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Effect of pool confinement on pressures around a block
impacted by plunging aerated jets
Rafael Duarte, Anton J. Schleiss, and António Pinheiro

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 confine-
ment 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 im-
pacting rocky riverbeds, where a confined scour hole progres-
sively 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 pro-
gressively 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 in-
terface and inside the underlying fissures of the rock mass (Manso
2006). Equilibrium or ultimate scour is reached when the incom-
ing 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

g�4dm
�5

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 phenom-
enon, it has the merit of using the most important parameters in
a straightforward manner and is still very used for a first estima-
tion 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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model tests on erodible beds formed with loose granular sedi-
ments:

(2) Y � �
(1 � �)�1q�2h�3

g�4dm
�5

where � is the jet aeration provided at the plunge section, or the
air-to-water ratio, defined as the entrained air discharge Qa di-
vided 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 sedi-
ments. 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 Labo-
ratory of Hydraulic Constructions (LCH) of the Ecole Polytech-
nique Fédérale de Lausanne (EPFL) developed a physically-based
description of rock scour. Also, by establishing their investiga-
tions on near-prototype jet velocities and turbulence, scale effects
from the experimental results are avoided. Finally, pressure fluc-
tuations 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 re-
sulting from cyclic loadings.

Compared to the simpler flat-bottom case, the impingement of
a jet into a plunge pool with ideal confinement can be character-
ized 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 closed-
end fissure on the bottom of a plunge pool with nine different
geometries, including one flat-bottom case and eight laterally con-
fined 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 de-
flects 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 com-
prehensive 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 as-
sessed 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

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).
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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 com-
pressed 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 longi-
tudinal 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 near-
prototype velocities and turbulence characteristics. Scale effects
are thus minimized, and the spectral content of the pressure sig-
nals 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 repre-
sented 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, repro-
ducing 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 pres-
sure versus Volt relationships were the same and matched the
supplier’s calibration curves. The dynamic pressures were mea-
sured 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 com-
posed of three distinct regions, namely (i) the free jet region,
where the jet dissipates by shear with the surrounding fluid inde-
pendently 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 dis-
sipation.

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

Fig. 2. View of the experimental facility with confined bottom and detail of the instrumented block with the position of the pressure transmitters.
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(3) �aw �
1

1 � �1
�w �

�1

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 �
pmean � �wgY ′

1/2�awVi
2

(5) Cp
′ �

p ′

1
2

�awVi
2

where pmean and p’ are, respectively, the time-averaged pressure
and the RMS of the pressure fluctuations, Y’ is the vertical distance

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 30, 50, 80 30, 40, 50, 60, 70, 80, 90 0, 8, 15, 23
Confined

Free Flat
Confined

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%).
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between the pool surface and the pressure transducer, and Vi is
the velocity of the jet at the plunge section, considering the grav-
ity acceleration during the fall distance.

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.

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 bot-
tom (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.

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).

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).

Duarte et al. 205

Published by NRC Research Press

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
E

PF
L

 B
IB

L
IO

T
H

E
Q

U
E

 U
SD

 o
n 

03
/0

7/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://www.nrcresearchpress.com/action/showImage?doi=10.1139/cjce-2015-0246&iName=master.img-004.jpg&w=203&h=498
http://www.nrcresearchpress.com/action/showImage?doi=10.1139/cjce-2015-0246&iName=master.img-005.jpg&w=203&h=496


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 rela-
tive 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 evi-
dently stronger in relatively deep pools.

The reduction of Cp (Fig. 5) due to pool confinement was stron-
ger 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 pres-
sures, 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 confined-
bottom case, the deeper the pool, the more the pressure fluctua-
tions 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 develop-
ment 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 pres-
sure fluctuations. On the other hand, a developed jet impact is
observed when yc < Y (Fig. 1 is an example). The resulting time-
averaged 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 bot-
tom, 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, correspond-
ing 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 pres-
sures acting on the bottom at stagnation. However, in Fig. 7, the
outer bounds are only indicative of the behavior of the time-
averaged pressure coefficient evolution with increasing jet veloc-
ity. 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

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

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% (�); confined bottom with
�1 = 0% (□), �1 = 8% (�), �1 = 15% (Œ) and �1 = 23% (224); and
indicative outer bounds (dashed lines).
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entrances at the water–rock interface and by pressure wave prop-
agation 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 fis-
sure 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 pres-
sures 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 dy-
namic uplift force.

Figure 8 shows Cp values at the fissure entrance (VF1) for non-
aerated jets impinging on a flat and a confined bottom with dif-
ferent 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 continu-
ously, for a free block they reach a limit at approximately 0.12. For
the confined case (Fig. 8b), the behavior of Cp is strongly depen-
dent 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 attenua-
tion 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 flat-
bottom 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 fea-
tures. 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 near-
horizontal spectral content at low frequencies, as shown in
Fig. 10c. The limit between horizontal and inclined zones is repre-
sentative of the largest length of the eddies in the jet shear layer.
Smaller eddies produce almost no turbulent energy. This is repre-
sented 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 fre-
quency 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 repre-
sented as fres1. Due to important partial reflections in the horizon-
tal 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.

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 (�); Y/dj = 6.9 (�) or Y/dj = 4.2 (�); (a) flat bottom;
(b) confined bottom.
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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 configu-
ration 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 reso-
nance frequencies inside the fissures, unlike the case of jet aera-
tion (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 compar-
ing aerated high-velocity jets impinging on a flat bottom (Fig. 10e)
or a confined bottom (Fig. 10f), which have similar spectral con-
tents.

