely dissipated. This induces shear between
the downward and upward currents and contributes to jet dissipation.
In Fig. 4a, an upward deﬂection of the wall jet, as a consequence
of pool bottom conﬁnement, is clearly visible due to the ﬂow of
the entrained air bubbles. In Fig. 4b, jet ejections from the pool
surface can be seen. The latter is more pronounced for relatively
shallow pools and high jet velocities.
Dynamic pressures around the block
The time-averaged pressures and the pressure ﬂuctuations
around the block were analyzed. By considering the issued jet as a
homogeneous mixture of air and water, the mean density of the
jet at issuance is
Published by NRC Research Press
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Fig. 3. Photos of (a) detail of the instrumented block being inserted into the cavity and (b) experimental facility with conﬁnement cylinder
and instrumented block installed on the bottom.

Table 1. Tested conﬁgurations.
Impact
position

Impact type

Block
movement

Bottom
geometry

Pool depth
Y (cm)

Total jet discharge
Qaw (L/s)

Jet aeration at
issuance ␤1 (%)

Centered jets

Plunging jets

Fixed

Flat
Conﬁned
Flat
Conﬁned

30, 50, 80

30, 40, 50, 60, 70, 80, 90

0, 8, 15, 23

Free

Fig. 4. Photos of (a) detail of the jet-ﬂow-induced patterns in the plunge pool (Vaw = 7.4 m/s, ␤1 = 0%) and (b) jet geyser-like ﬂow ejections
(Vaw = 22.1 m/s, ␤1 = 0%).

(3)

aw ⫽

␤1
1
 ⫹

1 ⫹ ␤1 w
1 ⫹ ␤1 a

where w and a are, respectively, the water and air densities.
Non-dimensional pressure coefﬁcients for the time-averaged
pressures Cp and for the pressure ﬂuctuations C’p were computed
at each transducer position on the block using the kinetic energy
per unit volume of the jet at the plunge section as the scaling
parameter.

(4)

Cp ⫽

(5)

Cp ⫽

pmean ⫺ wgY 
1/2awVi2
p
1
 V2
2 aw i

where pmean and p’ are, respectively, the time-averaged pressure
and the RMS of the pressure ﬂuctuations, Y’ is the vertical distance
Published by NRC Research Press
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Fig. 6. Pressure ﬂuctuation coefﬁcient C’p around the ﬁxed block
for an issuance jet velocity Vaw = 22.1 m/s and different relative pool
depths; (a) Y/dj = 4.2; (b) Y/dj = 6.9; (c) Y/dj = 11.1; for ﬂat bottom with
␤1 = 0% (white bars) and ␤1 = 23% (black bars); as well as for conﬁned
bottom with ␤1 = 0% (hatched bars) and ␤1 = 23% (grey bars).

between the pool surface and the pressure transducer, and Vi is
the velocity of the jet at the plunge section, considering the gravity acceleration during the fall distance.

The general trends for the distribution of both Cp and C’p
throughout the block have been explained by Duarte et al. (2015).
Both parameters present Gaussian distributions on the pool bottom (top of the block), similar to the velocity distribution in a
cross section of a jet impinging in a pool. Inside the ﬁssures, the
time-averaged pressure and pressure ﬂuctuation coefﬁcients
slowly increase toward the center of the joint (HF4). In such a
symmetric case, this increase of the pressure coefﬁcients inside
the ﬁssure is caused by the superposition of the pressure waves,
reaching its maximum in the central position of the ﬁssure.
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Fig. 5. Time-averaged pressure coefﬁcient Cp around the ﬁxed block
for an issuance jet velocity Vaw = 22.1 m/s and different relative pool
depths; (a) Y/dj = 4.2; (b) Y/dj = 6.9; (c) Y/dj = 11.1; for ﬂat bottom with
␤1 = 0% (white bars) and ␤1 = 23% (black bars); as well as for conﬁned
bottom with ␤1 = 0% (hatched bars) and ␤1 = 23% (grey bars).

Inﬂuence of pool conﬁnement and jet aeration
For the case of a ﬁxed block and the highest tested jet velocity
(Vaw = 22.1 m/s) and for the three tested relative pool depths, Cp
and C’p values are represented in Figs. 5 and 6. The ﬂat and
conﬁned-bottom conﬁgurations and non-aerated (␤1 = 0%) and
aerated jets (␤1 = 23%) are compared.
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In Figs. 5 and 6, it can be seen that the inﬂuences of the jet
aeration and of the conﬁned bottom strongly depend on the relative pool depth. The inﬂuence of entrained air was discussed in
detail in Duarte et al. (2015). It was highlighted that the air bubbles
have two opposing effects on the resulting pressures. On one
hand, the pressures are reduced as a consequence of the lower
momentum of aerated jets, due to their lower density. On the
other hand, jet velocity decay along the pool depth is reduced by
the entrained air bubbles, which increases the pressures on the
bottom, especially close to stagnation. The latter effect is evidently stronger in relatively deep pools.
The reduction of Cp (Fig. 5) due to pool conﬁnement was stronger for a deep pool (Y/dj = 11.1) but was almost inexistent for a
shallow pool (Y/dj = 4.2). This is explained by the effect of the shear
between upward and downward currents on the resulting pressures, which depend on the pool depth. The pool depth governs
the length along which the shear stress dissipates the jet energy.
Similar behavior was observed for C’p (Fig. 6). In the conﬁnedbottom case, the deeper the pool, the more the pressure ﬂuctuations were reduced. For the ﬂat-bottom case, C’p values were
higher for the deep pool (Y/dj = 11.1), in agreement with Bollaert
and Schleiss (2005) and Manso et al. (2007), who found that a
developed jet impact on the bottom produces higher pressure
ﬂuctuations than a core jet.
The inﬂuences of pool conﬁnement and jet aeration on Cp for
the whole set of tested jet velocities and pool depths are shown in
Fig. 7 at the intersection of the jet centerline with the water–rock
interface (stagnation point, PB1, Fig. 2). Two different regions can
be clearly distinguished, corresponding to a developed jet impact
or a core jet impact on the bottom.
A core jet impact on the bottom occurs when the core development length yc is greater than the existing pool depth Y. This
yields a compact jet core impacting directly on the bottom, which
results in high time-averaged pressures and relatively low pressure ﬂuctuations. On the other hand, a developed jet impact is
observed when yc < Y (Fig. 1 is an example). The resulting timeaveraged pressures are lower due to the dissipation of the
jet along its centerline.
Duarte et al. (2013) pointed out that the limit between a core jet
impact and a developed jet impact depends on both the pool
depth and jet velocity. Figure 7 (all cases) shows that, for relatively
low velocities, Cp increases with a concave function of the jet
velocity. This corresponds to a developed jet impact on the bottom, being the core of the jet previously disintegrated along the
shear layer. For a deep pool (Y/dj = 11.1), only developed jet impact
was observed because the jet core never reaches the bottom
(Fig. 7c). Indeed, the maximum core length found for high jet
velocities was yc = 7.8di for plunging jets, which is coherent with
the current pressure results.
For the remaining shallower pool depths (Y/dj = 4.2 and 6.9,
Figs. 7a and 7b), a change is evident at approximately Vaw = 15 m/s,
where an increasing tendency of Cp at lower jet velocities shifts to
a convex decreasing tendency at higher jet velocities, corresponding to core impacts on the bottom. The maximum Cp values are
observed at the intersection of the two regions. This means that
the transitional jets where yc = Y are the most efﬁcient in terms of
converting the kinetic energy of the jet into time-averaged pressures acting on the bottom at stagnation. However, in Fig. 7, the
outer bounds are only indicative of the behavior of the timeaveraged pressure coefﬁcient evolution with increasing jet velocity. They correspond only approximately to the zones for core and
developed jet impacts and the transition between the two.
The combined inﬂuences of pool bottom conﬁnement and jet
aeration can be clearly noticed and conﬁrm the assumptions
made previously. A conﬁned bottom resulted in lower Cp values at
stagnation for jets of similar velocity and aeration. The deeper the
pool, the stronger the reduction of the conﬁned case compared to
the ﬂat one. Reductions of Cp due to pool bottom conﬁnement

Can. J. Civ. Eng. Vol. 43, 2016

Fig. 7. Time-averaged pressure coefﬁcient Cp at stagnation versus
the issuance jet velocity Vaw for different relative pool depths;
(a) Y/dj = 4.2; (b) Y/dj = 6.9; (c) Y/dj = 11.1; ﬂat bottom with ␤1 = 0% (),
␤1 = 8% (Œ); ␤1 = 15% () and ␤1 = 23% (⽧); conﬁned bottom with
␤1 = 0% (□), ␤1 = 8% (⌬), ␤1 = 15% (Œ) and ␤1 = 23% (224); and
indicative outer bounds (dashed lines).

were zero or minimal for the shallow pool (Y/dj = 4.2, Fig. 7a).
Given similar jets, those with higher aeration produced higher Cp
values. The differences increased with the pool depth. Hence,
both the effects of pressure reduction due to jet conﬁnement and
pressure rise due to the lower jet dissipation rate of aerated jets
close to stagnation are exacerbated by an increasing pool depth.
Differences between ﬁxed and free block
When the block is free to move in the vertical direction inside
the cavity, pressure is attenuated inside the ﬁssures due to block
vibrations. The pressures acting inside the ﬁssures are the result
of the excitation provided by the energy signals at the ﬁssure
Published by NRC Research Press
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Fig. 8. Time-averaged pressure coefﬁcient Cp at the ﬁssure entrance (VF1) versus jet velocity Vaw; non-aerated jets (␤1 = 0%); for a ﬁxed block
with Y/dj = 11.1 (〫); Y/dj = 6.9 (Œ) or Y/dj = 4.2 (□); and for a free block with Y/dj = 11.1 (⽧); Y/dj = 6.9 () or Y/dj = 4.2 (); (a) ﬂat bottom;
(b) conﬁned bottom.

entrances at the water–rock interface and by pressure wave propagation inside the 3D joint. Hence, the dynamic pressures inside
the ﬁssures were analyzed at the position VF1, close to the ﬁssure
entrance.
Figure 5 shows that jets impinging on the center of the block
produced time-averaged pressure coefﬁcients Cp close to the ﬁssure entrance that are always higher inside the ﬁssure (VF1) than
at the pool bottom (PB4), where a wall jet is formed. This conﬁrms
that the ﬁssure is excited by a combination of both dynamic pressures and wall jet. Then, the increase of mean pressures, pressure
ﬂuctuations, and extreme pressure values towards the center of
the ﬁssure (HF4) is a result of the superposition of pressure waves,
even though this increase is too small to produce a positive dynamic uplift force.
Figure 8 shows Cp values at the ﬁssure entrance (VF1) for nonaerated jets impinging on a ﬂat and a conﬁned bottom with different relative pool depths. A comparison is made between ﬁxed
and free blocks.
For the ﬂat-bottom case (Fig. 8a), the differences between the
time-averaged pressure coefﬁcients Cp for ﬁxed and free blocks
become signiﬁcant for jet velocities Vaw > 11 m/s. It is likely that
above this limit, the block vibrations for the ﬂat-bottom case are
relevant. While the Cp values for a ﬁxed block increase continuously, for a free block they reach a limit at approximately 0.12. For
the conﬁned case (Fig. 8b), the behavior of Cp is strongly dependent on the relative pool depth, for the reasons stated before. For
a relatively shallow pool (Y/dj = 4.2), a ﬁxed block generates Cp
values very similar to those for a ﬂat bottom. A pressure attenuation can be observed for jet velocities above approximately 14 m/s.
On the other hand, for the deep pool (Y/dj = 11.1), ﬁxed and free
blocks result in similar Cp values, because block vibrations are
insigniﬁcant in this case.
The C’p results close to the ﬁssure entrance, at VF1, are shown in
Fig. 9, under the same conﬁgurations used for Cp. For the ﬂatbottom case, C’p decreases when the jet velocity increases for the
deeper pools (Y/dj = 6.9 and Y/dj = 11.1), while C’p increases slightly
as a function of the jet velocity for the shallow pool (Y/dj = 4.2). The
free block results in a small reduction of the C’p values. For the
conﬁned-bottom case, the C’p results are concentrated in a narrow
range, between 2 and 5%, for all the tested jet velocities. The
higher ﬂuctuations observed for lower jet velocities and deep
pools are reduced for the ﬂat-bottom case. This may be explained
by the fact that the block moves so little, and consequently the
differences between ﬁxed and free blocks are minimal.

Spectral contents of the pressure signals
The power spectral densities (PSDs) of the pressure signals Pxx
were computed using fast Fourier transform (FFT) based on the
Welch periodogram method. The signals, each composed of
65 536 samples, were segmented into 64 blocks using a Hamming
window and a 50% overlap.
The spectral content of the signals represents the energy of each
frequency range and provides information about the ﬂow features. In turbulent ﬂows, each frequency is related to turbulent
eddies of corresponding length (Chassaing 2000). In the case of
impinging jets, the energy associated with each eddy size decays
as a power function of the frequency (Bollaert and Schleiss 2003b).
Inﬂuence of pool conﬁnement and jet aeration
Figure 10 shows the obtained spectral contents around the ﬁxed
block for a high-velocity jet (Vaw = 22.1 m/s), comparing the ﬂat and
the conﬁned cases for the shallow pool (Y/dj = 4.2) and the deep
pool (Y/dj = 11.1).
In general, the developed jet impact occurring in deep pools is
characterized by a relatively large shear layer where turbulent
energy is produced. This corresponds, for example, to the nearhorizontal spectral content at low frequencies, as shown in
Fig. 10c. The limit between horizontal and inclined zones is representative of the largest length of the eddies in the jet shear layer.
Smaller eddies produce almost no turbulent energy. This is represented by an inertial range of scales with a −5/3 decay slope in the
spectral content (at the right side of the slope change in Fig. 10c).
On the other hand, core jet impact occurs in relatively shallow
pools and is characterized by a thinner shear layer compared to
developed jets. Turbulent energy is thus distributed across the
whole range of frequencies, which is represented by a −1 decay
slope (Fig. 10a). In both developed and core jet impacts, relevant
resonance phenomena are observed inside the ﬁssures. Due to
symmetry, the ampliﬁcation of the pressure waves is maximal at
the center of the ﬁssure (position HF4). The fundamental frequency fres = c/(2Lf), where c is the wave celerity and Lf is the ﬁssure
length, for the whole open-end ﬁssure around the block is represented as fres1. Due to important partial reﬂections in the horizontal part of the 3D ﬁssure, a second fundamental frequency is also
observed at positions HF2 and HF4 and is denoted as fres2.
The conﬁned bottom conﬁguration changes the structure of the
turbulent ﬂows. Comparing Fig. 10a with Fig. 10b reveals that the
original core jet spectrum, with a constant −1 decay, changed to a
typical developed jet spectrum. A concentration of the turbulent
energy at lower frequencies can be observed for the conﬁned case,
followed by typical inertial scales with a −5/3 slope decay.
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Fig. 9. Pressure ﬂuctuation coefﬁcient C’p at the ﬁssure entrance (VF1) versus jet velocity Vaw; non-aerated jets (␤1 = 0%); for a ﬁxed block with
Y/dj = 11.1 (〫); Y/dj = 6.9 (Œ) or Y/dj = 4.2 (□); and for a free block with Y/dj = 11.1 (⽧); Y/dj = 6.9 () or Y/dj = 4.2 (); (a) ﬂat bottom; (b) conﬁned
bottom.

Fig. 10. PSD of the pressure ﬂuctuations at selected positions on the ﬁxed block; Vaw = 22.1 m/s; for a shallow pool (Y/dj = 4.2), non-aerated
(␤1 = 0%), with ﬂat (a) and conﬁned bottom (b), as well as for a deep pool (Y/dj = 11.1), non-aerated (␤1 = 0%) with ﬂat (c) and conﬁned bottom (d),
and for a shallow pool (Y/dj = 4.2), aerated (␤1 = 23%) with ﬂat (e) and conﬁned bottom (f). [Colour online.]

A concentration of turbulent energy at lower frequencies can
also be seen when comparing the developed jet impinging on a
ﬂat bottom in Fig. 10c with the corresponding conﬁned conﬁguration in Fig. 10d. There is a signiﬁcant shift of the slope change
towards lower frequencies for the conﬁned case. Additionally, for
the conﬁned case, the energy is transferred with a −7/3 decay slope
in the inertial range of scales, instead of the −5/3 slope observed in
the ﬂat-bottom case.
Pool bottom conﬁnement has negligible inﬂuence on the resonance frequencies inside the ﬁssures, unlike the case of jet aeration (Duarte et al. 2015). The resonance frequency inside the
ﬁssures is a function only of the pressure waves’ celerity and
varies with the air concentration of the air–water ﬂow and the
ﬂuid–structure interactions with the ﬂow boundaries.

However, when aerated jets (␤1 = 23%) impinge on the conﬁned
bottom, the previously observed concentration of spectral energy
at lower frequencies is neutralized. This can be shown by comparing aerated high-velocity jets impinging on a ﬂat bottom (Fig. 10e)
or a conﬁned bottom (Fig. 10f), which have similar spectral contents.
Differences between ﬁxed and free block
Compared to a ﬁxed block, a free block has two effects on the
spectral content of pressure ﬂuctuations. The overall spectral energy inside the ﬁssures is lower due to the pressure attenuation
that takes place for free blocks. Additionally, a free block has
signiﬁcant inﬂuence on the resonance frequencies and hence on
the wave celerity of the pressure waves inside the joints.
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Fig. 11. PSD of the pressure ﬂuctuations at selected positions around the block for a ﬂat bottom with ␤1 = 8%; Vaw = 22.1 m/s; for a ﬁxed block
with (a) shallow pool (Y/dj = 4.2) or (b) deep pool (Y/dj = 11.1); as well as for a free block with (c) shallow pool (Y/dj = 4.2) or (d) deep pool (Y/dj = 11.1).
[Colour online.]

Figure 11 shows PSD estimates for ﬁxed and free blocks and for
shallow and deep pools. The resonance peaks inside the ﬁssures
observed for the ﬁxed blocks are strongly dampened and shifted
toward lower frequencies if the blocks are free to move. This
results from the ﬂuid–structure interactions between the dynamic pressures propagating inside the joints and the moving
boundaries of the ﬂow, which are the block faces.
The celerity of the pressure waves propagating on closed conduits depends on the elastic properties of the ﬂuid and of the ﬂow
boundaries. This has been extensively studied for the waterhammer phenomenon inside pressure conduits (Ghidaoui et al.
2005; Hachem and Schleiss 2011; Halliwell 1963). Similarity exists
with the case of pressure waves inside rock joints (Bollaert 2002).
The pressure wave celerity is presented as a function of the ﬂuid
density aw and the bulk modulus of elasticity Kaw, both hereby
representing apparent properties of the air–water mixture,
Young’s modulus of elasticity of the pipe walls E as well as the
ratio between the conduit wall thickness ec and diameter D. According to Ghidaoui et al. (2005), the celerity of a water-hammer
propagating inside closed-conduits is deﬁned by

(6)

c⫽

冑

Kaw
aw(1 ⫹ Kaw × D/Eec)

Comparisons with pressure waves propagating inside openended rock joints surrounding free or moderately interlocked
rock blocks demonstrate that the wave celerity inside the ﬁssures
is reduced by both jet air entrainment and block vibrations. Nevertheless, this phenomenon will not be reproduced correctly by
eq. (6), as an important component of the rock vibrations is due
not to elastic deformations of the rock material but due to the
displacement of the whole block as a solid body. Hence, the term
D/ec in eq. (6) may be replaced by a parameter  representing

an elastic joint condition (Chaudhry 2014), as in the following
equation:

(7)

c⫽

冑

Kaw
aw(1 ⫹ Kaw ×  /E)

Conclusions
The combined inﬂuences of pool bottom conﬁnement and jet
aeration on the pressures around a block inserted in a plunge pool
bottom were assessed experimentally using near-prototype jet
velocities. Recent experimental studies on the isolated effects of
jet aeration (Duarte et al. 2015), pool geometry with closed-end
ﬁssures (Manso et al. 2009; Manso 2006), and open-end ﬁssures on
a ﬂat bottom (Federspiel 2011) are thus completed with new
insights.
A pool bottom conﬁnement produces lower time-averaged pressures and pressure ﬂuctuations on the water–rock interface and
inside ﬁssures, due to the shear between the downward current of
the incoming jet and the upward current of the deﬂected wall jet.
This is superposed with the effect of the entrained air bubbles,
which reduce pressures due to the lower jet momentum but also
increase pressures due to the reduction of the velocity decay in
the pool. The inﬂuence of aerated jets impinging on a conﬁned
bottom is a superposition of the three effects and is strongly dependent on the relative pool depth.
A pool bottom conﬁnement also changes the structure of the
spectral content of the turbulent ﬂow. Turbulent energy is concentrated at lower frequencies for the laterally conﬁned bottom
case, due to a more developed jet in the shear layer.
If the block embedded in the pool bottom is free to move vertically, the pressures inside the ﬁssures are attenuated compared to
a ﬁxed block, due to the block’s vibrations. This also has an important effect on the resonance phenomena inside the ﬁssures, as
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it signiﬁcantly reduces the celerity of the pressure waves propagating inside the rock joints. This behavior is similar to the description of the water-hammer celerity in closed-conduits, but
with a pseudo-elasticity of the ﬂow boundaries.
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List of symbols
Cp
C’p
D
E
H
Lf
Kaw
Pxx
Qa
Qaa
Qaw
Qw
Tu
Y
Vaw
Vi
Y’
c
dc
dj
dm
ec
f
fres
fres1
fres2
g
h
p
p’
pmean
q
yc
tc
␣1, …␣5
␤
␤1
a
aw
w

time-averaged pressure coefﬁcient (-)
pressure ﬂuctuations coefﬁcient (-)
pipe diameter (m)
Young’s modulus of elasticity (Pa)
difference between reservoir and tailwater levels (m)
ﬁssure length (m)
bulk modulus of elasticity of the air–water mixture (Pa)
power spectral densities of the pressure ﬂuctuations (Pa2/Hz)
jet total entrained air discharge (m3/s)
jet air discharge at issuance (m3/s)
jet total discharge at issuance (m3/s)
jet water discharge (m3/s)
turbulence intensity (-)
pool depth (m)
jet velocity at issuance (m/s)
jet velocity at the plunge section (m/s)
distance between pressure transducer and pool surface (m)
celerity (m/s)
conﬁnement diameter (m)
jet diameter at issuance (m)
mean sediment or rock length (m)
conduit wall thickness (m)
frequency (Hz)
resonance frequency (fundamental) (Hz)
resonance frequency for the entire ﬁssure (Hz)
resonance frequency due to partial reﬂections in the horizontal ﬁssure (Hz)
gravitational acceleration (m/s2)
pool depth above initial riverbed (m)
pressure (Pa)
RMS of the pressure ﬂuctuations (Pa)
time-averaged pressure (Pa)
ﬂow rate (m2/s)
core development length (m)
scour depth (m)
exponential coefﬁcients (-)
total jet aeration (or air-to-water ratio) (-)
jet aeration at issuance (-)
density of air (kg/m3)
density of the air–water mixture (kg/m3)
density of water (kg/m3)
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