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 en-
ergy 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.

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 (�); 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.]

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

Published by NRC Research Press

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
E

PF
L

 B
IB

L
IO

T
H

E
Q

U
E

 U
SD

 o
n 

03
/0

7/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://www.nrcresearchpress.com/action/showImage?doi=10.1139/cjce-2015-0246&iName=master.img-008.jpg&w=347&h=156
http://www.nrcresearchpress.com/action/showImage?doi=10.1139/cjce-2015-0246&iName=master.img-009.jpg&w=503&h=284


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 dy-
namic 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 con-
duits depends on the elastic properties of the fluid and of the flow
boundaries. This has been extensively studied for the water-
hammer 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. Ac-
cording to Ghidaoui et al. (2005), the celerity of a water-hammer
propagating inside closed-conduits is defined by

(6) c � � Kaw

�aw(1 � Kaw × D/Eec)

Comparisons with pressure waves propagating inside open-
ended 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. Nev-
ertheless, 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 � � 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 pres-
sures 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 de-
pendent on the relative pool depth.

A pool bottom confinement also changes the structure of the
spectral content of the turbulent flow. Turbulent energy is con-
centrated 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 verti-
cally, the pressures inside the fissures are attenuated compared to
a fixed block, due to the block’s vibrations. This also has an im-
portant effect on the resonance phenomena inside the fissures, as

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.]
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it significantly reduces the celerity of the pressure waves propa-
gating inside the rock joints. This behavior is similar to the de-
scription 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 time-averaged pressure coefficient (-)
C’p pressure fluctuations coefficient (-)

D pipe diameter (m)
E Young’s modulus of elasticity (Pa)
H difference between reservoir and tailwater levels (m)
Lf fissure length (m)

Kaw bulk modulus of elasticity of the air–water mixture (Pa)
Pxx power spectral densities of the pressure fluctuations (Pa2/Hz)
Qa jet total entrained air discharge (m3/s)

Qaa jet air discharge at issuance (m3/s)
Qaw jet total discharge at issuance (m3/s)
Qw jet water discharge (m3/s)
Tu turbulence intensity (-)
Y pool depth (m)

Vaw jet velocity at issuance (m/s)
Vi jet velocity at the plunge section (m/s)
Y’ distance between pressure transducer and pool surface (m)
c celerity (m/s)

dc confinement diameter (m)
dj jet diameter at issuance (m)

dm mean sediment or rock length (m)
ec conduit wall thickness (m)
f frequency (Hz)

fres resonance frequency (fundamental) (Hz)
fres1 resonance frequency for the entire fissure (Hz)
fres2 resonance frequency due to partial reflections in the hori-

zontal fissure (Hz)
g gravitational acceleration (m/s2)
h pool depth above initial riverbed (m)
p pressure (Pa)

p’ RMS of the pressure fluctuations (Pa)
pmean time-averaged pressure (Pa)

q flow rate (m2/s)
yc core development length (m)
tc scour depth (m)

�1, …�5 exponential coefficients (-)
� total jet aeration (or air-to-water ratio) (-)

�1 jet aeration at issuance (-)
�a density of air (kg/m3)

�aw density of the air–water mixture (kg/m3)
�w density of water (kg/m3)

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

Published by NRC Research Press

C
an

. J
. C

iv
. E

ng
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
E

PF
L

 B
IB

L
IO

T
H

E
Q

U
E

 U
SD

 o
n 

03
/0

7/
16

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1080/00221687709499637
http://dx.doi.org/10.1080/00221680309499991
http://dx.doi.org/10.1080/00221680309499992
http://dx.doi.org/10.1061/(ASCE)0733-9429(2005)131%3A3(153)
http://dx.doi.org/10.1007/s10652-014-9392-x
http://dx.doi.org/10.1115/1.1828050
http://dx.doi.org/10.1016/j.jfluidstructs.2010.11.009
http://dx.doi.org/10.1007/s00348-006-0219-5
http://dx.doi.org/10.1080/00221686.2008.9521852
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000090
http://dx.doi.org/10.1061/(ASCE)0733-9429(1989)115%3A3(385)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1989)115%3A3(385)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1985)111%3A2(220)
http://dx.doi.org/10.1061/(ASCE)0733-9429(1985)111%3A2(220)
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1080%2F00221680309499992&isi=000186131500002
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1080%2F00221687709499637&isi=A1977EE95500002
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%281989%29115%3A3%28385%29&isi=A1989T432300007
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1007%2Fs00348-006-0219-5
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1016%2Fj.jfluidstructs.2010.11.009
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%281985%29111%3A2%28220%29&isi=A1985ABA7900004
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1007%2Fs10652-014-9392-x
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1080%2F00221680309499991&isi=000186131500001
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1061%2F%28ASCE%29HY.1943-7900.0000090
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1115%2F1.1828050
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1061%2F%28ASCE%290733-9429%282005%29131%3A3%28153%29
http://www.nrcresearchpress.com/action/showLinks?crossref=10.1080%2F00221686.2008.9521852

	Article
	Introduction
	Physical model tests
	Results and discussion
	General behavior of the jet and induced flow patterns
	Dynamic pressures around the block
	Influence of pool confinement and jet aeration
	Differences between fixed and free block

	Spectral contents of the pressure signals
	Influence of pool confinement and jet aeration
	Differences between fixed and free block


	Conclusions

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice




